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The wind energy sector is rapidly growing, as countries around the world seek to 

reduce their carbon emissions and transition to cleaner, renewable energy sources with major 

players including manufacturers of wind turbines such as Vestas, Siemens Gamesa, and GE 

Renewable Energy, and developers of wind energy projects such as Iberdrola, Enel, and EDF 

Renewables. Significant progress is being made in the search for suitable conversion devices 

to make this energy more competitive as companies head towards increasing electrical energy 

production thus introducing new constraints such as the size of the nacelle, the maintenance 

of offshore wind farms and the installed power density. These new constraints give rise to the 

investigation of new energy conversion chains better suited to mass production by wind farms. 

More precisely, this concerns the search of new or relatively new generator structures and 

suitable gear if necessary that can meet the requirements and expectations set by this ever 

developing technology. In this context, it is not sufficient to study new and emerging generator 

topologies, but also to develop tools allowing to quickly explore several designs in the early 

phases of the design process while at the same time preserving an acceptable accuracy. This 

pre-design phase is of great importance as it depicts the path of the entire development process 

of the proposed solution. The research of new generator structures and the related design code 

are the main focus of the work done in this thesis, which consists, on one hand, in the study 

of the performance of an axial flux permanent magnet synchronous machine, and on the other 

hand in the development of a light and sufficiently precise pre-sizing tools used for analysis 

and exploration of potential design candidates. 

In order to achieve these goals, the thesis will be divided into three chapters as follows:  

In the first chapter, a state of the art review on axial flux machines is conducted where 

the axial flux machine concept is first presented through a simple single stator single rotor 

structure with permanent magnets in the rotor; the machines geometry, flux path, torque and 

operating principle are exposed. This is followed by a classification of machines based on the 

presence or not of magnets; this includes classical permanent magnet machines, flux switching 

machines, Vernier machines, switched reluctance machines, induction machines and axial 

flux machines with additional radial flux path.  Another classification is also presented and is 

based on the number of stator and rotor disks followed by a comparison between the different 

configurations illustrating advantages, disadvantages and applications; the machines are 

classified into single stator single rotor structures, double stator single rotor structures, single 

stator double rotor structures and multi stator multi rotor structures.  Recent axial flux machine 

designs found in the literature are then listed spanning different machine types and giving the 

reader a broader perspective on what is being designed commercially and what is being tested 

in research laboratories. The materials used in the design of axial flux machines are listed; 

these materials span soft ferromagnetic materials, ferromagnetic alloys, soft magnetic 

composites, hard magnetic materials and insulating materials. Magnetic, thermal and 

mechanical problems that arise in these machines are addressed; the problems treated are 

skewing, lamination, end winding heat evacuation, insulation heat evacuation, 

demagnetization, mechanical loss, axial attraction force, centrifugal force and vibration. 

Finally the problematic of the thesis is stated. 

In the second chapter, an explanation of the used analytical pre-sizing model is given, 

where the equation to be solved in the different regions of a permanent magnet machine is 

stated and its solution in terms of the magnetic vector potential is given; the expressions of 

these vector potential is used to determine the magnetic flux density in the different regions 
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and then these 2 local quantities are used to determine the expressions of global quantities like 

flux, EMF and torque. Then, the mesh based generated reluctance network (MBGRN) method 

is explained illustrating the concept of flux tube, the model equations, the modelling of 

magnetic sources such as magnets and coils, the numbering of the reluctance blocks, the 

integration of boundary conditions, the method used for motion processing, modelling of the 

non-linear characteristic of ferromagnetic material and the equations to compute local and 

global quantities. The algorithm used to implement the method in MATLAB is then detailed 

illustrating the different steps starting from the meshing of the structure and ending with the 

post processing of the results. After that, a 2D multi-slice version of the method is applied to 

a switched reluctance machine for both linear and non-linear magnetic materials to assess 

magnetic flux density and torque where the precision and computation time of the method 

where compared to the 3D finite element method. The same process is then repeated with a 

quasi-3D version where the slices are connected by means of reluctances in the radial direction 

and the approach. Finally, the robustness of the method is tested by varying the stator to rotor 

tooth width ratio and computing electromagnetic torque for both linear and non-linear 

magnetic materials conditions where the accuracy and speed of the obtained results were 

compared with 3D finite elements. This is followed by an explanation of the finite elements 

method presenting Maxwell’s equations and the different formulations used to solve them in 

both mageto-static and magneto-dynamic simulation set ups; these formulations are the 

magnetic vector potential and the magnetic scalar potential for magneto-statics and A-V and 

T-𝜑 formulations for magneto-dynamics. Finally the explanation of the finite element method 

used in mechanical simulations is explained, exposing both strong and weak formulations 

used to compute the displacement that a material experiences when a force or stress is applied. 

In the third chapter, the 3D aspect of axial flux machines is first presented as it is 

important to take it into account in any modelling approach to achieve accurate results. The 

methodology used in the machine design is then presented justifying the choice of the 

topology, the winding configuration and electrical and geometrical parameters, and the 

adopted design is simulated using a finite elements model in order to determine 

electromagnetic performance indicators; these being magnetic flux density, coil flux, back-

EMF, mean power, mean torque, torque ripple, iron losses, PM Eddy current loss, mechanical 

loss, attraction forces. Also the analytical model was used to evaluate cogging torque and a 

lumped parameter thermal model was used to evaluate the temperatures in the regions of 

interest of the machine. An FE mechanical simulation was conducted to evaluate rotor disk 

deflection and finally the machine’s performance indicators are summarized in a table. 

The thesis ends with a general conclusion that summarizes the work carried out and 

outlines the research perspectives. 
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I. Introduction 

Following the 1831 experiment by Michael Faraday that gave birth to the axial flux 

concept, not much has happened until the 1970’s. The experiment consisted of a disk fixed on 

an axis having one electrical contact on its periphery and the other one on the axis. The disk 

is placed in a magnetic field generated by magnets in the axial direction. This concept was 

then abandoned, mainly because of the large attraction force between the disk and the 

magnets, the manufacturing difficulties and the high construction cost. Meanwhile, radial flux 

machines took over until recent developments in permanent magnet material, thus renewing 

interest in axial flux machines and opening a new field of research. 

In this chapter, a study of axial flux machines is carried out through a state of the art 

review covering different aspects of these machines. First, the axial flux machine is presented 

to give a general idea of the concept. This is followed by a classification by machine type 

(with magnets, without magnets, with additional radial flux path) and by machine 

configuration (stator and rotor disk placement and number of disks). The attention is then 

turned to recent axial flux machine designs, showcasing both laboratory and commercial 

designs developed in the past 10 years. Materials used in the design of axial flux machines are 

listed, these materials include soft ferromagnetic materials, ferromagnetic alloys, soft 

magnetic composites, hard magnetic materials and insulating materials. The most common 

magnetic, thermal and mechanical problems that arise in axial flux machines and that can 

possibly degrade machine performance are then presented. Finally the problematic of the 

thesis is stated. 

 

II. Presentation of the Axial Flux Machine 

An axial flux machine is composed of at least one stator and one rotor and can be 

constructed with magnets or with no magnets at all, but windings have to be always integrated 

in either the stator or the rotor. From a geometrical perspective, these machines have a 

compact pancake form with a limited axial length and are basically 2 discs facing each other, 

one fixed and the other free to rotate about the machines axis. Magnetically they are 

distinguished by their inherent 3D flux path that is mainly axial (in the direction of the 

machines axis or shaft) with minor radial and tangential components, and can produce torque 

that is proportional to their outer diameter cubed, giving them the upper hand on radial flux 

machines whose torque is proportional to their outer diameter squared. They have a high 

power and torque density and are used in applications ranging from small power ratings to 

multi-megawatt ratings as those integrated in the nacelles of wind turbines. 

The operating principle of axial flux machines can be explained considering the case 

of a surface mounted permanent magnet machine that has magnets on the rotor and windings 

in the stator (Fig. 1.1). In this machine, the rotor flux travels from a rotor north pole, crosses 

the air gap and reaches a stator tooth, then loops inside the stator yoke, exits the stator from 

another tooth, then enters the air gap and reaches a rotor south pole, then loops inside the rotor 

yoke. When the machine’s windings are energized they generate a flux that crosses the air gap 

surface and interacts with the rotor flux to generate 2 forces: one is tangential that creates 

torque and the other one is axial which is responsible for the magnetic attraction between the 

stator and rotor discs. 
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Fig. 1.1: A basic axial flux machine [1] 

III. Axial Flux Machine Types 

Electrical machines, in general, can be classified into DC machines, AC machines and 

universal machines, with different variants for each type. In the following, the most common 

variants of axial flux machines will be presented. 

 

1. Axial Flux Machines with Permanent Magnets 

a) Axial-Flux Permanent Magnet Machines (AFPMs) 

AFPM machines (Fig. 1.2) attract the most attention from researchers with designs as 

early as 1987 [2]. They can be identified by the magnets in the rotor and the windings in the 

stator. The magnets can be either surface mounted or in a spoke configuration and even 

inserted in the rotor. The stator is usually made of soft magnetic composites (SMCs) or rolled 

laminated steel to avoid large eddy currents.  

Ironless AFPM machines are suited for high-speed traction systems [3]. But at high 

speeds, the rotor exhibits a large centrifugal force thus requiring a carbon fiber sleeve or a 

retainment ring to ensure mechanical integrity. Also, it is possible to overcome the stress on 

PMs caused by these forces, by fixing them using stainless steel screws [4]. 

The power of general AFPM machines, and nearly all axial flux machines, can be 

calculated as follows [5]: 

 

𝑃𝑒𝑚 =
𝜋

480
𝑛𝐵𝛿𝑎𝑣

𝑁𝐼

𝐷𝑎𝑣
(𝐷𝑜 −𝐷𝑖)

2(𝐷𝑜 + 𝐷𝑖) (1.1) 
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Where: 

𝑛 is the rotor speed 

𝐵𝛿𝑎𝑣 is the average magnetic flux density per pole 

𝑁 is the total turns of coils 

𝐼 is the current in the coils 

𝐷𝑜 and 𝐷𝑖 are the outer and inner diameters respectively 

𝐷𝑎𝑣 is the average diameter 

AFPM machines are characterized by [3]: their compactness, high power density, high 

efficiency, high torque-to-weight ratio and simple structure and control strategy. On the other 

hand they require large amounts of PMs and have a high torque ripple where reduction by 

teeth skewing is a challenge due to manufacturing complexity. AFPM machines find 

applications in EVs, HEVs, ships, and aircraft. 

 
Fig. 1.2: AFPM machine [3] 

AFPM machines suffer from losses and failures that are due to mechanical bearings 

used to hold the shaft. To overcome these challenges machines with magnetic bearings instead 

of mechanical bearings are proposed incorporating both motor and magnetic suspension 

capabilities in a single structure, thus obtaining machines with no mechanical wear, no 

lubrication, broader speed range and torque dense designs [6]. 

Applications include centrifugal pumps, ventricular assist devices, artificial hearts, 

reaction wheels and flywheels [7]. 

Classification of magnetic bearing machines is possible based on the number of 

actively regulated rotor degrees of freedom (DOF). Machines configurations found in 

literature are listed in the following table: 
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Tab. 1.1: Different bearingless machine configurations 

DOF Quantities 

Regulated 

Configurations References 

1 Axial forces and 

motor torque 

Double-sided slotted armature with either 

non-salient or salient rotor 

Single-sided slotted and coreless designs 

Several structures rely on a combined 

armature winding supplied by a single three-

phase inverter to generate both the axial 

force and the torque 

[8], [9], [10], 

[11], [12], 

[13] 

2 Radial forces Ironless stator [14], [15], 

[16] 

3 Axial and tilt 

motions 

Single-sided slotted structure [17], [18], 

[19] 

5 Axial force and 

drive torque 

production and 

radial and tilt forces 

Double-sided machines [20], [21], 

[22], [23], 

[24] 

 

b) Axial-Flux-Switching Permanent Magnet Machines (AFSPM) 

AFSPM machines (Fig. 1.3), are in a way, the combination of AFPM machines and 

AFSRMs; PMs and windings are included in the stator and the rotor is passive with salient 

poles. PMs on the stator can be replaced with a high-temperature superconductor [25]. The 

operation principal is illustrated in Fig. 1.4 where 3 cases are present: 

Case 1 (upper rotor teeth and stator teeth are aligned and lower rotor teeth and stator 

slots are aligned): magnetic flux mainly flows through the upper rotor teeth. 

Case 2 (parts of the upper rotor teeth/lower rotor teeth and stator teeth are aligned): 

magnetic flux flows the upper teeth and the lower teeth. 

Case 3 (lower rotor teeth and stator teeth are aligned and upper rotor teeth and stator 

slots are aligned): magnetic flux mainly flows through the lower rotor teeth. 

The double-rotor single-stator topology has a larger back EMF, high torque, and larger 

axial thrust force in the rotor than the double-stator single-rotor topology [26]. 

Higher torque can be achieved by inserted PMs [27], also using segmented rotors with 

inserted PMs can increase torque density and reduce cogging torque [28]. Extending rotor 

teeth can also reduce cogging torque but it makes the machine heavier [29]. 

AFSPMs are characterized by [3]: intense air-gap flux density and improved torque if 

inserted PMs, the rotor can be manufactured as a whole as PMs are on the stators rather than 

on the rotors. On the other hand they have a high cogging torque and torque ripple and possible 

harmonics in flux linkage. 

AFIMs, AFSRMs, and AFSPMMs are usually applied in EVs and HEVs. AFIMs and 

AFSRMs, the major merits are no need for PMs and low cost. Their torque-to-volume ratios 

are relatively small [3]. 
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Fig. 1.3: AFSPMM [3] 

 
Fig. 1.4: AFSPMM operating principal. (a) Case 1. (b) Case 2. (c) Case 3 

c) Axial-Flux Vernier Permanent Magnet Machines (AFVPMM) 

AFVPMMs are inspired from magnetic gears. In a magnetic gear, a high-speed rotating 

magnetic field is produced by magnets in the air-gap and is then modulated by flux modulation 

segments to meet the low-speed level of the gear. The gear’s PMs interact with the modulated 

field to produce torque. These machines can also be considered as magnetically geared 

machines. Integrating a magnetic gear in the structure of an electric machine increases torque 

density and allows for multiple rotating shafts at different speeds, thus finding applications in 

direct drive and EV applications. 

The main elements of an AFVPMM (Fig. 1.5) are a stator with armature windings and 

a rotor with PMs. There is a constraint on 3 parameters that has to be met, these are the number 

of stator teeth 𝑁𝑡, the number of pole pairs of the armature windings 𝑝𝑠, and the number of 

pole pairs of PMs 𝑝𝑟; these parameters have to satisfy the following condition: 

𝑝𝑠 = |𝑁𝑡 − 𝑝𝑟| (1.2) 

The main working harmonics of the AFVPMM are 𝑝𝑟, 𝑁𝑡 − 𝑝𝑟 and 𝑁𝑡 + 𝑝𝑟. Having 

3 working harmaonics greatly improve torque density. Also, Spoke type PM is employed to 

concentrate magnetic flux in the air gap, thus increasing torque density. 
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AFVPMMs are characterized by [3]: low speed, high torque, very suitable for direct-

drive systems, higher power density than AFPM machines, high space utilization. On the other 

hand they have large flux leakage, low power factor, large torque ripple, not suitable for 

applications requiring precise control, not suitable for high speed applications. 

 
Fig. 1.5: AFVPMM [30] 

2. Axial Flux Machines without Permanent Magnets 

a) Axial-Flux Switched Reluctance Machines (AFSRMs) 

AFSRMs (Fig. 1.6) are doubly salient machines not requiring PMs, with the rotor made 

only of magnetic material and supported by nonmagnetic material and can be categorized into 

inner rotor and outer rotor types. Torque production in these machines is due to the tendency 

of the rotor to align itself with the minimum reluctance path, thus torque is dependent on 

material characteristic. This property can be exploited to improve torque by using, for 

example, grain-oriented steel known for its magnetic properties in the rolling direction [31]. 

These machines have very high torque ripple due to their salient nature but it can be reduced, 

for example, by displacing rotor poles [32]. 

AFSRMs are characterized by [3]: short flux paths reducing magnetic circuit 

reluctance, full use of winding flux due to increased air-gap area, robust and simple structure 

without PMs reducing manufacturing costs, high-speed capability and high power density 

making them a candidate for traction applications. On the other hand, they have high torque 

ripple resulting in vibration and acoustic noise and making them not suitable for applications 

where precise control is required. Also, torque and efficiency of AFSR machines are usually 

less than that of AFPM machines of the same frame size. 
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Fig. 1.6: AFSRM [3] 

b) Axial-Flux Induction Machines (AFIM) 

AFIMs structure consists of a rotor with armature windings and a stator with excitation 

windings (Fig. 1.7), and are categorized into squirrel-cage types and wound-rotor types. From 

[33], it is observed that the power of these machines is proportional to the product of speed, 

MMF and maximum air-gap flux density. These machines are suitable for electrical vehicle 

(EV) applications because of their minimum design volume, coverage of all torque-speed 

operating points [34] and the possibility to eliminate rotor back iron reducing axial force and 

material utilization [35]. 

AFIMs are characterized by [3]: cheaper manufacturing cost, no demagnetization risk, 

good heat dissipation, high active materials utilization, small inertia resulting in small 

mechanical time constant, wide speed range making them suited for medium and high-speed 

applications, high starting torque. On the other hand, their efficiency is lower than AFPM 

machines. 

 
Fig. 1.7: AFIM [3] 
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c) Axial Flux Wound Rotor Machines (AFWRM) 

AFWRMs are constructed with windings in both rotor and stator as can be seen in 

Fig. 1.8 showing a cross section of the AFWR machine. In these machines, the flux of the 

rotor poles can be controlled by varying the field current through the rotor windings, this 

allows to control the output voltage of the machine keeping it at a constant value [36]. 

AFWRMs are advantageous for controlling the inductor flux as it is not possible to use flux 

weakening over the whole speed range of the machine. Also, using a winding to generate flux 

is less costly than using a permanent magnet, but on the other hand, a winding cannot reach 

the energy density of a rare earth permanent magnet. 

 
Fig. 1.8: AFWR machine cross section [36] 

 

3. Axial Flux Machines with additional Radial Flux Path 

To be able to produce torque, end-windings of RF machines require an axial flux path, 

and end-windings of AF machines require a radial flux path. Radial-axial flux machines use 

both the radial and axial flux paths for torque production, thus improving the torque density. 

But manufacturing is always a challenge with the conventional AF and RF lamination 

techniques. Some of the work reported in literature on radial-axial flux machines is 

summarized in the following table: 
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Tab. 1.2: Radial-axial flux machines found in literature 

Structure Description Reference 

 

400 Nm/18000 RPM efficiency-shifting 

radial-axial hybrid permanent magnet 

synchronous motor that can realize two high 

efficiency regions of 97.6 % and 92 % at low 

and high speeds for EV application. The motor 

has two stators (radial and axial) to rotate one 

shared rotor. The rotor employs two combined 

topologies: inner surface-inset-mounted and 

outer V-shaped interior-mounted 

[37] 

 

Hybrid flux permanent-magnet (PM) machine 

with a high-power density that combines 

radial and axial flux machines with integrated 

windings. An overhang structure of the PMs 

and additional magnetic cores are employed to 

increase power density 

[38] 

 

Combined radial-axial flux PM Vernier 

machine for a low-speed high-torque direct-

drive application with a potential to generate 

1.5 times the torque of the baseline machine 

that it replaced 

[39] 

 

Combined radial-axial flux hysteresis machine 

using soft magnetic ferrite (Mn–Zn) for the 

stator core achieving 40% higher torque than 

an axial flux machine of the same form factor  

[40] 
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IV. Axial Flux Machine Configurations 

In the previous section, axial flux machines have been classified based on the type of 

electromagnetic interaction between the active parts. In this section, a different way to classify 

these machines is presented which is based on the number of stator and rotor disks and their 

positioning relative to each other. Even though it is difficult to classify axial flux machines 

that way but we will list the most common configurations which are illustrated by the 4 

categories in Fig. 1.9: 

 
Fig. 1.9: AFPM machine configurations  a) SSSR. b) DSSR. c) SSDR. d) MSMR [41] 

1. Single Stator Single Rotor (SSSR) 

This is the simplest structure of axial flux machines [42]. The rotor can be constructed 

as to have axially magnetized permanent magnets glued on its surface or buried inside it and 

arranged in an N-S alternating manner; The stator can be cored or coreless and can be slotted 

or slot-less [43]. The coreless configuration eliminates iron losses and cogging torque making 

it suitable for low wind speed power generation applications, it also reduces the complexity 

of manufacturing as does the slot-less configuration [44]. The compactness and high torque 

of the SSSR machine makes it a good candidate for industrial traction, servo 

electromechanical drives, military, transportation industries, and gearless elevators [45]. Its 

major drawbacks are low power and imbalanced axial force between stator and rotor [46]. 

 

2. Double Stator Single Rotor (DSSR) 

Also called internal rotor machine, it’s configured with a rotor sandwiched between 2 

stators that can be slotted (SS type) or slot-less (NS-type) [47]. The stator can also be cored 

or coreless; Slotted stators reduce air gap length, thus increasing flux density and reducing 

required PM and machine cost, but at the same time they increase torque pulsations (which 

can be reduced by rotating a stator with respect to the other) as well as mutual and leakage 

inductances; Windings in slot-less stators are gramme type or air gap winding and in slotted 

stators distributed or concentrated pole windings; Magnets can be surface mounted (increasing 



 

 

 

17 

 

power density and reducing machine axial length) or inserted into the rotor [43]. Interior PM 

configurations have higher leakage flux of PM ends as well as a higher armature reaction than 

surface mounted ones but better protects PMs against mechanical impact, wear, and corrosion 

[48]. Flux can cut through the rotor disk or flow circumferentially along it [41]. The steel rotor 

disk can be eliminated based on main flux path [48]. Axial forces between the stator and rotor 

are equilibrated since the rotor is at equal distance from both the stators [46]. 

 

3. Single Stator Double Rotor (SSDR) 

Also called internal stator machine, it’s configured with a stator sandwiched between 2 

rotors that can be slotted or slot-less. The flux flows either axially through the stator or 

circumferentially in the stator yoke. In a slot-less machine short end windings are observed, 

(resulting in reduced copper loss and better heat dissipation) and leakage and mutual 

inductances are lower thus eliminating flux ripple, cogging torque, high-frequency rotor loss, 

and stator teeth (recognized as slot effects) [41]. Concentrated pole windings are used in 

SSDRs [43]. Slotted SSDRs can have an NN type TORUS or an NS type TORUS PM 

arrangement. In the first arrangement, poles from either rotor of the same magnetic orientation 

face each other and in the second, poles of opposite orientation face each other. In NN 

structure, the winding is short in axial and radial directions and thus stator yoke is thicker [41]. 

In NS structure, the flux is completely axial and thus stator core can be eliminated, also iron 

and copper losses are lower and power density is higher [46]. Rotor back iron in the NS type 

is much smaller than the NN type resulting in higher torque densities (torque quality can be 

improved in NN type by displacement of stator and magnets positions) [49]. Drum windings 

are required for NS configuration increasing end winding length and external diameter [50]. 

Magnets can be glued on the surfaces of both rotor disks in an alternating NS arrangement or 

glued so as to have an all N arrangement on one disk and an all S arrangement on the other 

[43]. When less cogging torque and torque ripple are tolerated, it is preferred to use coreless 

SSDRs [41], they could attain a very high efficiency when using strong PMs due to the 

absence of iron loss. 

 

4. Multi Stator Multi Rotor (MSMR) 

An MSMR configuration is obtained by stacking different DSSR or SSDR machines 

on the same mechanical shaft, thus enhancing torque and power density without increasing 

machine diameter. MSMR designs can be slotted or slot-less, cored or coreless, NN or NS 

topologies [41]. Winding configuration is important to achieve sinusoidal EMF and is 

dependent on the application. In direct-driven applications, tooth concentrated winding is 

more efficient than distributed winding because it results in regular and short coil ends, less 

winding losses and reduced structure size [43]. MSMR machines are used for ship 

propulsions, pumps, and high-speed PM generators [51]. 

 

5. Comparison 

The following tables compare the different axial flux machine configuration stated 

above.  
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Tab. 1.3: Comparison between different AFPM Topologies [41][43][46][49] 

Topology Advantages Disadvantages Applications 

SSSR Simple and easy to manufacture-

design/Efficiency similar to DSSR 

and SSDR/Space utilization lower 

than DSSR and SSDR/lowest rotor 

back-iron thickness and highest 

operating speed range- flux 

weakening capability amongst SSSR, 

DSSR and SSDR 

Low Power 

Production/High 

attraction forces 

between the stator and 

rotor/Highest leakage 

flux, armature 

reactance and 

inductance amongst 

SSSR, DSSR and 

SSDR 

Low Power 

Applications 

DSSR Rotor core can be eliminated since the 

flux path is not 

circumferential/Manufacturing is 

simpler and easier than SSDR/Since 

the rotor is in the middle the forces of 

attraction between the stator and rotor 

are equilibrated/Higher torque 

density/PMs protected against 

mechanical impact, wear and 

corrosion/More fault tolerant 

characteristics/The slotted structure 

has a lower copper loss due to smaller 

end windings and better flux 

guides/Cooling system better than 

SSDR/Smaller size and lower weight 

than SSDR counterpart/Power factor 

higher than SSSR/Highest torque 

density amongst SSSR, DSSR and 

SSDR 

High Copper Losses 

due to long end 

windings/Higher 

inductance is 

produced which leads 

to reduced 

efficiency/Higher 

leakage flux and 

armature reaction 

 

Low to 

medium 

power 

applications 

SSDR Lower iron and copper losses/Slotted 

two stator single rotor has the highest 

torque and power densities, high 

torque to weight ratio and high 

efficiency than any other 

structures/The rotation of fans around 

the stator windings work as a cooling 

fan for the windings/More space is 

available for winding than DSSR/No 

cogging torque/Relatively low 

moment of inertia/Smoother transient 

operation/Power factor higher than 

SSSR 

Effective air gap area 

is larger than DSSR 

machine/Attraction 

forces of are larger 

Low to 

medium 

power 

applications 

MSMR High Power can be produced within 

same radial length of the machine 

Axial length of the 

machine is increased 

High power 

applications 
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Tab. 1.4: Comparison between NS and NN AFPM topologies [49] 

Topology NS DSSR/SSSR NN DSSR/SSSR 

Rotor/stator back-iron + ++ 

Torque density ++ + 

Inductance ++ + 

Reluctance path length ++ + 

 

V. Recent Designs of Axial Flux Machines 

Axial flux machines have been a hot topic of interest in the recent years due to the 

progress made in the fabrication of rare earth magnets. Consulting the literature, several 

designs can be found that spans all kinds of axial flux structures and covers different machine 

types. 

In [52] the authors design a 3 phase 12-slot/8-pole switched reluctance machine (SRM) 

and compares its torque ripple with its 6-slot/4-pole counterpart. The authors also compare its 

weight/power ratio and weight/torque ratio with other motor drives commonly used in electric 

vehicle (EV) applications. They concluded that the proposed SRM has a lower torque ripple 

than the 6/4 variant and a lower weight/power ratio and weight/torque ratio than other motor 

drives. 

In [53] Qin et al. propose a novel axial field switched flux memory machine (AF-

SFMM) as shown in Fig. 1.10 and analyses it by a combined analytical method (quasi-3D 

finite element method with a magneto motive force–permeance-based method, and a virtual-

linear hysteresis model for the magnets). The authors claim that the design benefits from good 

heat dissipation, high rotor robustness, and improved power density compared with 

conventional axial flux permanent magnet (AFPM) machines with rotor side magnets; they 

also claim that the proposed machine can flexibly regulate air gap flux as a result of using low 

coercive force permanent magnets (PM) materials. 

 

 
Fig. 1.10: Topology of the proposed AF-SFMM in [53] 
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The authors in [54] designed two single stack AFPM machines with and without gap 

between rotor poles respectively (Fig. 1.11) using the Diameter to Length (D2L) method. Both 

machines have the same output power of 1469.64W. Power fluctuates in the single stack 

AFPM machine without gap, Back EMF’s are the same for both machines at 140V and finally 

magnetic flux density is higher in the machine without gap (1.96T) than in the machine with 

gap (1.495T). 

 

 
Fig. 1.11: Single stack AFPM machine designed in [54] 

Ismagilov et al. [55] compared various axial flux electrical machines by means of 

numerical simulation and they concluded that ironless axial flux machines with Halbach array 

have the smallest weight of active parts amongst axial flux electrical machines. 

Zhao et al. [56] present a novel axial-flux dual-stator toothless permanent magnet 

machine (AFDSTPMM) for flywheel energy storage (Fig. 1.12). The machine’s rotor consist 

of a flywheel and a PM array linked together by a core (Fig. 1.12b). Parameters related to 

stator windings and PMs were optimized and performance was evaluated and compared with 

2 other machines having a Halbach array rotor and a spoke PM rotor respectively. Results 

showed a higher back EMF for the proposed model than for the other 2 configurations (4.51V 

for Halbach, 4.46V for spoke and 5V for the proposed machine). Average torque of the 

proposed machine was also higher than the other 2 machines (4.85N.m for Halbach, 4.76N.m 

for spoke and 4.98N.m for the proposed machine). 

Tsunata et al. [57] proposes a coreless rotor axial flux machine (Fig. 1.13) where 

permeability does not easily affect torque. Sensitivity to material properties is investigated 

through simulation of machines with different virtual soft magnetic composite (SMC) 

materials having different iron loss and permeability. The obtained results are then used to 

extract guidelines for developing SMC material, which are used to improve efficiency of axial 

flux machines. Finally, and by following the obtained guidelines, the authors develop 3 

prototypes; 2 having stators constructed with new SMCs (HX3.5 and HX4) and 1 with 
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conventional SMC stator (HB2). Efficiencies of all 3 machines are evaluated for 6 operating 

points. The axial flux machine with HX4 SMC achieves an efficiency of over 90% over a 

wide operating range, with the highest efficiency being 96%. 

 
Fig. 1.12: proposed AFDSTPMM. (a) 2D cross-section of the machine. (b) 3D cross-section of rotor. (c) 3D 

cross-section of the machine. (d) 2D equivalent electromagnetic structure of the machine [56] 

 
Fig. 1.13: a) 3D model of the proposed machine using a coreless rotor structure. b) Appearance of the 

prototype using existing SMC for the stator core. c) Manufactured stators using HB2 and two newly developed 

SMCs (HX3.5, HX4) [57] 

In [58], the authors present an optimized design a novel 1500 W axial flux machine 

consisting of 1 stator and 2 successive rotors as indicated in Fig. 1.14 for a special hybrid 

electric vehicle arrangement known as a four-quadrant rotary converter. Optimization of 

permanent magnets’ material, shape, and thickness was performed through 3D FEM 

simulations in the RMxprt/Maxwell environment. The results show an increase in the overall 

theoretical efficiency of the outer rotor unit from 90.2% to 94.4% following the optimization. 
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Fig. 1.14: The internal structure of the AFRC unit [58] 

Jia et al. [59] propose a new dual-rotor hybrid-excited axial-flux permanent magnet 

vernier machine with modular stator and consequent-pole PM rotor (Fig. 1.15) for low-speed, 

high torque density applications combining yokeless and segmented armature Torus NS 

configuration and split-teeth stator cores. The tooth-wound non-overlapping armature 

windings and direct current (DC) excitation windings are, respectively, arranged in stator 

main-teeth and split-teeth to obtain the modulated and adjustable air-gap flux densities, 

resulting in high torque density and outstanding flux-weakening capability also increasing the 

space utilization ratio to enable flux regulation without decreasing torque capability. It has 

been found that the DC excitation winding can effectively weaken the amplitude of the 

armature phase flux linkage almost linearly by bypassing the main flux, and by comparing 

three pole ratios (PRs), it is concluded that the design with the PR of 8/1 possesses higher 

torque density (up to 39.3 kNm/m3), higher machine efficiency (up to 94%), and a significant 

flux-weakening ratio (up to 77%) throughout the flux-weakening regions. 

 
Fig. 1.15: Exploded view of the proposed DR-HEAFPMVM. 1—Stator split-tooth, 2—stator maintooth, 3—

armature windings, 4—DC excitation windings, 5—PMs, and 6—rotor back iron [59] 
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[60] proposes a linear-rotating axial flux permanent magnet generator (LR-AFPMG) 

for direct drive wave energy conversion (DDWEC) combining the merits of magnetic lead 

screw and axial flux generator (Fig. 1.16). Four AFPMG configurations were compared 

(12s10p, 12s11p, 12s13p, 12s14p) on the basis of average torques, cogging torques and on-

load back EMFs, and the results show that the output voltage and power density of the power 

generation system can be improved using this topology and 12s13p configuration is an ideal 

candidate for DDWEC. 

 
Fig. 1.16: Proposed design. (a) LR-AFPMG. (b) AFPMG [60] 

Zhou and Gerling [61] propose a multi-layer structure that adopts concentric rings 

consisting of multiple layers instead of the conventional single layer. The authors compare 

the proposed structure with a conventional axial flux machine (Fig. 1.17) marking an 

improvement in output power density, compactness and constant power speed range. The air-

gap area of the proposed structure can be extended to the complete inner radial space except 

the necessary area for end winding and shaft. Compared to a conventional axial flux machine, 

the output power was increased by 7%, the usage of rare-earth magnets was reduced by 12% 

and torque density was increased by 16%. The results of a study on a two layer machine 

showed that the speed range and output power on higher range haven been significantly 

improved (3.4 time increase on speed and 2.4 times on power). 
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Fig. 1.17: (a) Axial slice of air-gap area. Left: conventional case. Right: two-layer case. (b) Two-layer machine 

PD-2: outer layer is 1/12 model and inner layer is 1/10 model. (c) 2-D linear model of the slice at the average 

diameter for the baseline design. (d) 3-D model of the baseline design [61] 

Huang et al. proposed in [62] a novel axial-radial flux permanent magnet machine with 

Halbach-Array PMs (Fig. 1.18) achieving a high torque density and improving copper 

utilization. The radial rotor balances axial forces, preventing tilt and deformation of axial 

rotors and the Halbach-Array PMs suppress air-gap flux density harmonics and reduces 

attraction forces on axial rotors. Comparison results with a radial flux and an axial flux 

machine showed that the proposed structure had the highest torque, the highest torque density 

and the highest back-EMF. On the other hand it had the highest cogging torque, the highest 

back-EMF THD, the second highest torque ripple after the radial flux machine and the lowest 

torque-to-PM volume. 

 

Fig. 1.18: Topology of the axial-radial flux permanent magnet machine. 1—Stator core, 2—Windings, 3—

Radial PMs, 4—Radial rotor back iron, 5—Axial PMs, 6—Axial rotor back iron [62] 
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Colle et al. present in [63] and [64] the design and test of a 50 kW 5000 RPM 

superconducting aircraft generator (Fig. 1.19). The design steps included electromagnetic 

design, thermal design and superconducting system optimization. This latter was performed 

for the 50 kW machine as well as for a 1MW machine. As a result the highest power-to-mass 

ratio is obtained with an operating temperature of 66 K for the 50 kW machine (0,6 kW/kg) 

and at 50 K for the 1 MW machine (6 kW/kg). It was concluded that the cooling temperature 

(depicting the mass of the machine and its cooling system) is dependent on the power of the 

machine. Also, the authors observed that the superconducting technology is more interesting 

for a MW-class machine as the mass of the cooler doesn’t increase a lot with power (50 kg 

for 50 kW and 80 kg for 1 MW). 

 
Fig. 1.19:  View containing the active elements of the superconducting machine [63] 

Baloch et al. present in [65] an axial flux dual stator flux modulating synchronous 

machine with a non-overlapped concentrated armature winding on the upper stator and field 

winding on the lower one (Fig. 1.20). This machine was compared to a radial flux machine 

where the armature and field windings are employed on a single stator. Compared to the radial 

flux machine, fill factor is less constraining due to the presence of 2 stators, current density of 

the proposed machine can be doubled, the rotor does not need back iron and the torque to 

volume ratio is higher. Comparing trapezoidal and sinusoidal rotor poles, it was concluded 

that the machine with trapezoidal shape rotor pole has the higher torque density (20.9 kNm/m3 

for trapezoidal and 15.1 kNm/m3 for sinusoidal) but also the higher torque ripple (12% for 

trapezoidal and 8.5% for sinusoidal), on the other hand, the machine with the sinusoidal rotor 

poles had a lower cogging torque (7.8 N.m for sinusoidal and 13.8 N.m for trapezoidal) and 

torque ripple but also a lower torque density, so a compromise needs to be found. As for 

efficiency, the trapezoidal rotor pole gave a better machine efficiency than the sinusoidal pole 

(80.4% for trapezoidal and 75.5% for sinusoidal). It was also observed that the speed of the 

machine can be increased by adjusting the field current. 
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Fig. 1.20: (a) AFMSM topology (b) General rotor pole shape (c) Sinusoidal rotor pole shape [65] 

Neethu et al. [66] propose a novel coreless single-sided axial flux motor with 12 layer 

non-overlapping, wave-type, distributed printed circuit board (PCB) winding for the stator 

and completely buried Halbach magnets in the rotor for high speed, low power application 

(Fig. 1.21). PCB technology is adopted for a uniform distribution in phase winding thus 

minimizing back-EMF harmonics. Protection of magnets against centrifugal forces and 

corrosive environment is assured using high strength, corrosion resistant material for rotor 

core. Analysis and optimization of the machine resulted in a design 96% efficient, developing 

an average torque of 0.02 N. at 30000 RPM. 

 
Fig. 1.21: Proposed machine in [66] (a) Exploded view of the Halbach rotor (b) Non-overlapping coils on PCB 

In [67], a 1HP/1500RPM single rotor single stator axial-flux permanent-magnet 

synchronous motor with a novel line-starting capability using an induction cage is designed 

and analyzed (Fig. 1.22). The proposed design is compared with 3 commercial induction 

machines (of efficiency classes IE2, IE3 and IE4), 1 commercial line-start permanent magnet 

(LSPM) machine (IE4 efficiency class) and 1 line-start radial flux permanent magnet (RFPM) 

machine. Results show that the designed machine, at its rated power, has a higher efficiency 

than these 5 machines and a lower cost than the LSPM and the RFPM. Also, the rating of the 

machine could be increased by adopting a double stator or a double rotor configuration. On 

the other hand, the RFPM machine showed better dynamic performance than the designed 

axial flux one. 
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Fig. 1.22: Exploded view of the line-start AFPM motor [67] 

In [68], the authors design and test a 300W/300RPM double rotor internal stator axial 

flux permanent magnet generator with coreless non overlapping concentrated windings 

(Fig. 1.22) using a 2-D analytic model, and an analytical formula for the winding factor. Air-

gap magnetic fields, no-load back EMF, electromagnetic torque, and efficiency are calculated 

using this method. Response surface methodology was used to optimize machine parameters. 

The authors suggest that this method is suitable for all kinds of coreless concentrated winding 

structures. The proposed method was verified against 3D FEM and experimental results and 

shows good agreement. Results show that the efficiency of the built prototype is somewhere 

near 90%. 

 
Fig. 1.23: (a) Machine design with coreless stator windings (b) Machine prototype and its main components 

[68] 
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The authors in [69] optimize the volume of 2 internal stator twin external rotor AFPM 

machines for direct drive in-wheel motor of a solar- powered electric vehicle (Fig. 1.24). The 

first machine has a distributed winding at the stator while the second has a toroidal winding. 

Optimization was performed using a gradient-based method employed on a non-linear 2D 

equivalent model which couples a magnetostatic and a steady-state thermal model based on 

an isogeometric analysis (IGA) approach. The results were verified against 3D FEM for the 

torque calculation and 2D FEM for the coil temperature showing good agreement (<5% 

discrepancy for torque and 1% discrepancy for coil temperature). As a result, the machine 

with distributed winding has 24% higher power density than the toroidal winding machine, 

however the latter showcases 1.2% better efficiency (distributed has a power density of 3.17 

W/cm3 at an efficiency of  96.08% and toroidal has a power density of 2.55 W/cm3 at an 

efficiency of 97.25%). 

 
Fig. 1.24: Internal stator double external rotor AFPM machine topology [69] 

Chai et al.[70] present the THD optimization of a two-layer spoke-type (TLST) axial 

flux interior permanent magnet (AFIPM) machine with flux barriers (Fig. 1.25b) which 

optimize the air gap flux density without changing the surface of the rotor. The proposed 

design is compared with a spoke type (ST) AFIPM (Fig. 1.25a) and optimization is based on 

a combination of a 2D magnetic equivalent circuit and an idealized and improved air gap flux 

density waveform (Fig. 1.25c). Results where compared to 2D FEM for THD calculation and 

the error on THD was 0.5%. Results show that both machines have a fundamental amplitude 

of air gap flux density of 1.08T, but the THD of the ST AFIPM is 16.6%; it is 9.2% lower for 

the TLST AFIPM machine. From 3D FEM simulations, it was observed that the THD on 

back-EMF is 7.5% for the ST AFIPM and 5.35% for the TLST AFIPM machine, thus 

confirming optimization effects on air gap flux density and stator iron losses indirectly. 
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Fig. 1.25: Structure of the rotor (half side in axial direction): (a) rotor with spoke-type (ST) permanent 

magnets; (b) rotor with two-layer spoke-type (TLST) permanent magnets and flux barriers. (c) Improved air 

gap flux density waveform at no-load [70] 

Rallabandi et al.[71] propose a novel structure called MAGNUS by combining  a 

yokeless internal stator type NS arrangement (having small auxiliary teeth for permeance and 

flux modulation) with two external high polarity spoke-rotors, resulting in very high flux 

concentration (Fig. 1.26). The authors compare 2 stator structures:  a YASA (yokeless and 

segmented armature) type stator with coils wound around the teeth, and another with Gramme 

ring windings. Results show that at 270 Nm/300RPM the MAGNUS machines has a higher 

torque density and can have half the losses of conventional YASA machines and hence 

achieve substantially higher efficiency. 

 
Fig. 1.26: Three dimensional model and an NN version of the MAGNUS topology employing a reduced 

number of concentrated coils in combination with a very large number of rotor poles [71] 

Ishikawa et al. [72] propose a radial flux machine (Fig. 1.27c) and a hybrid flux 

machine (Fig. 1.27d) and compares them with an axial flux machine (Fig. 1.27b) and a 
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commercialized axial flux machine (Fig. 1.27a). Results show that the hybrid flux machine 

has a power density 9.4 times larger than that of the commercialized one. Also, efficiency-

wise, the hybrid and radial generators have the same efficiency which is larger than the axial 

and commercialized generators (Fig. 1.28). 

 
Fig. 1.27: (a) Commercialized generator (b) Designed axial-flux permanent magnet generator (c) Radial-flux 

permanent magnet generator (d) Proposed hybrid-flux PM generator 

 
Fig. 1.28: Efficiency characteristics 
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The authors in [73] present a novel tapered-field brushless synchronous permanent 

magnet machine for high speed applications (Fig. 1.29) combining the benefits of classical 

structures while offering higher torque and ease of manufacturing from AMM (Amorphous 

magnetic material). It allows a larger air gap area for the same outer diameter but has a longer 

axial length. A prototype was constructed using 30 mm AMM ribbon which was cut with a 

precision waterjet cutter. The machine demonstrated an efficiency approaching 90% with a 

0.7 mm air gap at 7000 RPM. This efficiency is maintained even at lower operating speeds. 

 
Fig. 1.29: Left: cross-sectional view of the novel AMM brushless permanent magnet motor topology. Right: 3-

D view of the stator core with open slots and the rotor magnet structure [73] 

In [74], the design of a novel double stator single rotor E-core axial flux machine 

(AFM) with flux concentrating ferrite magnets, and pole windings across each leg of an E-

core stator is presented. This design results in better magnet utilization, higher torque density 

and ease of manufacturing due to its modular structure. The authors compare 5 machines 

(Fig. 1.30): the proposed E-core single-phase AFM, the proposed three-phase E-core AFM, a 

6-4 radial flux surface mounted ferrite PM machine with concentrated windings, a 24-4 radial 

flux surface mounted ferrite PM synchronous machine (SMPMSM) with distributed windings 

and a radial flux SMPMSM with NdFeB magnets. Results show that the highest torque density 

was that of the E-core single-phase machine at almost 2-2.5 times that of ferrite RFMs. Also, 

the three-phase E-core AFM has a torque density 2 times higher than ferrite RFMs. These 2 

machines had the smallest weight among the compared machines. Nevertheless, coil weight 

is higher (therefore copper loss is higher) for these 2 machines as well as core loss and thus 

efficiency is slightly lower. The power factor of the three-phase machine is higher than the 

single-phase one. The SMPM with distributed windings demonstrates the highest power 

factor. 
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Fig. 1.30: (a) Isometric view of one pole of the proposed AFM (b) 6-4 Ferrite surface PMSM with concentrated 

winding (c) 24-4 Ferrite surface PMSM with distributed winding (d) 24-4 NdFeB surface PMSM with 

distributed winding [74] 

The authors in [75] propose a novel dual stator axial flux spoke-type PM machine 

(Fig. 1.31). Its rotor has low cost ferrite inserted PM’s in a spoke array. Its stators are shifted 

relative to each other by one stator tooth width. The coils are wound in a three phase group 

concentrated winding arrangement. The authors compare the designed machine to an identical 

structure but with the stators aligned. Compared to the aligned machine, results show an 

increase in magnetic flux density in one air gap of the proposed model as well as a reduction 

of cogging torque and torque ripple by 91.4% and 92% respectively. Back-EMF is more 

sinusoidal and has a higher RMS value contributing to a higher torque density and higher 

efficiency (2.49 Nm/kg 90.57% for the aligned machine and 2.73 Nm/kg 91.15% for the 

unaligned machine). 
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Fig. 1.31: Topologies of DSAFSPM Machines. (a) Basic model. (b) Proposed model. 1-Stator. 2-Phase-group 

winding. 3-Rotor pole. 4-Ferrite permanent magnet [75] 

Magnax [76][77][78], now split into Traxial (focused on ground e-mobility) and Axyal 

(focused on aircraft propulsion), manufactures axial flux machines and particularly yokeless 

dual rotor axial flux motors (Fig. 1.32) operating below 1200 Hz and equipped with a PT1000 

temperature sensor. After years of research, the Belgian startup founded in 2015 started from 

the development of large generators for wind energy and shifted later on to smaller machines 

for electric vehicles. The company  designs axial flux motors with reduced material use per 

kilowatt, a high torque-to-weight ratio, a short flux path, lower overall weight, lower iron 

losses and concentrated windings with rectangular-section copper wire (achieving a high fill 

factor) to minimize copper losses. Their design also accommodates a patented oil cooling 

system that can cool the windings directly and uniformly. Magnax develops motors adopting 

a design-for-manufacturing philosophy, making the production process cost-effective 

using standard automated processes and can be easily scaled for large series production. 
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Fig. 1.32: Magnax yokeless axial flux motor 

YASA [79], now a wholly owned subsidiary of Mercedes-Benz, designed 2 variants 

of axial flux motors: the P400 motor series and the 750 motor. The P400 R e-motor provides 

a versatile range of torque-power combinations. It comes in a 305 mm diameter casing (IP67 

enclosed), an axial length of 106.7 mm, is oil cooled and weighs 28.2 kg. It runs at 8000 RPM 

and develops a torque of 200 N.m (continuous) and 370 N.m (max at 450 A) and a power of 

60 kW (continuous) and 160 kW (max at 750 V). Continuous ratings are given at coolant inlet 

< 50°C @20 ltrs/min and peak data at 60°C rotor, 60°C coolant inlet @20 ltrs/min and 60°C 

ambient. Another variant of the P400 series can provide a continuous power of 100 kW. 

Electrical performance of the P400 R motor are given in Fig. 1.33. The P400 C motor is lighter 

and has a shorter axial length than the P400 R at 24kg/80.4 mm and a peak power density of 

6.7 kW/kg. Another variant of the YASA motor is the YASA 750 R (Fig. 1.34) offering 790 

Nm (at 450 Arms) of peak torque, 200 kW (at 700 Vdc) and 100 kW (at 400 Vdc) of peak 

power, 400 Nm (at 40°C coolant) of continuous torque, up to 70 kW (at 3000 RPM/40˚C 

coolant) of continuous power and a speed range of 0 – 3250 RPM with an axial length of 

98mm and through-shaft mounting that may be stacked for increased torque and power. Its 

peak efficiency is >95%, weighs 37 kg and has a peak power density >5 kW/kg. It has 

integrated position and temperature sensors and can be used in traction, generation and 

hydraulic replacement applications. 

 



 

 

 

35 

 

 
Fig. 1.33: Electrical Performance of P400 R motor with 800V controller @450ARMS [79] 

 
Fig. 1.34: YASA 750 structure and performance [79] 

Turntide [80] (based in California) developed an axial flux switched reluctance motor 

with IoT capabilities (Fig. 1.35) that enables automated commissioning, remote monitoring, 

fault detection and control through Turntide’s cloud mobile applications. Data from the motor 

controller, the cloud and third party systems is fed back to the Smart Motor System™ 

(patented by the company) to analyze the motors environment and determine its optimal speed 
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reducing energy consumption. The motor is used in the HVAC industry and costs around 

2000$. The motor adopts a concentrated winding configuration, spans a speed range of 200-

1800 RPM, has a peak efficiency of 93.2% and exceeds 90% efficiency for fan array design 

points. It’s around 15 cm in diameter and weighs under 45 kg. The efficiency torque curve of 

the motor for various speeds is given in Fig. 1.36.  

 
Fig. 1.35: Turntide's TX switched reluctance axial flux motor 

 
Fig. 1.36: Motor efficiency vs torque at various speeds 

GREAH laboratory prototyped an axial flux surface mounted permanent magnet 

synchronous machine (in collaboration with Ragonot) and an axial flux switching machine (in 

collaboration with ERNEO); both being 3 phase machines. The 2 machines were designed, 

prototyped and enhanced along 3 theses [81][82][83]. The surface mounted PM machine is a 

10 kW machine which has an internal radius of 135 mm, an external radius of 180 mm, 24 

slots and 10 pole pairs; its magnets are made of NdFeB with a 1.1 T remanence each, its 

winding is of tooth type and it has a rated speed of 375 RPM. Fig. 1.37 and Fig. 1.38 illustrate 
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respectively the stator and rotor assembly process for the surface mounted PM machine. The 

flux switching machine (Fig. 1.39, Fig. 1.40, Fig. 1.41, Fig. 1.42 and Fig. 1.43) is also a 

10kW/375 RPM machine. It has an internal radius of 133 mm, an external radius of 186 mm. 

It has 12 NdFeB magnets in its stator with a remanence of 1.2 T each. The rotor has 10 teeth 

and is made solely of a stack of ferromagnetic sheets. 

 
Fig. 1.37: Stator assembly process of the surface mounted PM machine 

 
Fig. 1.38: Rotor assembly process of the surface mounted PM machine 
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Fig. 1.39: Stator of the flux switching machine without magnets 

 
Fig. 1.40: Winding of the flux switching machine 

 
Fig. 1.41: Rotor of the flux switching machine 
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Fig. 1.42: Assembled flux switching machine 

 
Fig. 1.43: Hub and shaft of the flux switching machine 

VI. Materials used in Axial Flux Machines 

The choice of materials to use in the fabrication of electrical machines is of great 

importance as it impacts the performance of the machine. Magnetic materials are classified as 

either soft or hard magnetic material according to their coercive force. A summary on 

magnetic materials used in the manufacturing of axial flux machines is given below. In-depth 

information on materials can be found in reference [84]. 

 

1. Soft ferromagnetic materials 

Soft magnetic materials are mainly classified into 3 categories: solid, laminated and 

pouder material as indicated in Fig. 1.44. Tab. 1.5 lists main soft magnetic materials (Iron, 

Nickel and Cobalt) used in the fabrication of electrical machines. Alloys of these materials 

with other metals enhances their physical properties (mechanical resistance, electrical 

conductivity, magnetic saturation, permeability, etc.) and at the same time maintains their flux 

guiding capabilities. Common iron alloys are listed in Tab. 1.6.  
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Fig. 1.44: Classification of main types of soft magnetic materials [85] 

Tab. 1.5: Saturation flux density Bsat and Curie temperature Tc for the soft magnetic materials used in 

electrical machines [86] 

Material Bsat (T) Tc (°C) 

Iron (Fe) 2.15 770 

Nickel (Ni) 0.6 360 

Cobalt (Co) 1.79 1125 

 

Tab. 1.6: Physical properties of common soft magnetic materials [87] 

Material  Composition  Bs @800  
A/m (T)  

Bs @2500 

A/m (T)  
Resistivity 

(µΩcm)  
Density 

(g/cm3)  
Thickness 

(mm)  
Iron-Cobalt (CoFe)  49% Co, 49% Fe, 2% V  2.1  2.23  40  8.12  0.2-0.35  
Iron-Nickel (NiFe)  40% Ni, 60% Fe    1.44  1.48  60  8.2  0.1-0.35  
Iron-Silicon (SiFe) 

high content of Si  
6.5% Si, Fe bal  1.29   1.4  82  7.49  0.1-0.2  

Iron-Silicon (SiFe) 

Non oriented and 

fine  

3% Si, 0.4% Al, Fe bal  1.15   1.63  52  7.65  0.1-0.27  

Iron-Silicon (SiFe) 

Non oriented 
1-3% Si, Fe bal    1.64  20-60  7.6-7.8  0.35-1  

Soft Magnetic 

Composites (SMC)  
<1% lubrication, Fe bal  0.71   1.22  20000  7.57  Solid 

 

2. Ferromagnetic alloys 

Sheeted SiFe alloy (93%-99% Fe) is the most commonly used material in the 

fabrication of electrical machines. Silicon increases mechanical stiffness and electrical 

resistivity of iron. Metals in small quantities are also present in that alloy: Si (up to 6.5%), Al 
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(up to 1%) and Mn (up to 0.5%) [87]. Iron-based sheeted material undergo several successive 

rolling and annealing procedures in order to reduce its thickness and obtain sheets whose 

thickness is generally between 300 and 600 μm (more detail is available in Fig. 1.45) [88]. 

Fe-Co-V alloys (e.g Hiperco50HS, Hiperco50 and Hiperco27) can provide magnetic flux 

densities at saturation of about 1.6 T at 850°C [87]. At 50 Hz, the two most expensive 

materials CoFe and NiFe, are also the best in terms of magnetic flux density at saturation and 

iron losses. At higher frequencies (400 Hz), very thin and highly alloyed SiFe (6.5% Si) 

exhibits the lowest losses [89]. Silicon alloys (Fe-Si) reduce iron losses, cobalt (Fe-Co) alloys 

increase magnetic flux density and torque, nickel alloys (Fe-Ni) make it possible to 

considerably reduce internal magnetic anisotropies in order to obtain much softer alloys [82]. 

 

3. Soft magnetic composites (SMCs) 

Among different soft magnetic materials, soft magnetic composites or SMCs have 

been successfully employed for applications requiring large air gaps or using permanent 

magnet excitations [83]. They consist of a powder of very small isolated iron particles pressed 

together on machine cores and they can guide 3D magnetic flux while having a high electrical 

resistivity, thus reducing eddy currents [87]. The downside is their relatively low permeability 

and flat B-H magnetization curve, leading to relatively low peak magnetic flux density values 

[90]. The main manufacturers of composite materials are TSC international (USA) and 

Höganäs (Sweden) and QMP (Canada) [82]. Fig. 1.46 illustrates a 220W wind generator 

developed by Khan et al. It is a 7 pole pair double stator internal rotor axial flux machine 

where the teeth were obtained by grinding SMC iron samples. 
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Fig. 1.45: Comparison of manufacturing processes of a magnetic circuit by sheet rolling and by powder 

metallurgy [85] 

 
Fig. 1.46: Wind generator prototype with teeth made of SMC material 
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4. Hard magnetic materials 

Hard magnetic materials (from which permanent magnets are manufactured) are 

characterized by their high coercive force which distinguishes them from soft magnetic 

materials, allowing them to conserve their magnetization even in the presence of a strong 

magnetic field. Several families of these materials are used in the manufacturing of electrical 

machines, namely ferrites, NdFeB, AlNiCo, SmCo and SmFe. The physical properties of these 

materials are summarized in Tab. 1.7. Rare earth NdFeB magnets can be found in applications 

such as aeronautics, permanent magnet machines, information technology, etc, Alnicos are 

used in applications such as metrology, Sm-Co for high temperature applications and ferrite 

magnets are found in almost all applications [82].  

 

Tab. 1.7: Main physical properties of magnets proposed in [91] 

 
Br@25°C  

(T)  

Hcj@25°

C (kA/m)  

ΔHcj/T 

(%/°C)  

ΔBr/T 

(%/°C)  

(BH)max  

(kJ/m3)  

T max  

(°C)  

Density  

(kg/m3)  

ρ  

(µΩ.m)  

λ  

(W/m.K)  

Price 

(€/kg) 

in 2009  

Ferrites  0.3 à 0.4  290  +0.4  -0.2  20 à 35  250  5 000  1010 2 to 5  2 to 5  

NdFeB 

sintered  
1 à 1.5  

900 to 

2000  
-0.4   -0.1  

190 to 

440  

140 to 

200  
7600  1.5  9 à 10  

50 to 

100  

NdFeB 

bonded 
0.5 to 0.7  

600 to 

1000  
-0.4  -0.12  40 to 90  

120 to 

150   

4000 to 

6000  

10 to 

30  
2 to 3  

80 to 

120  

SmCo*  1 to 1.3  
500 to 

2000  

-0.15 to 

-0.3  -0.03  
280 to 

380  

350 to 

550  8400  
0.5 to  

0.7  9 to 12   
130 to 

200  

SmFe 

bonded  0.6 to 0.8  
750 to 

1000  -0.51  -0.06  
70 to 110  

 180   /  /  /  /  

 

5. Insulating materials 

The quality of the electrical insulation system of electrical machines is an important 

factor that influence their reliability and performance. Three types of insulation exist: 

insulation against the housing, insulation between phases and insulation between coil turns. 

Electrical and mechanical stress is greater on the insulation against the housing than it is on 

the insulation between coil turns. Thus, it must be able to withstand the potential difference 

as well as have a greater thickness. Insulation between phases is thick compared to insulation 

between coil turns. In low voltage these two types of insulations are provided by organic 

insulation paper (Nomex, Mylar ...) characterized by good mechanical strength, withstands 

high temperatures and has a low thermal resistance facilitating evacuation of heat. On the 

other hand, the insulation between coil turns is the thinnest and therefore the most vulnerable 

to stress. Low voltage electrical machines are mostly wound in an unbalanced manner, so coil 

turns are subjected to different voltages. In the case where the first and last turns are adjacent, 
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the insulation is subjected to the complete voltage of the coil. Insulations can be classified 

depending on the maximum temperature they can withstand and is given in the following 

table: 

Tab. 1.8: Electrical insulation classes according to the maximum temperature 

Class Material Maximum 

temperature 

Y Cotton fabric, paper and silk but not impregnated in a 

dielectric 

90 °C 

A Cotton fabric, paper and silk impregnated in a dielectric 105 °C 

E Synthetic organic films 120 °C 

B Fiberglass, Mica, Bonded Asbestos Fibers 130 °C 

F Fiberglass, Mica, Bonded Asbestos Fibers impregnated in a 

dielectric 

155 °C 

H Fiberglass, Mica, Bonded Asbestos Fibers combined with 

silicon addition and impregnation 

180 °C 

S Films in polyamide enamel (Pyre-ML) or in polyamide 

(Kapton and Alconex GOLD) 

240 °C 

 

VII. Problems with Axial Flux Machines 

1. Magnetic problems 

a) Skewing 

Magnet skewing and certain reduction techniques of cogging torque and losses can 

complicate manufacturing of axial flux machines. Several magnet skewing techniques exist: 

conventional skew, triangular skew, parallel-sided magnets, trapezoidal skew, round magnets 

(easy to manufacture [92]) and dual-skew magnets. These techniques are illustrated by 

Fig. 1.47. To avoid magnet skewing, other techniques can be used but they give rise to other 

issues; e.g. the use of appropriate magnet pole-arc to pole-pitch ratio, which is around 0.7 for 

AFPM machines, reduces cogging torque but at the same time distorts back-EMF, reduces 

magnet flux, and, as a result, reduces the machine’s average torque; magnet grouping 

increases torque ripple, and rotor displacement also reduces back-EMF and average torque 

[92]. 
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Fig. 1.47: Different skewing methods employed in AFPM designs [92] 

Also, minimizing cogging torque through stator modifications (e.g. slot skewing) 

complicates manufacturing process and increases manufacturing cost, making them not 

common in such machines [92]. For machines with rolled laminated steel, skewing teeth to 

reduce cogging torque is even harder as this type of steel is hard to manufacture; even using 

SMCs is not a solution as they saturate at low flux density levels, limiting machine power 

density, also SMC stators along with rolled steel stators are subject to core losses at high 

speeds, so coreless motors are proposed [3]. 

 

b) Lamination 

The manufacturing of stator laminated magnetic circuit is not necessarily an easy task 

because of the need to roll the steel sheets. Stacking sheets is simpler than rolling them, but 

techniques exist which consists in replacing the rolled stator by several plots of stacked sheets 

as in the case of radial flux machines. The authors in [93] and [94] fabricated toroidal slotless 

AFPM stators using tape-wound cores with thin gauge electrical steel, which does not require 

special manufacturing techniques. Slot cutting into tape-wound core was preformed in [95] 

for a 30kW/16000RPM axial flux machine using wire EDM technique, while in [96] slots 

where cut using machining which can introduce short circuits between lamination layers. 

Another, yet expensive, technique is winding stamped steel tape as performed by the authors 

in [97], but this not practical as specialized equipment is required for execution. 

 

2. Thermal problems 

a) End windings heat 

Energy conversion from electricity to mechanical motion produces losses and 

consequently heat. The thermal aspect of axial flux machines has been always a complex 

issue, due to a lack of know-how in the subject. Heat dissipation is a major concern for motor 

designers as it affects machine’s performance, life-span and reliability. For radial flux 

machines, there is no space constraint on end windings on either sides of the stator. In these 

machines, end windings occupy the same volume to the right and left of the stator. On the 

other hand, axial flux machines cannot afford to exceed a certain volume at the inner radius 

as there is not much space, and the only way to overcome this is by increasing the inner radius 

to place the end windings. Thermally, high torque densities require a performing cooling 
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system, so water cooling is commonly adopted in radial and axial flux permanent magnet 

machines (liquids have a higher thermal capacity than air), where for the latter, the water 

jacket or conduit is placed in the housing or in the end caps, but this configuration does not 

help evacuate heat from end windings. Potting material can be added around end windings or 

used to fill gaps between coils in slots [98], also a cooling pipe can be inserted between end 

windings [99] but this can cause space conflict. A liquid-cooled aluminum ring can be placed 

at the stator outer diameter [100] but this only suits single-stator double-rotor AFPM motors. 

Fins placed in slots can be used [101] but this may decrease slot fill factor. Machine designers 

often use epoxy resin to fill the region between end caps and end windings to enhance heat 

dissipation while protecting end windings and filling the gaps in slots [102]. In [103], a 

circumferential oil flow for a drum-wound machine is implemented where oil circulates over 

the outer surface of the end-windings. [104] proposes a novel direct oil cooling system for 

TORUS-type AFPM machines, where direct oil cooling of the outer end-windings is 

employed. 

b) Insulation heat 

As copper windings and stator cores generate the majority of losses, care should be 

taken when designing a cooling system to evacuate heat from these regions. It should be also 

noted that as the temperature increases, copper resistance increases thus reducing machine 

efficiency; also temperature increase reduces insulation lifetime [105]. Evacuation of heat 

from stator cores is relatively easy as they are highly conductive thermally. On the other hand, 

winding insulation makes heat dissipation a challenging task due to their small thermal 

conductivity, and as a result safety of insulation is not necessarily guaranteed.  

c) Demagnetization 

PM Remanance and intrinsic coercive force are highly affected by temperature, so this 

should be considered in the design process to avoid degradation of performance during 

operation, which can reduce torque and power rating of the machine as well as efficiency. 

This requires a highly effective cooling system which can reduce to a certain extent the 

demagnetization risk of magnets. A partially demagnetized machine loaded with a constant 

torque will turn in a viscous loop until stall [105]: demagnetization leads to higher current 

consumption, which leads to more copper losses, increasing the temperatures even more. 

Thus, performance and efficiency of a PM motor decreases with increase in temperature, 

which can also be caused by other materials (glue between PM and rotor iron) or structural 

composites. 

d) Mechanical loss 

Mechanical losses are a source of heat in axial flux machines. In [106] the machine’s 

thermal behavior was greatly impacted by the excessive bearing loss, but aerodynamic effects 

had less pronounced effects due to fully enclosed and naturally cooled machine construction. 

But this type of construction is thermally challenging due to limitations in heat evacuation 

from the rotor assembly due to low air flow/air movement. Also, integrating bearings within 

the stator assembly resulted in issues for the bearings, namely: an elevated operating 

temperature and difficulties setting and maintaining an appropriate bearing preload. Also 

windage losses for oil cooled machines is a very important aspect to manage at high speeds. 

In the design presented in [107] of a permanent magnet motor for a directly coupled pump, 

the machine was flooded with oil and operated at 20kRPM, this gave rise to high windage 
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losses at the rotor surface, leading the authors to conclude that thermal management of the 

rotor is very important, especially when PMs exist. The authors also concluded that oil 

quantities need to be optimized and that a fin array requires proper design and analysis to 

avoid just adding an extra mass with no practical benefits. 

 

3. Mechanical problems 

a) Axial attraction force 

There are problems specific to axial flux machines that have not been solved due to 

lack of experience and practice and that do not exist or have been partially solved for radial 

flux machines. One of the classic problems is the existence of the axial attraction force 

requiring that these machines (especially those with magnets) have a more rigid support 

structure than radial flux machines. A rotating disk does not exist in a radial flux machine, but 

in an axial flux machine it has an important mechanical role. The axial attraction force 𝐹𝑧 can 

be calculated using the following equation: 

 

𝐹𝑧 =
𝐵𝑔
2𝑆

2𝜇0
 (1.3) 

 

Where 𝐵𝑔 is the average air gap flux density, 𝑆 is the stator surface area and 𝜇0 is the 

permeability of free space. It is worth mentioning that the axial attraction force in a coreless 

AFPM machine is negligible [108]. Because of this axial attraction, special care must be taken 

when choosing shaft and bearings as well as when assembling the machine, which can be a 

complicated process and requires a preliminary mechanical study. For a machine without 

magnets, there are aspects that will appear only during operation and disappear when the 

machine is switched off, but with magnet machines the axial attraction problem is always 

there. 

 

b) Centrifugal force 

At high speeds, the mechanical integrity of the rotor in an AFPM machine becomes a 

serious issue [109]. It is much more difficult to design a high speed axial flux machine than it 

is to design a radial flux one due the centrifugal force exerted on the rotor of an axial flux 

machine. This force acts along the radius of rotation pulling the magnets outwards. The 

centrifugal force 𝐹𝑐 experienced by a rotating body of mass 𝑚 at a rotational speed 𝜔 and a 

rotational radius 𝑟 with a tip speed 𝑣 = 𝑟𝜔 is given by: 

 

𝐹𝑐 = 𝑚𝜔𝑣 = 𝑚𝑟𝜔
2 (1.4) 

 

The above equation shows that the centrifugal force is proportional to the radius, so an 

obvious solution to reduce the centrifugal force is to reduce the radius of the rotor or the 

rotational speed. But it’s not that straightforward, because reducing the radius will also reduce 

the torque faster as it is proportional to the radius cubed and this is totally contradictory with 

the objective of the machine: 
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𝑇 =
𝜋

2
𝐵𝐴𝜆(1 − 𝜆2)𝑅𝑜

3 (1.5) 

 

Where 𝐵 is the magnetic loading, 𝐴 is the electrical loading, 𝜆 is the inner to outer 

radius ratio, and 𝑅𝑜 is the outer radius of the machine. As a result, when high speed is required, 

it is better to go with an RFPM design than with an AFPM one. 

Another important aspect when designing a high-speed AFPM machine is the 

retainment ring that must be employed to hold the magnets in place, otherwise they could 

separate from the rotor due to the intense centrifugal force. The retainment ring must have 

specific properties [109]: high yield strength capability, large modulus of elasticity, acceptable 

elongation percentage, very low relative magnetic permeability, low magnetic saturation 

level, low mass density, acceptable material and manufacturing costs. The material used for a 

retainment ring is generally carbon fiber but due to several considerations it can replaced by 

Maraging G125 material. Also centrifugal forces in high-speed applications make laminated 

sheets not suitable for the rotor structure since they can be a source of mechanical failure. 

 

c) Vibration 

 Vibration of the rotor is also a concern in the design of axial flux machines. The 

natural rotor vibration frequency is given by [110]: 

 

𝜔𝑛 = 𝑎𝑛√
𝐸𝐼

𝜇𝑙𝐿4
 (1.6) 

 

Where 𝐸 is Young’s modulus, 𝐼 the rotor inertia, 𝜇𝑙 the mass per unit length, 𝐿 the rotor length, 

and 𝑎𝑛 is the numerical constant computed by Rayleigh method dependent on the problem 

boundaries. The computation of this quantity is important to detect the natural frequencies 

that, if reached by the rotor, vibration, resonance and subsequent rotor failure will occur. So, 

it is necessary to design the rotor in such a way that it pushes these natural frequencies away 

from its operating range avoiding vibration and resonance. 

 

VIII. Problematic of the Thesis 

The need to install more and more capacity of distributed wind energy where multi-

GWhs are demanded, requires increasing the number of constructed generators, thus 

increasing the quantity of material used. This makes generator design a challenging task, 

especially when reduction of mass, size and down time is required while at the same time 

preserving a high power rating for the generator. These constraining specifications leads to 

the adoption of relatively new topologies like axial flux machines due to their high power 

density, compactness and torque. Wind turbine applications require a low speed machine, and 

therefore more torque is required making it an objective in itself. With radial flux machines, 

the increase in torque is achieved by increasing the rotor radius or the machine active length. 

In the nacelle, the axial length can be limited and constrained, and we can have a little more 
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margin in the radial direction. These constraints could favor the axial flux machine and lead 

to the contribution to the development of this solution. Also, the torque of an axial flux 

machine is proportional to the outer diameter cubed, this makes these machines exploitable in 

the radial direction, which is beneficial looking at the geometry and space constraints of the 

nacelle. Coupling of these machines with non-conventional gears such as magnetic gears 

while choosing a suitable gear ratio will achieve the required torque density of the generator-

gear system. Magnetic gears are immune to mechanical failure, thus requiring little 

maintenance and no lubrication unlike their classical mechanical counterparts. The design of 

axial flux machines requires a specific procedure that, if applied, delivers a machine satisfying 

the specifications, and adequate tools that allows to pre-size the machine quickly to obtain the 

required performances before launching a 3D finite elements simulation to verify the obtained 

results and refine the design. The work done in this thesis serves these goals and contributes 

to the efforts made by GREAH for the past 20 years to research and develop axial flux machine 

designs. 

 

IX. Conclusion 

In this first chapter, a brief review on advances in axial flux machines has been 

presented. First, the different configurations of these machines have been described and their 

advantages and weaknesses have been elaborated. These different configurations, spanning 

from their simplest form the SSSR passing by the more complex DSSR and SSDR and finally 

arriving at the most complex MSMR configuration, have been compared and their application 

fields have been presented in order to make the choice of structure a simpler task on machine 

designers. 

Then recent advances in the past 10 years of axial flux machine designs have been 

presented and their strong and weak points have been exposed, allowing a more in-depth in 

the field comprehension of actual design processes, giving designers an idea of existing 

designs so they can build on what’s existing and avoid reinventing the wheel. 

Afterwards, different materials used in the construction of axial flux machines were 

presented and categorized, also their magnetic and thermal characteristics where discussed. 

These materials are basically divided into soft and hard materials, but also ramify to different 

sub-groups e.g. solid, laminated and powder for soft material, and it is primordial to 

comprehend the differences between them as well as the applications suitable for every type 

of material as this effects greatly the performance of the machine. 

Finally, the magnetic, thermal and mechanical problems have been addressed and the 

problematic has been stated. 
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I. Introduction 

The design process of electrical machines require pre-sizing tools to quickly obtain a 

set of geometrical and physical parameters that will be used later on as inputs to more precise 

validation tools to fine tune the design and satisfy required specifications. 

Pre-sizing tools include analytical models and lumped parameter models, and 

validation tools are based on the finite elements method. 

Analytical models are based on the formal solution of Maxwell’s equations and are 

machine specific, and lumped parameter models include reluctance network models and nodal 

thermal models and are based on an analogy with electrical circuits. Reluctance network 

models can be either expert models that are also machine specific or mesh based models that 

are independent of machine type. 

Nodal thermal models model thermal behavior using nodal networks of conductances, 

capacitances and heat sources where each node has a temperature and heat is transferred from 

the node with the highest temperature to the node with lowest temperature. 

The advantage of these pre-sizing models is the reduced computation time compared 

to finite element models, but this comes at the cost of precision. 

The finite elements method is the most precise and widely used method to size an 

electrical machine electromagnetically, mechanically and thermally as it can mimic to a high 

extent the results obtained by experimental studies. 

In this chapter, machine sizing tools were developed and explained starting from the 

analytical model based on the formal solution of Maxwell’s equations in the different regions 

of an axial flux machine, then the mesh based generated reluctance network (MBGRN) 

method is explained, illustrating the concept of flux tube, model equations, modelling method 

of sources, numbering of blocks, boundary conditions, motion processing, modelling of non-

linearities, computation of local and global quantities and the algorithm used to implement 

the method in MATLAB. After that, a 2D multi-slice version of the method is applied to a 

switched reluctance machine in both linear and non-linear magnetic material conditions to 

assess magnetic flux density and torque. The same process is then repeated with a quasi-3D 

version where the slices are connected by means of reluctances in the radial direction. The 

nodal thermal model is then explained illustrating heat transfer mechanisms and the solved 

heat equation. The finite element formulations used for electromagnetic and mechanical 

simulations are then presented; these include magneto-static and magneto-dynamic 

formulations for electromagnetic simulations and strong and weak formulations for 

mechanical simulations. The chapter ends with a conclusion that summarizes the whole work. 

 

II. Analytical Modelling of Axial Flux Machines 

1. Assumptions and solved equations 

The SIMUMSAP tool used to pre-size the machine is based on an analytical model 

obtained by the exact 2D solution of the magnetic field. It is assumed that magnetic material 

relative permeability as well as their resistivity is infinite and permanent magnet permeability 

is equal to that of air, their resistivity infinite, and their remanence and axially oriented. Also, 

the volumic density of electrostatic charges is zero.The machine is divided into slices in the 

radial direction, then Maxwells equations are solved at mean radius for a given slice in the 
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different regions indicated by Fig. 2.1 by the separation of variables method. The contribution 

of the slices are summed up to obtain the values of global quantities. The regions in Fig. 2.1 

are slots (I), slot opening (II), air gap (III) and magnets (IV). The method will be briefly 

exposed, more detail on the mathematical derivation of the method is available [1] and [2]. 
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Fig. 2.1: Modeled pattern of the machine 

The equation to be solved in the different regions is: 

∆𝐴 + 𝜇0𝐽 + 𝜇0�⃗⃗� × �⃗⃗⃗� = 0 (2.1) 

Where 𝐴 is the magnetic potential vector, 𝐽 is the current density and �⃗⃗⃗� is the remanent 

magnetization. 

The field vectors �⃗⃗� and �⃗⃗⃗�, in the different regions, are coupled by: 

�⃗⃗� = {
𝜇0�⃗⃗⃗�                 𝑖𝑛 𝐼, 𝐼𝐼 𝑎𝑛𝑑 𝐼𝐼

𝜇0(�⃗⃗⃗� + �⃗⃗⃗�)                    𝑖𝑛 𝐼𝑉
 (2.2) 

As 𝐴 has a componnet only in the z-direction and by writing (2.49) in Cartesian 

coordinates, we obtain: 

{
  
 

  
 
1

𝑟2
𝜕2𝐴

𝜕𝜑2
+
𝜕2𝐴

𝜕𝑧2
= −𝜇0𝐽                            𝑖𝑛 𝐼

1

𝑟2
𝜕2𝐴

𝜕𝜑2
+
𝜕2𝐴

𝜕𝑧2
= 0                    𝑖𝑛 𝐼𝐼 𝑎𝑛𝑑 𝐼𝐼𝐼

1

𝑟2
𝜕2𝐴

𝜕𝜑2
+
𝜕2𝐴

𝜕𝑧2
= −

1

𝑟

𝜕𝐵𝑟
𝜕𝜑

                   𝑖𝑛 𝐼𝑉

 (2.3) 

  

In order for the remnant flux density in magnets to have the same form as that in 

regions III and IV, it is written as follows: 
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  Where 𝜆𝑝 = gcd (𝑁𝑠, 𝑝) (2.4) 

The boundary conditions required to solve the equations in each region are the following: 
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Where sN  is the total number of slots. 

 

2. Solution in the different regions 

Solving for the magnetic vector potential in the different regions and computing the 

normal and tangential components of the magnetic flux density we obtain: 

 

a) Region I (slots): 
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b) Region II (slot opening): 0 zhb  
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c) Region III (air gap): ez 0  
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d) Region IV (magnets): aleze   

 

 
















































 

























































 








 



)sin(sinhtanhcosh

)cos(sinhtanhcosh),(

)4(

0

)4()4(
0

)4(










p
M
k

papp

k

k

p
M

k
papp

k

p

kE
r

zk

r

elk

r

zk
E

kF
r

zk

r

elk

r

zk
C

k

r
azA

 

(2.19) 

 

 

 
)cos(sinhtanhcosh

)sin(sinhtanhcosh),(

)4(

0

)4()4(









p
M
k

papp

k

k

p
M

k

papp

kz

kE
r

zk

r

elk

r

zk
E

kF
r

zk

r

elk

r

zk
CzB











































 





















































 












 

(2.20) 

 

   


























 










0

)4()4()4(
)sin()cos(coshtanhsinh),(

k

pkpk

papp
kEkC

r

zk

r

elk

r

zk
zB 




 

(2.21) 

 

3. Continuity conditions 

In order to determine the Fourier coefficients appearing in the above equations, the 

following continuity conditions are exploited: 

a) From region I to region II 
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b) From region II to region III 
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c) From region III to region IV 

   eBeB rzsz ,, )4()3(     and      eBeB rs ,, )4()3(     

The angular positions of the rotor and stator coordinate systems are linked by the following 
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equation: 

  rs
 

where  is the position of the rotor relative to the stator. 

 

4. Determination of the vector potential constants 

The determination of arbitrary constants of vector potential expressions in the different 

regions is based on the assumption of the nullity of the constant of region IV: 

  04
0 a  (2.27) 

This choice leads to the nullity of the vector potential constant in region III due to the 

continuity of the vector potential at the boundary with region IV. : 

  03
0 a  (2.28) 

Moreover, the continuity of the vector potential between region III and region II leads to the 

following: 

      1..0andfor0,0, 22
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Integrating the previous equation along wo makes it possible to write: 
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After development, we obtain the constants of the vector potential in the slot openings: 
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Similarly, the continuity of the vector potential at the boundary between the slot openings and 

slots makes it possible to write: 
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Thus: 
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The same integration as above allows to write: 
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After development, the expression determining the constants of the vector potential in the slots 

is obtained: 

   

 































 






















0

)1(

22

2

0

2

0

)1(

0

2
sin

2
cos

cosh

cosh
12

m s

o

s

sb

s

sl

m

o

s

o

s
bss

lll

w

w
m

m

rw

hhm

h
rw

m

f
mw

rw

w

w
hhhJaa











 (2.36) 

 

5. Flux & EMF 

 

The flux passing through a phase ‘j’ at no load is given by: 
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where Nsp is the number of turns in series of the phase and 
 ph

DjF  is the distribution function 

of phase ‘j’ that can be written in the following manner: 
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Replacing    ,0,3
szB  by its expression in (61) and expanding the calculations, we arrive at 

the following expression for the flux of phase 'j': 
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The EMF is deduced taking the derivative of the no load phase flux: 
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6. Electromagnetic torque 

The Maxwell tensor method is used for the calculation of the electromagnetic torque 

on the surface of the permanent magnets. The expression of the electromagnetic force exerted 

on a given volume V  having a surface S surrounded by a medium of low relative permeability, 

is deduced from the expression of the Poynting vector expressing the exchange of 

electromagnetic power between this volume and the external environment: 
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For an axial flux machine, the vector normal to the surface of volume V and leaving 

this surface is written: 

zs en


   and  zzeHeHH


   (2.42) 

The surface density of electromagnetic force decomposes as follows in the 

cylindrical coordinate system: 
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The torque exerted on the rotor is therefore written : 
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For the axial flux machine, only the axial component of the torque gives rise to the 

rotational movement of the rotor and it is written considering that the magnetic flux density 

is negligible on the lateral surface of the rotor as well as on its external base: 
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The algebraic value of the electromechanical torque is therefore expressed as: 
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By replacing the components of the magnetic flux density on the surface of the rotor 

by their expressions and developing the calculation of the integral, the following expression 

is obtained for the torque: 
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III. Mesh Based Generated Reluctance Network Method 

Reluctance network models have been used as a design tool for electrical machines 

since the beginning of the last century. Despite the use of finite element analysis (FEA) 

powered by the rapid development of digital computers since the 1980's, reluctance networks 

(RN) remained part of design routines. This being mainly for their reasonable computation 

time vs. accuracy ratio [3]. 

RN methods are based on the analogy between magnetic and electric circuits with 

natural simplicity [4]. Consideration of magnetic saturation of ferromagnetic materials in 

reluctance networks is possible by linking material characteristics. This makes RNs 

extensively employed in designing and analyzing various types of electrical machines 

[5][6][7]. 

In scientific literature, RNs have remained a subject of research in recent years. Hane 

et al. presented in [8] the RN model of a three-phase-laminated-core variable inductor 

considering hysteresis. The authors in [9] developed a new RN based method with 

complementary distributed magneto-motive forces (MMF) in a fully meshed RN model with 

reluctance block elements. In [10], hybrid analytical models (HAM) are used to compute the 

magnetic field solution in constant permeability regions via an analytical formal solution, 

while the field in the slots and the ferromagnetic parts is evaluated through RN modeling. 

Although the meshed RN method is relatively old and gives relatively good results, it 

is not yet widely spread in terms of design software tools compared to FEA [11]. Some 

computer-aided design software using RN modeling exist: Turbo-TCM [12] models small 

power alternators, RMxprt® [13] in the ANSYS® electromagnetic package features 

predefined topologies of stators and rotors, SPEED [14] combines analytical formulations 

with FEA and Reluctool® [15] based on lumped parameter magnetic equivalent circuits 

(MECs) requiring designer’s expertise. 

Modeling of axial flux machines requires considering 3D effects. One way to do this 

is by dividing the machine into several slices. Multislice FEA modeling for example can be 

used to evaluate torque in skewed machines [16]. Multislice hybrid modeling was used to 

estimate iron loss in axial flux permanent magnet machines [17]. 

 

1. Overview of the modelling approach 

In this section, the different phases of the proposed method are presented detailing the 

automatically generated MBGRN algorithm.  
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a) Flux Tube 

The RN method is based on partitioning the space where the magnetic field exists into 

flux tubes (Fig. 2.2) with prior knowledge of flux direction. A flux tube is a geometrical figure 

in which all lines of flux are perpendicular to its base and no lines of flux cut its sides. The 

bases of a flux tube - that contains no current - are equipotential planes. The ratio 𝑅 of potential 

difference at both ends of the tube and the flux through it is a function of flux tube geometry 

and magnetic characteristics of the medium [18]: 

 

𝑅 = ∫
𝑑𝑥

𝑐(𝑥)𝐴(𝑥)

𝑙

0

 (2.48) 

 

where 𝑙 is the total flux tube length, 𝐴 is its cross-sectional area, and 𝑐 is a function of 

material properties. For magnetic fields, 𝑅 is defined as the reluctance and µis the material's 

magnetic permeability. 

 

 
Fig. 2.2: Flux tube [18] 

The Maxwell-Ampere equation in the tube is given by [19]: 

 

�⃗⃗� × �⃗⃗⃗� =  
𝜕�⃗⃗⃗�

𝜕𝑡
 +  𝐽 (2.49) 

 

Where �⃗⃗⃗� is the magnetic field strength, �⃗⃗⃗� the electric flux density and 𝐽 the current 

density. 

In the stationary domain, where electromagnetic properties at low frequency are within 

the limits of a few tens of kilohertz, displacement current 
𝜕�⃗⃗⃗�

𝜕𝑡
 is neglected [20]. Moreover, as 

we suppose that no current passes through the flux tube and therefore 𝐽 = 0⃗⃗, equation (2.49) 

becomes: 
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�⃗⃗� × �⃗⃗⃗� = 0 (2.50) 

 

From (2.50) we deduce that �⃗⃗⃗� can be written as a function of a scalar magnetic potential 𝑈: 

 

�⃗⃗⃗� = −𝛻𝑈 (2.51) 

 

𝑈 is in fact the magnetic scalar potential on either sides of the tube. 

 

b) Model Equations 

The conservation of flux allows applying Kirchhoff’s current law to a flux tube. The 

sum of incoming fluxes to a node is equal to the sum of outgoing fluxes (Fig. 2.3). For a node 

i connected to n other nodes through branches which can contain reluctances and flux sources, 

we can write: 

 

𝛷1𝑖 + 𝛷2𝑖  +  𝛷3𝑖  + ⋯ + 𝛷𝑗𝑖  =  0 (2.52) 

 

𝛷𝑗𝑖 : represents the flux leaving node 𝑗 and entering node 𝑖. 

 

 

                  (a)                                                         (b) 

Fig. 2.3: (a) Permeance network (b) Permeance network branch with flux source [19] 

 

The flux 𝛷𝑖𝑗 passing from node 𝑖 to node 𝑗 is: 

 

𝛷𝑖𝑗 = (𝑈𝑖 − 𝑈𝑗)𝑃𝑖𝑗 + 𝛷𝑆𝑖𝑗  (2.53) 

 

where 

 𝑈𝑖 and 𝑈𝑗 are respectively the scalar potentials of nodes 𝑖 and 𝑗. 
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𝑃𝑖𝑗 is the value of the permeance linking nodes 𝑖 and 𝑗. 

𝛷𝑆𝑖𝑗 is the flux source between nodes 𝑖 and 𝑗. 

From equations (2.52) and (2.53) we can obtain the equation where node 𝑖 is linked to 

𝑛 other nodes: 

 

(∑𝑃𝑘𝑖

𝑛

𝑘=1
𝑘≠𝑖

)𝑈𝑖 −∑𝑃𝑘𝑖𝑈𝑘

𝑛

𝑘=1
𝑘≠𝑖

=∑𝛷𝑆𝑘𝑖 

𝑛

𝑘=1
𝑘≠𝑖

 (2.54) 

 

By writing the equations of all the nodes in the network, we obtain the following 

system of algebraic equations: 

 

[
 
 
 
 
 
 
 
 
 ∑𝑃𝑘1

𝑛

𝑘=2

−𝑃21 ⋯ −𝑃𝑛1

−𝑃12 ∑𝑃𝑘2

𝑛

𝑘=1
𝑘≠2

⋯ −𝑃𝑛2

⋮ ⋮ ⋱ ⋮

−𝑃1𝑛 −𝑃2𝑛 ⋯ ∑𝑃𝑘𝑛

𝑛−1

𝑘=1 ]
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
 
𝑈1
 
 
𝑈2
 
 
⋮
 
 
𝑈𝑛]
 
 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 ∑𝛷𝑆𝑘1 

𝑛

𝑘=2  

∑𝛷𝑆𝑘2 

𝑛

𝑘=1
𝑘≠2  

⋮

∑𝛷𝑆𝑘2 

𝑛−1

𝑘=1 ]
 
 
 
 
 
 
 
 
 
 

 (2.55) 

 

(2.55) can be written in matrix form as: 

[𝑃]𝑛×𝑛 × [𝑈]𝑛×1 = [𝛷𝑆]𝑛×1 (2.56) 

With 

[𝑃] permecance matrix. 

[𝑈] vector of magnetic scalar potentials at the nodes. 

[𝛷𝑆] excitation vector (flux sources vector). 

 

To solve the system, it is necessary to find the magnetic scalar potential at each node. 

But it is important to note here that the matrix system will have to be reconstructed for each 

magnetic state. It will be necessary to modify the sources vector [Φs] and the permeance 

matrix [P] [19]. 

 

c) Modeling of Sources 

 Magnets: 

Magnets are modeled by a flux source in parallel with a reluctance (Fig. 2.4). 
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     (a)                                                   (b) 

Fig. 2.4: RN model of a magnet [19] 

The corresponding equations are the following: 

 

𝑅𝑃𝑀 =
𝐸𝑃𝑀

𝜇0𝜇𝑟𝑃𝑀(𝐿𝑃𝑀𝑙𝑎)
 (2.57) 

𝛷𝑆𝑃𝑀 = 𝐵𝑟𝐿𝑃𝑀𝑙𝑎 (2.58) 

 

Where the following quantities correspond to the magnet: RPM is its reluctance, ΦSPM 

its flux, LPM its width, 𝑙𝑎 its length, EPM its thickness and Br its remanence. 

 

 Coils: 

The modeling method of the coils is developped by the author in [19]. The magnetic 

sources are modeled by magneto motive sources distributed along the branches of the 

reluctance block elements. Fig. 2.5 illustrates an example of the MMF sources distribution 

due to coil currents. The total MMF generated by armature coils is distributed as MMF sources 

along the 𝑦-axis branches in the winding zone.  

Total MMF according to position (along the 𝑥-axis) is the sum of the MMF created by 

each coil. The ratio (height of element block to height of coil zone) is used to weight the MMF 

sources on each branch of the block elements in the winding zone as shown in Fig. 2.5 and 

equation (2.59). 휀𝑡𝑜𝑡 is the total MMF according to position and is calculated as in equation 

(2.60). 𝑥𝑖 is the position of the central node of block element 𝑖. 휀𝑖_𝑦 is the MMF on the 𝑦-axis 

branch of block element 𝑖, 𝐸ℎ is the block element height, and 𝑍ℎ is the zone height. 
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Fig. 2.5: MMF distribution [21] 

휀𝑖_𝑦 =
1

2

𝐸ℎ
𝑍ℎ
휀𝑡𝑜𝑡(𝑥𝑖) (2.59) 

휀𝑡𝑜𝑡(𝑥) = 휀𝐴(𝑥) + 휀𝐵(𝑥) + 휀𝐶(𝑥) (2.60) 

 

where 휀𝐴, 휀𝐵, and 휀𝐶 are the MMFs due to coil current in each phase. They are 

calculated for each displacement step as shown in equation (2.61) for phase A. The same 

equation applies for phases B and C. 𝑁𝑠 and 𝐼𝐴 are, respectively, the number of turns per coil 

and phase current. 𝑥𝑏𝑒𝑔𝐴+ and 𝑥𝑒𝑛𝑑𝐴+ , are the 𝑥-axis coordinates (beginning and end) of the 

positive slot of phase A and 𝑥𝑏𝑒𝑔𝐴− and 𝑥𝑒𝑛𝑑𝐴−  , the 𝑥-axis coordinates (beginning and end) 

of the negative slot of phase A. 
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휀𝐴(𝑥)

=

{
 
 
 
 

 
 
 
 

−𝑁𝑠𝐼𝐴
2

, 𝑖𝑓 𝑥 < 𝑥𝑏𝑒𝑔𝐴+  𝑜𝑟 𝑥 > 𝑥𝑒𝑛𝑑𝐴−

(
𝑁𝑠𝐼𝐴

𝑥𝑒𝑛𝑑𝐴+ − 𝑥𝑏𝑒𝑔𝐴+
) 𝑥 −

𝑁𝑠𝐼𝐴
2
(
𝑥𝑒𝑛𝑑𝐴+ + 𝑥𝑏𝑒𝑔𝐴+
𝑥𝑒𝑛𝑑𝐴+ − 𝑥𝑏𝑒𝑔𝐴+

) , 𝑖𝑓 𝑥𝑏𝑒𝑔𝐴+ <  𝑥 < 𝑥𝑒𝑛𝑑𝐴+  

+𝑁𝑠𝐼𝐴
2

, 𝑖𝑓𝑥𝑒𝑛𝑑𝐴+ <  𝑥 < 𝑥𝑏𝑒𝑔𝐴−

(
−𝑁𝑠𝐼𝐴

𝑥𝑒𝑛𝑑𝐴− − 𝑥𝑏𝑒𝑔𝐴−
) 𝑥 +

𝑁𝑠𝐼𝐴
2
(
𝑥𝑒𝑛𝑑𝐴− + 𝑥𝑏𝑒𝑔𝐴−
𝑥𝑒𝑛𝑑𝐴− − 𝑥𝑏𝑒𝑔𝐴−

) , 𝑖𝑓 𝑥𝑏𝑒𝑔𝐴− <  𝑥 < 𝑥𝑒𝑛𝑑𝐴−

 
(2.61) 

 

d) Numbering of Blocks 

The shape of the magnetic matrix depends on the numbering sequence of nodes in the 

network. The numbers of neighboring k-nodes are as close as possible, similar to the 

numbering of the FE method illustrated by the example in Fig. 2.6 where the blocks are 

numbered starting from left to right and from down to up. 

 

 
Fig. 2.6: Direction of numbering in FE method [20] 

e) Boundary Conditions 

The condition of tangent flux imposes a tangential flux at the edge of the model. 

Similarly a condition of normal flux imposes a tangential flux at the edge of the model. The 

conditions of periodicity and anti-periodicity impose the cyclicity of flux to reduce the model 

only to, respectively, a single pole or a pole pair. 

 

Tangential Flux: A tangential flux condition is illustrated in Fig. 2.7. The elementary 

blocks of layers located at the edges of the model lose their vertical branches located near 

those edges [19]. 
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Normal Flux: A normal flux condition is imposed in a reluctance network by simply 

setting the potential at peripheral nodes on the boundary to zero (Fig. 2.8). This translates in 

mathematical terms by the following (1 < 𝑖 < 𝑁𝑏𝑟𝑒𝑙𝑒𝑚𝑡𝑥): 

 

𝑃𝑖𝑖_𝑛𝑜𝑟𝑚𝑎𝑙 = 𝑃𝑖𝑖_𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 + 𝑃𝑖(𝑖+𝑁𝑏𝑟𝑒𝑙𝑒𝑚𝑡𝑥) (2.62) 

 

Where 

𝑃𝑖𝑖_𝑛𝑜𝑟𝑚𝑎𝑙 is the new value of the diagonal elements of the permeance matrix [𝑃]. 

 

𝑃𝑖𝑖_𝑡𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 is the value of the diagonal elements of the permeance matrix [𝑃] in case 

of tangential flux condition. 

 

𝑁𝑏𝑟𝑒𝑙𝑒𝑚𝑡𝑥 is the number of elements located on the interface where the normal flux 

condition is applied. 

 

 

(a)                                                    (b) 

Fig. 2.7: Application of tangential flux conditions [19] 
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Fig. 2.8: Application of normal flux conditions [19] 

 

Periodicity: The periodicity condition implies the connection of left and right border 

elements as illustrated in Fig. 2.9 to guide the flux leaving a border to re-enterthrough the 

other border. 

 

 

(a)                                                              (b) 

Fig. 2.9: Periodicity condition [19] 
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Anti-periodicity: The anti-periodicity condition is similar to the peridicity condition. 

It also translates by the connection of border elements (Fig. 2.10) with the only difference of 

changing the sign of the potential of the nodes on the border which can be expressed by the 

following equations (for nodes 1 and 3 as an example): 

 

𝜑1,3 = 𝜑3,1 (2.63) 

𝑈2 − 𝑈1
𝑅1,2

+
𝑈4 − 𝑈1
𝑅1,4

+
−𝑈3 − 𝑈1
𝑅1,3

= 0 (2.64) 

−(𝑃1,2 + 𝑃1,3 + 𝑃1,4)𝑈1 + 𝑃1,2𝑈2 − 𝑃1,3𝑈3 + 𝑃1,4𝑈4 = 0 (2.65) 

 

 

(a)                                              (b) 

Fig. 2.10: Anti-periodicity condition [19] 

 

f) Motion processing 

The air gap is where conversion of electromagnetic energy takes place, so it is 

important to well model this part of the machine in order to obtain correct simulation results. 

To do this, different techniques can be used (analytical solution, conformal map, interpolation 

using finite element models ...). 

One of the solutions to consider motion consists in re-meshing the airgap at each step 

[11]. Another solution is implemented in [22] through additional tangential reluctances in the 

air gap. Interpolation coupling is also used to connect the stator to the rotor, rendering motion 

processing independent of discretization [23][24]. The latter is the adopted solution on the 

model presented in this work. 
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In this technique, Lagrange interpolation is used to compute magnetic scalar potential 

of the nodes at the sliding surface (positioned at the middle of the air gap) and flux density of 

the branches of the reluctance block elements connected to the interface nodes. The nodes of 

the sliding surface are connected alternately to stator and rotor nodes allowing for independent 

meshes for both entities (Fig. 2.11). 

 

 
Fig. 2.11: Interpolation nodes and their connections [20] 

The node equations at the sliding surface are obtained by interpolating the magnetic 

scalar potential and the magnetic flux density by a Lagrange polynomial of order N which is 

given by equations (2.66) and (2.67). 

 

𝐿𝑖(𝑥) = ∏
𝑥 − 𝑥𝑗

𝑥𝑖 − 𝑥𝑗

𝑁

𝑗=1;𝑗≠𝑖

 (2.66) 

𝑃𝑁−1(𝑥) =∑𝑈𝑖𝐿𝑖(𝑥)

𝑁

𝑖=1

 (2.67) 

 

With 𝑥 being the abscissa of the points of interpolation. 

For a first order interpolation, the equation of magnetic scalar potential at rotor node 

(i+1) is: 

 

𝑈𝑟
(𝑖+1)

= 𝐿𝑟1𝑈𝑠
(𝑗)
+ 𝐿𝑟2𝑈𝑠

(𝑗+1)
 (2.68) 

 

𝐿𝑟1 and 𝐿𝑟2 are the interpolating Lagrange polynomials given by: 
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𝐿𝑟1 =
𝑥𝑟
(𝑖+1)

− 𝑥𝑠
(𝑗+1)

𝑥𝑠
(𝑗)
− 𝑥𝑠

(𝑗+1)
 𝑎𝑛𝑑 𝐿𝑟2 =

𝑥𝑟
(𝑖+1)

− 𝑥𝑠
(𝑗)

𝑥𝑠
(𝑗+1)

− 𝑥𝑠
(𝑗)

 (2.69) 

 

The magnetic flux density of the branches linking the peripheral stator nodes (nodes 

at the sliding surface) with the central nodes of the blocks that forms the stator part of the 

airgap is given by interpolation of the magnetic flux density at rotor nodes and gives rise to 

the following equation for the magnetic potential (Permeances are shown in Fig. 2.11): 

 

𝑈𝑠
(𝑗)
= −(

𝑃𝑟1
𝑃𝑠1

𝑆𝑠1
𝑆𝑟1

𝐿𝑠1)𝑈𝑟
(𝑖) − (

𝑃𝑟2
𝑃𝑠1

𝑆𝑠1
𝑆𝑟2

𝐿𝑠2)𝑈𝑟
(𝑖+1) + (

𝑃𝑟1
𝑃𝑠1

𝑆𝑠1
𝑆𝑟1

𝐿𝑠1)𝑈𝑟
(𝑘)

+ (
𝑃𝑟2
𝑃𝑠1

𝑆𝑠1
𝑆𝑟2

𝐿𝑠2)𝑈𝑟
(𝑘+1)

 

(2.70) 

𝑤ℎ𝑒𝑟𝑒 𝐿𝑠1 =
𝑥𝑠
(𝑗)
− 𝑥𝑟

(𝑗+1)

𝑥𝑟
(𝑖)
− 𝑥𝑟

(𝑖+1)
 𝑎𝑛𝑑 𝐿𝑠2 =

𝑥𝑠
(𝑗)
− 𝑥𝑟

(𝑖)

𝑥𝑟
(𝑖+1)

− 𝑥𝑟
(𝑖)

 (2.71) 

 

g) Non-linear characteristic of ferromagnetic material 

In electromagnetic actuator modeling, nonlinearity or magnetic saturation concerns the 

ferromagnetic parts. The relative magnetic permeability of ferromagnetic materials is a 

nonlinear function of the local magnetic field intensity H, so it depends directly on the spatial 

distribution of H. For isotropic materials, the relative permeability is the same in all directions 

for a given elementary volume. In this case, the relative magnetic permeability depends only 

on the strength of the H field and not on its spatial orientation. The magnetic characteristics 

of ferromagnetic materials is described by an analytical expression of the B(H) curve. There 

are several analytical expressions of this curve which can be used as approximations for curves 

obtained from experimental data. 

In order to account for nonlinearities in solving the algebraic system given in equation 

(2.72) where 𝐴 is a function of 𝑋 and 𝐵 is constant, either the fixed point or the Newton-

Raphson method can be employed. These 2 methods use an iterative process to converge to 

the desired solution starting from an initial solution. 

 

[𝐴]. [𝑋] = [𝐵] (2.72) 

 

The fixed point method converts the above equation into an equation of the form: 

 

[𝑋]𝑘+1 = [𝐴([𝑋]𝑘)]
−1. [𝐵] (2.73) 

 

The elements of matrix [𝐴]𝑘 depend on the value of the elements of vector [𝑋]𝑘. To 

start the iterative process, an arbitrary value is assigned to the vector [𝑋]0 , this value can be 

chosen as the solution of equation (2.72) in the linear case. The iterative process is stopped 

when the convergence criterion given by equation (2.74) is satisfied, or after a defined number 

of iterations. 
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‖[𝑋]𝑘+1 − [𝑋]𝑘‖

‖[𝑋]𝑘+1‖
≤ 휀 (2.74) 

 

Where 

 

‖[𝑋]𝑘+1‖ = √𝑥1 + 𝑥2 +⋯+ 𝑥𝑛 (2.75) 

 

휀 is the relative error and 𝑛 is the number of elements of the 𝑋 vector. 

The Newton-Raphson method is based on finding the solution of an equation 𝑓(𝑥) =

 0 knowing its derivative 𝑓 ′(𝑥), so an approximate solution 𝑥(𝑘 + 1) can be calculated using 

the tangent to the point (𝑥𝑘 , 𝑓(𝑥𝑘)), of the curve of the function f(x). The approximate solution 

is calculated as follows: 

 

𝑥𝑘+1 = 𝑥𝑘 −
𝑓(𝑥𝑘)

𝑓′(𝑥𝑘)
 (2.76) 

 

For a function with multiple variables, the same procedure given by the above equation 

can be applied but with some modifications. 

Let [𝐹]𝑘 be the residual function at the kth iteration: 

 

[𝐹]𝑘 = [𝐴]𝑘. [𝑋]𝑘 − [𝐵] (2.77) 

 

Knowing the partial derivatives of the function [𝐹]𝑘 we can define the Jacobian matrix 

at iteration k as follows: 

 

[𝐽]𝑘 =

[
 
 
 
 
 
 
 
𝜕𝐹1
𝜕𝑥1

𝜕𝐹1
𝜕𝑥2

⋯
𝜕𝐹1
𝜕𝑥𝑛𝑛

𝜕𝐹2
𝜕𝑥1

𝜕𝐹2
𝜕𝑥2

⋯
𝜕𝐹2
𝜕𝑥𝑛𝑛

⋮ ⋮ ⋱ ⋮
𝜕𝐹𝑛𝑛
𝜕𝑥1

𝜕𝐹𝑛𝑛
𝜕𝑥2

⋯
𝜕𝐹𝑛𝑛
𝜕𝑥𝑛𝑛]

 
 
 
 
 
 
 

 (2.78) 

 

The solution of the equation [𝐹]𝑘 = 0 is found by replacing equation (2.72) by an 

iterative equation that gives an approximate solution at iteration k: 

 

[𝑋]𝑘+1 = [𝑋]𝑘 − [𝐽]𝑘
−1([𝐴([𝑋]𝑘)]. [𝑋]𝑘 − [𝐵]) (2.79) 

 

The elements of the Jacobian matrix are computed as follows: 
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𝐽(𝑖, 𝑗) =
𝜕𝐹𝑖
𝜕𝑥𝑗

=
𝜕

𝜕𝑥𝑗
(∑𝐴(𝑖, 𝑙)𝑋(𝑙)

𝑛𝑛

𝑙=1

− 𝐵(𝑖)) =∑
𝜕

𝜕𝑥𝑗
(𝐴(𝑖, 𝑙)𝑋(𝑙))

𝑛𝑛

𝑙=1

=∑
𝜕𝐴(𝑖, 𝑙)

𝜕𝑥𝑗
𝑋(𝑙)

𝑛𝑛

𝑙=1

+∑𝐴(𝑖, 𝑙)
𝜕𝑋(𝑙)

𝜕𝑥𝑗

𝑛𝑛

𝑙=1

=∑
𝜕𝐴(𝑖, 𝑙)

𝜕𝑥𝑗
𝑋(𝑙)

𝑛𝑛

𝑙=1

+ 𝐴(𝑖, 𝑗) 

(2.80) 

 

In our work, nonlinear magnetic characteristic of ferromagnetic material is accounted 

for by an iterative fixed point method. This method was chosen over the Newton-Raphson 

method because of the nodal approach adopted for the reluctance network, which makes 

application of the fixed point method more straightforward than Newton-Raphson where some 

modifications need to be made before it can be used. The implemented method solves (2.81) 

iteratively until convergence is reached. The magnetic scalar potential vector [U] is then 

obtained at magnetic equilibrium. In each iteration, the permeability of ferromagnetic 

reluctance elements is updated using (2.82) to (2.84).Where (2.84) is the analytical formula 

used for the non-linear µ-H characteristic. The Reluctances are then updated accordingly. The 

stopping criteria (휀) for the algorithm is depicted by (2.85). 

 

[𝑃][𝑈] − [𝛷𝑆] = 0 (2.81) 

𝐻𝑏 =
𝑅𝑏𝜙𝑏
𝑙𝑏

 (2.82) 

𝐻 = √
1

2
∑𝐻𝑏

4

𝑏=1

 (2.83) 

𝜇𝑟(𝐻) = 1 + (
2𝐵𝑠𝑎𝑡
𝜋𝜇0𝐻

) tan−1 (
𝜋(𝜇𝑟0 − 1)𝜇0𝐻

2𝐵𝑠𝑎𝑡
) (2.84) 

(휀 = √
∑ (𝑈𝑖

𝑘 − 𝑈𝑖
𝑘−1)

2𝑛
𝑖=1

∑ (𝑈𝑖
𝑘)2𝑛

𝑖=1

) < 10−3 (2.85) 

 

Where 𝐻He is the magnetic field in a reluctance block element. 

𝐻𝑏 is the magnetic field of one branch inside the block. 𝑅𝑏 , 𝜙𝑏 and 𝑙𝑏, are respectively 

the reluctance, magnetic flux and length of a branch. 𝜇𝑟 is the relative permeability of a block 

𝐵𝑠𝑎𝑡 is the magnetic flux density at saturation. 𝜇𝑟0 is the relative permeability at the 

origin. 𝑈𝑖
𝑘Ui is the potential at node 𝑖 for iteration 𝑘. n is the total number of nodes. Details of 

method implementation can be found in the block diagram of Fig. 2.12. 
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Fig. 2.12: Algorithm used for taking saturation into account 

h) Local and global quantities computation 

The magnetic flux density𝐵 at the connection between 2 nodes 𝑖 and 𝑗 is calculated by 

dividing the flux 𝛷𝑖𝑗  passing through the branch 𝑖𝑗 by the surface 𝑆 normal to that branch: 

 

𝐵 =
𝛷𝑖𝑗 

𝑆
 (2.86) 

 

The flux linkage per turn for each phase is calculated by summing the fluxes of the 

branches passing through the cross section of the coils that belong to that phase. 

 

The self-inductance per phase is calculated by dividing the flux of the phase by the 

current passing through that phase. 

 

The EMF per phase is calculated by deriving the flux-linkage with respect to time, or 

with respect to position and then multiplying by the speed. 

 

The torque is calculated using Maxwell’s stress tensor as the magnetic field value is 

known for all directions in a reluctance network. The Maxwell tensor (𝑇) is given in a cartesian 

coordinate system in equation (2.87) where 𝐻𝑥, 𝐻𝑦 and 𝐻𝑧 are the components of the magnetic 

field 𝐻. The force is estimated by calculating the divergence of the Maxwell tensor as per 

(2.88). The torque is determined by the tangential component of the force using (2.89) and 

(2.90). 𝐻𝑡 and 𝐵𝑛 are the components, of the magnetic field and the magnetic flux density, 

respectively, tangential and normal to the estimation surface of the torque (Fig. 2.13). 
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𝑇 =

[
 
 
 
 
 
 𝐻𝑥𝐻𝑥 −

𝐻2

2
𝐻𝑥𝐻𝑦 𝐻𝑥𝐻𝑧

𝐻𝑦𝐻𝑧 𝐻𝑦𝐻𝑦 −
𝐻2

2
𝐻𝑦𝐻𝑧

𝐻𝑧𝐻𝑥 𝐻𝑧𝐻𝑦 𝐻𝑧𝐻𝑧 −
𝐻2

2 ]
 
 
 
 
 
 

 (2.87) 

�⃗� = ∇⃗⃗⃗. 𝑇 (2.88) 

𝐹𝑡 =∯𝐻𝑡𝐵𝑛𝑑𝑆 (2.89) 

𝐶𝑒𝑚 = 𝑅∯𝐻𝑡𝐵𝑛𝑑𝑆 (2.90) 

 

 

 (a) Even number of y element                     (b) Odd number of y elements 

Fig. 2.13: Computation of torque using Maxwell tensor method in a meshed reluctance network [19] 

i) Algorithm 

The algorithm for generating the reluctance network is described in Fig. 2.14. The flow 

chart summarizes the automatic MBGRN approach adopted in this work and illustrates how 

the 2D MBGRN model is obtained for a given slice (subdivided into rectangular elements). 

The matrix system derived from the commercial FE software subdivisions is then formulated 

and solved for scalar magnetic potential at the central nodes of the reluctance block elements. 

Motion is taken into account using Lagrange first order interpolation for the peripheral nodes 

of the reluctance elements touching the sliding surface. 
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Fig. 2.14:  Functional block diagram of the algorithm 

 

The algorithm is detailed in the block diagram of Fig. 2.15 and consists in the following 

steps: 
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Fig. 2.15: Detailed block diagram of the proposed method 

 Meshing of structure 

The first step in reluctance network modeling is the construction of machine geometry. 

To avoid implementing a modeler to construct the geometry, mesh it and number the 

elements of the mesh, we used instead the modeler of a commercial finite elements software 

where we create the geometry, mesh it using a mapped mesh and then store that mesh in a 

standard PF3 format. The PF3 format was chosen because it can be easily processed and it has 

been used before in previous works in the laboratory. 

 

 Importing mesh data and construction of the topological matrix 

The role of this part of the code is to read the data imported from the commercial finite 

elements software in the standard PF3 format which will be arranged in a table where we find 

the topological description of elements as well as their geometrical coordinates. From mesh 

data, we construct a matrix which contains information concerning the nodes as well as the 

coordinates of each element of the mesh. 

 

Import Mesh: This script imports the mesh PF3 files of each region and creates a 

matrix containing-for each rectangular element-the numbers and coordinates of the 4 nodes 

that forms it; it also creates the vector of coordinates of the centers of gravity of each 

rectangular element and calculates the number of elements in the x and y directions. 
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The file that is first opened in mode read is the file containing the list of all face regions 

defined in the FE software followed by the numbers assigned to the nodes forming each 

rectangular block in the grid and finally the coordinates of these nodes. 

After opening the file, the code stores its content in a variable s, searches s for the 

sentence “DESCRIPTEUR DE TOPOLOGIE DES ELEMENTS” to find the index at 

which it is located, then uses the function importdata to import all data located after that 

index and stores it in topology.data and the rest is stored in topology.textdata. The data 

stored in topology.data actually represents-for each block-the numbers assigned to each 

node that forms it. Finally this data is stored in the variable Mat_top. 

It is important to state here that the useful information in the Mat_top variable is 

located at even line numbers. Therefore only half of the lines are useful. This useful 

information is the numbers assigned to the nodes that forms each rectangular block (a 

block is formed by 8 nodes: 4 at its extremities and 1 node at the middle of each segment). 

Then, the index at which the sentence “COORDONNEES DES NOEUDS” is located 

is first determined, then numerical data (representing node coordinates) located after it is 

stored in the variable coord_nodes. coord_nodes finally contains 4 columns (node 

number/node x coordinate/node y coordinate/node z coordinate). A shift in the x and y 

direction of the entire model is accounted for by the addition of values X and Y to node x 

coordinate and node y coordinate respectively. 

Matrix Mat_Coord_Elemt is created with 4 columns (the 4 columns contain the 

numbers assigned to the 4 nodes that forms a block) and half the number of lines of 

Mat_top. The columns of Mat_Coord_Elemt are only 4 not 8 to account only for the nodes 

at the extremities of the block and not for those at the middle of each segment. In short, a 

line in Mat_Coord_Elemt matrix will contain the following information in the given order: 

node1/node2/node3/node4/0/node1_x/node1_y/node2_x/node2_y/ 

node3_x/node3_y/node4_x/node4_y. 

node1/node2/node3/node4 are the numbers assigned to the 4 nodes at the extremities 

of a block. 

node1_x/node1_y/node2_x/node2_y/node3_x/node3_y/node4_x/node4_y are the 

corresponding coordinates 

0 is a separator. 

After creating Mat_Coord_Elemt, the center of gravity of each block is calculated 

using the function Num_Elemt (will be explained later on) and stored in the variable 

barycentre. This function also outputs a vector of same length as barycentre, called 

classement, its role is determining the order (number) of each center of gravity based on 

its x and y coordinates. This allows sorting of the matrix Mat_Coord_Elemt and the vector 

barycentre according to the following numbering scheme: “node numbers increase from 

left to right and from down to up”. 

Finally, the number of elements in the x and y directions for the rotor are calculated 

(Nbr_Elmt_x_Rt and Nbr_Elmt_y_Rt). Firstly, xref and yref are calculated, they are the 

coordinates of the center of gravity having the lowest x and the lowest y among all centers, 

then by finding the number of elements having the same xref value, the number of elements 

in the y direction is determined, and by finding the number of elements having the same 

yref value, the number of elements in the x direction is determined. Mat_top is finally 

cleared to free memory. 
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 Numbering and structuring of elements 

Each element of the reluctance network is assigned a number which identifies it, this 

number is then used when creating tables of geometrical and physical data. 

Numbering: This function numbers the nodes according to the aforementioned 

scheme. It takes as input the matrix Mat_Coord_Elemt and outputs the vector barycentre of 

coordinates of the centers of gravity and the vector classement containing the number of the 

node in the network. 

The x and y coordinates of the centers of gravity of the rectangular blocks are 

calculated by taking the average of the most distant abscissas and the most distant ordinates. 

The calculated coordinates are then stored in the last 2 columns of the Mat_Coord_Elemt 

matrix and in the barycentre vector. 

The number of the center of gravity is determined. First a vector called classement 

with the same length as Mat_Coord_Elemt is created. Then the number of nodes for the 

different cases are calculated as shown in Fig. 2.16. The sum of the number of nodes located 

in the rectangles in the below figure gives the numbering of the node marked by an X; the 

node for which we seek the numbering. 

 
Fig. 2.16: Different cases for the computation of classement 

Elements’ Centers: The function takes as input the list of mesh file names list, the 

directory rep where they are located, a delimiter index delimiterIn and a header line index 

headerlinesIn. Its output is a vector barycentre_Reg of centers of gravity for each region, the 

list of region names Regions and the coordinates of the vertices of mesh elements 

coord_nodes_Reg. model shift upward or downward is taken into account by modification of 

coordinates of coord_nodes_Reg 
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 Generation of the connection matrix 

This matrix is created based on the numbering scheme of blocks adopted in the 

commercial finite elements software. It contains information about all the connections of the 

reluctance network. 

Connection Matrix: This function finds the connections between the nodes of the 

reluctance network and stores them in a matrix. 

Fig. 2.17 shows an example of connections created with the function connexion. 

1. For an off border node, the connections are organized as per the following vector: 

lower node/left node/right node/upper node 

2. For a right or left border node, the connections are organized as per the following 

vector: 

lower node/right node/left node/upper node 

3. In 1 and 2, lower node is replaced with Inf for nodes located in the lower strip 

4. In 1 and 2 and for upper strip elements, the vector is shifted to the right, and Inf is 

inserted at the beginning. 

Special case: For an interpolation node, the rules above do not apply, they are replaced by the 

following... 

Each line in the connections matrix for an interpolation node looks like this: 

central node/0/0/0 

Where central node is the number of the center of gravity to which we connect the 

interpolation node using a reluctance. 

 
Fig. 2.17: Example showing the connections of each element with delimitation of regions 

 Construction of the magnetic matrix and the excitation vector 

From the connection matrix and the structure of elements, the algebraic system 

obtained by the model is assembled while taking into account the boundary and periodicity 

conditions. 
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Magnetic Matrix: This function creates the part of the system matrix related to the 

permeances. It takes as input the reluctances of a block in the x and y directions and the 

connections between nodes and calculates the permeances then constructs the aforementioned 

matrix. 

Interpolation Matrix: This function creates the part of the system matrix related to 

interpolation coefficients. It implements the magnetic scalar potential interpolation equation 

by the first three sparse matrices (Mat_interp_1, Mat_interp_2, Mat_interp_3) and the 

magnetic flux density interpolation equation by the rest of the matrices (Mat_interp_4… 

Mat_interp_9). The final output is a sparse matrix computed by summing all aforementioned 

matrices. 

Excitation Vector Current: This script computes the flux sources vector from the 

currents and turn numbers of the coils in the model. It first finds the abscissas of the beginning 

and end of the currents entering and leaving a slot for each phase along with the current value, 

turn number and winding direction. It also finds the abscissas of reluctance block vertices of 

the stator. It then builds the MMF distribution matrix Mat_Elements where each element is a 

structure representing a reluctance block. Each element contains the minimum and maximum 

values of x and y of the vertices of a block, with the block number, the MMF value in its right 

and left branches and the MMF value in its upper and lower branches. It then Creates the 

sparse matrix Sources that defines the MMF value between 2 nodes. It then computes the flux 

sources vector E. For every element the permeance in each branch is multiplied by the MMF 

in that branch to obtain the branch flux. The fluxes of all branches are then summed and the 

obtained value is stored in the corresponding position in E. For each reluctance block, the 

MMF value in its vertical branches (the MMF value is the same for upper and lower branches). 

The obtained vector is used later on in the code. 

 

MMF Horiz. Distribution: This function computes the total MMF distribution 

function resulting from all phases for each x in the horizontal direction. It takes as inputs 

currents and coil turn numbers and puts out a vector of MMF’s. In this code, the MMF’s are 

computed directly at the centers of reluctance blocks to get rid of the interpolation to find the 

value at a center. 

As shown in Fig. 2.18: 

For the copper region inside a slot where there is current leaving, the MMF rises 

linearly from –N*I/2 to N*I/2 (N is the number of coil turns and I is the current passing 

through it).  

For the copper region inside a slot where there is current entering, the MMF falls 

linearly from N*I/2 to -N*I/2. 

Outside slots the MMF is constant at N*I/2 or -N*I/2 depending on the winding 

direction of the coil. 

The equation of the MMF in a slot is computed using the function Param_MMF_Lin. 
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Fig. 2.18: MMF distribution function 

MMF Vertical Distribution: This function computes the MMF distribution at the 

different levels in the y direction. It uses MMF_distrib_standard to compute, at each level, 

the MMF value in the upper and lower branch of a reluctance block, for all blocks at that level. 

 

The MMF value 𝑀𝑀𝐹(𝑥, 𝑦)  at a level y and at position x is calculated as: 

 

𝑀𝑀𝐹(𝑥, 𝑦) =  0.5 ∗ 𝑀𝑀𝐹(𝑥) ∗ 𝑀𝑀𝐹_𝑓𝑎𝑐𝑡𝑜𝑟(𝑦) 

𝑀𝑀𝐹_𝑓𝑎𝑐𝑡𝑜𝑟(𝑦)  =  𝑒𝑙𝑒𝑚_ℎ𝑒𝑖𝑔ℎ𝑡(𝑦)/𝑧𝑜𝑛𝑒_ℎ𝑒𝑖𝑔ℎ𝑡 

 

𝑀𝑀𝐹(𝑥) is the value of the MMF in the vertical branches of a block who’s center is 

located at position x. This block is located at the lowest y of the stator where there is a coil. 

𝑀𝑀𝐹_𝑓𝑎𝑐𝑡𝑜𝑟(𝑦) is a factor that varies with height. 

𝑒𝑙𝑒𝑚_ℎ𝑒𝑖𝑔ℎ𝑡(𝑦) is the height of a reluctance block at the chosen y. 

𝑧𝑜𝑛𝑒_ℎ𝑒𝑖𝑔ℎ𝑡 is the total height of the region where there is coils. 

 

MMF Equation: This function computes the coefficients (a and b) of the MMF 

equation (y=a*x+b) at different positions in the slots. It takes as inputs the angles or abscissas 

of the start and end of the slot, the direction of winding represented by +1 or -1 and the MMF 

of the coil. 

 

Main: The script’s main function is to automatically construct the reluctance network 

then create the permeance matrix (which contains also information relative to interpolation) 

and the excitation vector. At the end the system is solved for the magnetic scalar potential. 

After importing the mesh of each region, the function Topologie is called to create: 
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The vector barycentre_Reg of centers of gravity of every region. 

The vector Regions which is a list of region names. 

The vector coord_nodes_Reg of coordinates of vertices of mesh elements.  

The vector region is then created; it states the region to which a center of gravity 

belongs. Dimensions of an element in the x, y and z direction are stored in Dimensions. The 

cross sectional areas in normal (y) and tangential (x) directions are stored in Sections. Relative 

permeability of elements is stored in Permeability. Reluctances in the x and y directions are 

stored in reluct. Magnet fluxes are stored in flux_sources. The variable indice is then 

calculated; it contains the number of the first node to be inserted to create the rotor air layer. 

The rotor air layer is followed by the rotor interpolation nodes followed by the stator 

interpolation nodes followed by the nodes used to create the stator air layer. The number of 

stator elements in the x and y directions is stored in Nbr_Elmt_x_St and Nbr_Elmt_y_St 

respectively. Connections between stator elements are stored in Mat_connexion_St and 

between rotor elements is stored in Mat_connexion_Rt. Xst and Xrt contain respectively the 

abscissas spanned by the stator and rotor mesh vertices. The intervals used in the Lagrange 

interpolation are computed using the script interval_ind_lagrange, then used by the function 

polynome_interp_lagrange to compute the Lagrange interpolating polynomials. Interpolating 

nodes are inserted at the sliding surface half way between the rotor and stator using the 

function insert_coupled_nodes and the connection matrix between all network nodes 

Mat_connexion is created. A tridiagonal matrix Mag_Matrix of permeances between nodes is 

created along with the matrix Mat_interp that contains the coefficients of the magnetic scalar 

potential of the central nodes of the rotor air and stator air layers, as well as the magnetic 

scalar potential of the interpolation nodes. The 2 matrices are added to form the final system 

matrix Mag. The excitation vector E is calculated from currents and magnets and the boundary 

conditions are set in our case to normal magnetic field by modification of Mag. Finally the 

system is solved for the magnetic scalar potential X. 

 

 Interpolation 

Lagrange Intervals: This script determines the intervals for the Lagrange 

interpolation at rotor and stator nodes. Its main outputs are 6 variables: interval_st, interval_rt, 

xst, xrt, ind_St, ind_Rt. 

interval_st contains the stator interpolation intervals,  

interval_rt contains the rotor interpolation intervals,  

xst is the vector of abscissas of stator interpolation nodes, 

xrt is the vector of abscissas of rotor interpolation nodes, 

ind_St gives for each stator interpolation node, the index in interval_rt of the rotor 

interval to which it belongs, 

ind_Rt gives for each rotor interpolation node, the index in interval_st of the stator 

interval to which it belongs. 

Insert Coupled Nodes: This function inserts 2 layers of reluctance blocks between 

the rotor and the stator to model the air between them. One layer belongs to the rotor and the 

other belongs to the stator. It also inserts the interpolation nodes or coupling nodes between 



 

 

 

93 

 

the rotor air and the stator air at what is called “the sliding surface” mid-way between the rotor 

and the stator. 

Lagrange Polynomials: This function interpolates the value of a quantity at a rotor 

node between 2 stator nodes and vice-versa. 

 

 Motion processing 

Displace Rotor: This function moves the rotor and computes at each step the new 

interpolation matrix Mag_interp and the flux sources vector E. It then solves the system 

Mag*X=E for the magnetic scalar potential X at each node in the network. 

For each step the interpolation intervals are computed using the function 

interval_ind_lagrange_move, then the value of the lagrange interpolating polynamials at 

required nodes are calculated. Connections are then updated and the flux sources vector is 

calculated as well as the interpolation matrix and the system is solved for the potential. 

Lagrange Intervals InMove: This function finds the list of stator interpolation 

intervals interval_st and rotor interpolation intervals interval_rt. It also finds the number of 

the node at the lower bound and at the upper bound of the interval and stores them in 

noueds_intervalle_st and noueds_intervalle_rt. It takes as inputs xst_delta the new abscissas 

of stator interpolation nodes, xrt the new abscissas of rotor interpolation nodes, delta the 

movement step, nst the number of stator nodes out of rotor sight, nrt the number of rotor nodes 

out of stator sight and frt the indices of rotor interpolation nodes that moved beyond the higher 

x limit of the model. 

 

 Solution computation and results processing 

This is where the system is solved and the post-processing is performed. From the 

distribution of the magnetic scalar potential in the network, we compute local quantities and 

global quantities (magnetic flux density, torque, EMF, inductance …). 

Post Processing: This script calculates the electromagnetic force in the x direction at 

each step and the magnetic flux density in the air gap at initial position and then plots the 

resulting curves 

 

2. Multi-slice MBGRN Modelling of Axial Flux Machines 

a) Studied machine 

The machine used to test the method, which is also illustrated in Fig. 2.19, is a 24-pole 

segmented rotor in a 3-phase, 36-slot per stator topology of an axial-field double stator 

switched reluctance machine (AFDSSRM). Its main geometrical parameters are presented in 

Fig. 2.20 and Tab. 2.1, its winding configuration which is fed by a 3 phase sine current, is 

presented in Fig. 2.21. The principle of the multi-slice model is presented in Fig. 2.19 (b) and 

Fig. 2.19 (c). 

By taking into account a number of three-dimensional aspects of the machine, such as 

parallel side walls of the stator slots, it becomes possible to cut the machine, in the radial 

direction, in coaxial annular layers of constant thickness (see Fig. 2.19 b) and c). The AFSRM 

is divided into 3 annular slices in the radial direction as a first comparison. The 2D reluctance 

network of each slice is established at the average radius of said slice. The latter is cut 
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following a cylindrical plane at its mean radius (Fig. 2.19 (c)). At last, the approach consists 

of meshing the studied domain in its entirety with reluctance block elements. The subdivision 

of the modeled domain is performed using the mapped meshing capabilities of a commercial 

FE software. Equation (2.91) shows how the length of each slice (𝐿𝑝𝑒𝑟
(𝑖)

) is determined. 𝑟𝑒𝑥𝑡
(𝑖)
 and 

𝑟𝑖𝑛𝑡
(𝑖)

 are respectively the external and internal radius of slice i, 𝜆𝑝 is the machine magnetic 

period and 
p is the pole pitch. 

 

𝐿𝑝𝑒𝑟
(𝑖)

=
𝑟𝑒𝑥𝑡
(𝑖)
− 𝑟𝑖𝑛𝑡

(𝑖)

2
𝜏𝑝 (2.91) 

𝜆𝑝 = gcd (𝑁𝑠, 𝑁𝑟) (2.92) 

𝜏𝑝 =
2𝜋

𝜆𝑝
 (2.93) 

 

 
Fig. 2.19: Axial-field switched reluctance machine topology and multi-slice model principle 
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Fig. 2.20: Geometrical parameters illustrated on one magnetic pattern 

 
Fig. 2.21: Winding configuration of the machine 

Tab. 2.1: Geometrical parameters of the studied AFSRM 

Parameter  Value 

External Radius RE 250 mm 

Internal Radius RI 230 mm 

Stator tooth heignt HDS 10 mm 

Rotor tooth heignt HDR 5 mm 

Airgap g 0.5 mm 

Stator tooth pitch 𝜏𝑆 10° 

Rotor tooth pitch 𝜏𝑅 15° 

Angle of repeating pattern 𝜏𝑃 30° 

Rotor poles NR 24 

Stator teeth NS 36 (per stator) 

Magnetic pattern repetitions  12 

 

The coils in the 3D model of the machine are supplied with the following currents: 

 

𝐼𝑎 = 𝐼𝑚𝑠𝑖𝑛(𝑁𝑟𝜃𝑟) (2.94) 

𝐼𝑏 = 𝐼𝑚𝑠𝑖𝑛(𝑁𝑟𝜃𝑟 − 120°) (2.95) 

𝐼𝑐 = 𝐼𝑚sin(𝑁𝑟𝜃𝑟 + 120°) (2.96) 
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Where 𝐼𝑎, 𝐼𝑏 , 𝐼𝑐 are the currents in phases A, B and C respectively. 𝐼𝑚 is the maximum 

current in a phase, set to 60A.𝑁𝑟 is the number of rotor teeth.𝜃𝑟 is the rotor mechanical angle. 

 

The coils in the 2D model of the machine are supplied with the following currents: 

 

𝐼𝑎
(𝑖)
= 𝐼𝑚𝑠𝑖𝑛 (

360°

𝐿𝑝𝑒𝑟
(𝑖)

𝑥𝑟) (2.97) 

𝐼𝑏
(𝑖)
= 𝐼𝑚𝑠𝑖𝑛 (

360°

𝐿𝑝𝑒𝑟
(𝑖)

𝑥𝑟 − 120°) (2.98) 

𝐼𝑐
(𝑖)
= 𝐼𝑚𝑠𝑖𝑛 (

360°

𝐿𝑝𝑒𝑟
(𝑖)

𝑥𝑟 + 120°) (2.99) 

 

Where 𝐼𝑎
(𝑖)
, 𝐼𝑏
(𝑖)
, 𝐼𝑐
(𝑖)

 are respectively the currents in phases A, B and C for slice 𝑖. 𝑥𝑟 is 

the rotor position in the 2D plane. 

 

b) Assessment and comparison of the multi-slice MBGRN with the full 3D FEA 

for the linear BH curve case 

Magnetic flux density at the middle of the air gap and at mean radius was calculated with 

both models for a constant current of 30Amps injected in phase A with no current passing 

through the remaining windings. The results were also compared with the three-slice 

reluctance network model for the self-inductance of phase A. The total self-inductance is the 

sum of inductances of each slice. A fairly good agreement of the results can be observed for 

the magnetic flux density (Fig. 2.22). As for the self-inductance (Fig. 2.23), there is a slight 

shift of the value with respect to the 3D model. The maximum relative error is respectively 

around 19%, 26% and 9% for the normal component, tangential component and inductance. 

FEM takes 20 seconds of computation for 1 position whilst MBGRN takes 0.947 seconds. 
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Fig. 2.22: Magnetic flux density in the middle of the air gap for both models 

 
Fig. 2.23: Self-Inductance of phase A for both models 

Magnetic flux density is computed using (2.100) to (2.106). 

 

𝜙𝑛(𝑖) = (𝑈𝑖 − 𝑈𝑖+𝑚)/𝑅𝑖,𝑖+𝑚 (2.100) 

𝐵𝑛(𝑖) = 𝜙𝑛(𝑖)/𝑆𝑛(𝑖) (2.101) 

𝜙𝑡1(𝑖) =
𝑈𝑖 − 𝑈𝑖+1
𝑅𝑖,𝑖+1

 𝑓𝑜𝑟 1 ≤ 𝑖 ≤ 𝑚 − 1 (2.102) 

𝐵𝑡1(𝑖) = 𝜙𝑡1(𝑖)/𝑆𝑡(𝑖) (2.103) 
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𝜙𝑡2(𝑖) =
𝑈𝑖−1 − 𝑈𝑖
𝑅𝑖−1,𝑖

 𝑓𝑜𝑟 2 ≤ 𝑖 ≤ 𝑚 (2.104) 

𝐵𝑡2(𝑖) = 𝜙𝑡2(𝑖)/𝑆𝑡(𝑖) (2.105) 

𝐵𝑡 = (𝐵𝑡1 + 𝐵𝑡2)/2 (2.106) 

 

Where 𝜙𝑛 is the flux in the air gap in the vertical direction, 𝑈𝑖 is the potential at the 

interpolation node 𝑖 at the middle of the air gap and 𝑈𝑖+𝑚 is the potential at the node 𝑖 + 𝑚 

right above node 𝑖. 𝑚 is the number of stator elements in the horizontal direction for one layer. 

𝑅𝑖,𝑖+𝑚 is the reluctance between nodes 𝑖 and 𝑖 + 𝑚. 𝐵𝑛 is the normal component of the 

magnetic flux density in the middle of the air gap. 𝑆𝑛 is the cross sectional area of a reluctance 

block in the vertical direction. 𝜙𝑡1, 𝜙𝑡2 represent the flux in the middle of the air gap in the 

horizontal direction. 𝐵𝑡1, 𝐵𝑡2 are the tangential component of the magnetic flux density in the 

middle of the airgap evaluated respectively at the right and left side of node 𝑖 and 𝐵𝑡 is the 

mean value of both. 

The 2D thrust force for each slice is evaluated as in (2.107) and the 3D electromagnetic 

torque is computed as in (2.108). 

 

𝐹𝑖 = 2
(𝑟𝑒𝑥𝑡

(𝑖)
− 𝑟𝑖𝑛𝑡

(𝑖)
)

𝜇0
∫ 𝐵𝑡𝐵𝑛𝑑𝜑

𝐿𝑝𝑒𝑟
(𝑖)

0

 
(2.107) 

𝑇 = 𝜆𝑝 ∑ 𝐹𝑖𝑟𝑚𝑒𝑎𝑛
(𝑖)

𝑁𝑠𝑙𝑖𝑐𝑒𝑠

𝑖=1

 (2.108) 

 

Where 𝑇 is the electromagnetic torque, 𝐹𝑖 is the force in the horizontal direction for 

slice 𝑖, rext
(i)
𝑟𝑚𝑒𝑎𝑛
(𝑖)

 is the mean radius of slice 𝑖, 𝑁𝑠𝑙𝑖𝑐𝑒𝑠 is the number of slices. 

Fig. 2.24 shows the current waveforms. Fig. 2.28 shows the normal and tangential 

components of the magnetic flux density in the middle of the air gap for MBGRN slice 2 and 

3D FEM at mean radius. The comparison results for magnetic flux density, phase flux and 

torque are presented in Fig. 2.25 for slice 1, Fig. 2.26 for slice 2 and Fig. 2.27 for slice 3. 

Fig. 2.29 illustrates the comparison between electromagnetic torque obtained with the 3-slice 

MBGRN and 3D FEM. The accuracy of the method was evaluated by calculating the RMS 

error 휀𝑅𝑀𝑆 and the error on maximum values 휀𝑀𝐴𝑋 using (2.109) and (2.110). 

 

휀𝑅𝑀𝑆 = (
𝑟𝑚𝑠(𝑦𝑅𝑁 − 𝑦𝐹𝐸)

𝑟𝑚𝑠(𝑦𝐹𝐸)
) × 100 (2.109) 

휀𝑀𝐴𝑋 =
|𝑚𝑎𝑥 (𝑦𝑅𝑁) − 𝑚𝑎𝑥 (𝑦𝐹𝐸)|

𝑚𝑎𝑥(𝑦𝐹𝐸)
× 100 (2.110) 

 

Where 𝑦𝑅𝑁 and 𝑦𝐹𝐸 are respectively reluctance network model and finite element 

model computed quantities. Errors on the normal and tangential components of the magnetic 

flux density (MFD) as well as on electromagnetic torque are given in Tab. 2.2. 
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Fig. 2.24: Stator phase currents 

Slice 1: 
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Fig. 2.25: Comparison between 2D reluctance network (slice 1) and 2D finite elemnts for magnetic flux 

density, phase flux and torque 

Slice 2: 
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Fig. 2.26: Comparison between 2D reluctance network (slice 2) and 2D finite elements for magnetic flux 

density, phase flux and torque 

Slice 3: 
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Fig. 2.27: Comparison between 2D reluctance network (slice 3) and 2D finite elements for magnetic flux 

density, phase flux and torque 

 
Fig. 2.28: Normal and tangential magnetic flux density in the middle of the air gap at x=0 for both models 
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Fig. 2.29: Electromagnetic torque for both models 

Tab. 2.2: Errors on important quantities for the proposed method 

Quantity 𝜺𝑹𝑴𝑺 (%) 𝜺𝑴𝑨𝑿 (%) 

Normal MFD 8.83 6.88 

Tangential MFD 28.33 34.74 

Torque 19.06 2.29 

 

Computation time for the proposed method in comparison with 3D FEM was assessed 

on a computer with a 3.50 GHz Intel(R) Xeon(R) CPU E5-1620 v4 and 64 GB of RAM. 

MBGRN model is carried out in the four following steps: set-up machine parameters and 

phase currents, import mesh, construction of system matrix, resolve system at each rotor 

position. Computation time and speed factor for one rotor position were evaluated as in 

(2.111) and (2.112) and is illustrated in Tab. 2.3. 

 

𝑡𝑀𝐵𝐺𝑅𝑁
𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑡𝑀𝐵𝐺𝑅𝑁

(𝑖)

𝑁𝑠𝑙𝑖𝑐𝑒𝑠

𝑖=1

 (2.111) 

𝑆𝑝𝑒𝑒𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑡3𝐷𝐹𝐸𝑀

𝑡𝑀𝐵𝐺𝑅𝑁
𝑡𝑜𝑡𝑎𝑙  (2.112) 

 

𝑡𝑀𝐵𝐺𝑅𝑁
(𝑖)

 and 𝑡3𝐷𝐹𝐸𝑀 are respectively the total MBGRN computation time for slice 𝑖 and 

FEM computation time. 𝑡𝑀𝐵𝐺𝑅𝑁
𝑡𝑜𝑡𝑎𝑙  is the total computation time for all MBGRN slices. 
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Tab. 2.3: Computation time comparison between both methods 

Method Computation time 

Multislice MBGRN 46.90 s 

3D FEM 429 s 

Speed factor 9.15 

 

In an attempt to improve the accuracy of the method, 2 additional cases were 

considered increasing the number of slices used to compute torque. First, the machine was 

divided into 5 slices and the 2D reluctance network model was generated and solved for each 

slice then the contributions of all 5 slices were aggregated to obtain the electromagnetic 

torque. The same process was repeated with the machine divide into 7 slices in the radial 

direction. An odd number of slices was chosen to always obtain a slice located at the mean 

radius of the machine, to be able to compare magnetic flux density at mean radius between 

FEM and RN. Results show that there was no actual improvement in torque accuracy with the 

increase of number of subdivisions from 3 to 5 to 7 and this can be seen by the following 

figures. So, it was decided to limit the number of slices to 3, as this was the least number of 

slices that gave the best accuracy in the shortest amount of time. 

 

 

Fig. 2.30: Electromagnetic torque comparison between both models for 5 slices 
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Fig. 2.31: Electromagnetic torque comparison between both models for 7 slices 

As the results did not change much when adding additional slices, the radial 

component of air gap magnetic flux density was plotted for 1 rotor position sweeping the 

machine in the radial and circumferential directions. As can be seen by the below figure the 

radial component does not change much with the radius and has a low magnitude compared 

to the normal and tangential components; and this explains why the torque did not change 

much when adding additional slices. 

 
Fig. 2.32: Radial componnent of air gap magnetic flux density as a function of radius and angle 

c) Non-linear BH curve case 

𝐵𝑠𝑎𝑡 is the magnetic flux density at saturation set equal to 1.99 T. 𝜇𝑟0 is the relative 

permeability at the origin, set equal to 3500. 𝑈𝑖
𝑘Ui is the potential at node 𝑖 for iteration 𝑘. n 
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is the total number of nodes. Fig. 2.33 and Fig. 2.34 show respectively the obtained normal 

and tangential magnetic flux densities in the middle of the air gap, and electromagnetic torque. 

Tab. 2.4 shows the corresponding errors and Tab. 2.5 shows computation time comparison in 

seconds between both models. 

 

 
Fig. 2.33: Normal and tangential magnetic flux density in the middle of the air gap at x=0 for both models 

incorporating saturation 

 

Fig. 2.34: Electromagnetic torque for both models incorporating saturation 
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Tab. 2.4: Errors on important quantities for the proposed method 

Quantity 𝜺𝑹𝑴𝑺 (%) 𝜺𝑴𝑨𝑿 (%) 

Normal MFD 9.86 8.62 

Tangential MFD 49.14 49.36 

Torque 29.12 0.58 

 

Tab. 2.5: Computation time comparison between both methods 

Method Computation time (s) 

Multi-slice MBGRN 54.0675 

3D FEM 1644.53 

Speed factor 30.42 

 

d) Application of the method on a surface mounted PM machine 

In this section, we will try to extend the method to be applied on an axial flux surface mounted 

PM machine (Fig. 2.35). The geometric parameters of the machine are given in Tab. 2.6. The 

machine is cut into 5 slices of same thickness in the radial direction and the 2D reluctance 

network is established at the mean radius of each slice. A simulation was performed at one 

position at no load and in linear magnetic material conditions to evaluate the magnetic flux 

density at the middle of the air gap for both 3D finite elements model and the multi-slice 

reluctance network model at the mid-slice (slice 3). Fig. 2.36 shows a comparison between 

both models for the normal component of the magnetic flux density and Fig. 2.37 shows a 

comparison between both models for the tangential component of the magnetic flux density. 

 

Fig. 2.35: Modeled half of the studied axial flux surface mounted PM machine 
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Tab. 2.6: Geometrical parameters of the studied machine 

Parameter Value 

External Radius 180 mm 

Internal Radius 135 mm 

Slots/poles 24/20 

Magnet remanence 1.2 T 

Airgap 1.2 mm 

Polar arc coefficient 0.85 

Slot height 55 mm 

Magnet thickness 4.7 mm 

Angle of repeating pattern 180° 

Magnetic pattern repetitions 2 

 

 

Fig. 2.36: Normal component of the magnetic flux density at the middle of the air gap at x=0 for both models 
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Fig. 2.37: Tangential component of the magnetic flux density at the middle of the air gap at x=0 for both 

models 

3. Quasi-3D Reluctance Network 

a) Algorithm 

The algorithm for generating the reluctance network is the same as for the 2D multi-slice case 

with the difference that after constructing the magnetic matrix and the excitation vector of all 

slices of the model and before solving the system, the slices are connected with reluctances in 

3rd direction (Fig. 2.38) and the overall system matrix and excitation vector are created, as 

depicted in the following matrices (for 3 slices as an example): 

 

 
Fig. 2.38: Connection of slices by reluctances 
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𝑃𝑖𝑗 =

{
 

 
[𝑀𝑎𝑔𝑖](𝑛𝜑×𝑛𝑧)                             𝑖𝑓 𝑖 = 𝑗

[𝑀𝑖𝑗](𝑛𝜑×𝑛𝑧)
 𝑖𝑓 𝑖 = 𝑗 + 1 𝑜𝑟 𝑗 = 𝑖 + 1

[0](𝑛𝜑×𝑛𝑧)                              𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

 (2.113) 

𝑀𝑖𝑗 = [

𝑃𝑟𝑖−𝑗
1 ⋯ 0

⋮ ⋱ ⋮
0 ⋯ 𝑃𝑟𝑖−𝑗

𝑚
] (2.114) 

𝜑𝑠 = [

[𝜑𝑠1]
⋮

[𝜑𝑠𝑁𝑐]
] (2.115) 

𝑃𝑟𝑖−𝑗
𝑘 =

𝜇0𝜇𝑟
𝑘𝜃𝑘𝐿𝑎

𝑙𝑜𝑔 (
𝑅𝑗
𝑅𝑖
)

 (2.116) 

 

𝑃’s diagonal elements are then modified using: 

 

𝑃𝑘𝑘
𝑛𝑒𝑤 = 𝑃𝑘𝑘

𝑜𝑙𝑑 − 𝑃𝑟𝑖−𝑗
𝑘  (2.117) 

Where 1 ≤ 𝑖 ≤ 𝑁𝑐, 1 ≤ 𝑗 ≤ 𝑁𝑐 and 1 ≤ 𝑘 ≤ 𝑚. 𝑁𝑐 is the number of slices in the radial 

direction. 𝑚 is the number of permeances in the radial direction between slices 𝑖 and 𝑗. 𝑛𝜑 

and 𝑛𝑧are respectively the number of elements in the circumferential and axial direction in a 

slice. 𝑀𝑎𝑔𝑖 is the permeance matrix of slice 𝑖; it is constructed from the values of permeances 

linking each node in the slice to its neighboring nodes. [0] is a zero element matrix. 𝑃𝑖𝑗 are 

the elements of the overall magnetic matrix 𝑃 of the system. [𝜑𝑠1] … [𝜑𝑠𝑁𝑐] are the flux 

sources vectors for each slice respectivly. 𝜑𝑠 is the overall flux sources vector for the whole 

system. 𝑃𝑟𝑖−𝑗
𝑘  are the permeances inserted between slices 𝑖 and 𝑗 in the radial direction (the 

connection between 2 slices is illustrated in Fig. 2.38). 𝜇0 is the permeability of free space. 

𝜇𝑟
𝑘 is the relative permeability of reluctance bock 𝑘. 𝜃𝑘is the opening angle of reluctance bock 

𝑘. 𝐿𝑎 is the depth of  a slice. 𝑅𝑖 is the radius at which is located slice 𝑖. 𝑃𝑘𝑘
𝑜𝑙𝑑 , 𝑃𝑘𝑘

𝑛𝑒𝑤 are 

respectively the new and current value of the diagonal elements of 𝑃. 𝑀𝑖𝑗  and [0] are inserted 

in a way to make the overall permeance matrix square. 

 

b) Studied Machine 

The studied machine is the same AFDSSRM described above and supplied with the 

same current as above for the 2D and 3D models. 

 

c) Error computation 

To quantify observed error better than in the 2D multi-slice case (especially for the 

tangential component of magnetic flux density), the accuracy of the method was evaluated 

this time by calculating the error 휀𝑀𝐸𝐴𝑁
𝑀𝐹𝐷  on MFD and  휀𝑀𝐸𝐴𝑁

𝑇𝑜𝑟𝑞𝑢𝑒 on torque. Each error metric 

was chosen because it best reflects the errors observed in the curves (𝑦𝑅𝑁 and 𝑦𝐹𝐸 are 

respectively the vectors containing the values of the quantity calculated using the reluctance 

network model and the finite element model): 
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휀𝑀𝐸𝐴𝑁
𝑀𝐹𝐷 =

𝑚𝑒𝑎𝑛(|𝑦𝑅𝑁| − |𝑦𝐹𝐸|)

𝑚𝑒𝑎𝑛|𝑦𝐹𝐸|
× 100 (2.118) 

휀𝑀𝐸𝐴𝑁
𝑇𝑜𝑟𝑞𝑢𝑒

=
|𝑚𝑒𝑎𝑛(𝑦𝑅𝑁 − 𝑦𝐹𝐸)|

𝑚𝑒𝑎𝑛|𝑦𝐹𝐸|
× 100 (2.119) 

 

d) Linear BH curve conditions 

The currents injected in the coils of the 3 phases are the same as in the 2D case. 

Fig. 2.39 shows the normal and tangential components of the magnetic flux density (MFD) in 

the middle of the air gap for slice 2 obtained with the Q3DRN and compared with the one 

obtained by the 3D FEM at mean radius. Fig. 2.40 illustrates the comparison between 

electromagnetic torque obtained with the 3 slices of the Q3DRN and that obtained with 3D 

FEM.  

Errors on the normal and tangential components of the MFD as well as on 

electromagnetic torque for the Q3DRN method compared with full 3D FEM are given in 

Tab. 2.7 with the corresponding computation time. Computation time was assessed for one 

rotor position on a computer with a 3.50 GHz Intel® Xeon® CPU E5-1620 v4 and 32 GB of 

RAM. It was calculated for the last 2 steps of the algorithm without post-processing. The steps 

are 1) set-up machine parameters and phase currents; 2) import mesh; 3) construction of 

system matrix; 4) creation of overall system matrix and corresponding flux sources vector and 

system solving. 

 
Fig. 2.39: Normal and tangential magnetic flux density in the middle of the air gap at x=0 for both models in 

linear conditions 
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Fig. 2.40: Electromagnetic torque for both models in linear conditions 

Tab. 2.7: Precision and computation time for the proposed method 

Quantity Error (%) Method Computation time 

Normal MFD 8.92 Q3DRN 39.75 s 

Tangential MFD 6.5 3D FEM 429 s 

Torque 2.48 𝑡𝐹𝐸/𝑡𝑅𝑁 10.79 

 

e) Nonlinear BH curve case 

Fig. 2.41 shows the normal and tangential magnetic flux densities in the middle of the 

air gap at mean radius. Fig. 2.42 illustrates the electromagnetic torque. Tab. 2.8 shows the 

errors on magnetic flux densities and torque and compares computation time for 1 resolution 

between Q3DRN and full 3D FEM. 
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Fig. 2.41: Normal and tangential magnetic flux density in the middle of the air gap at x=0 for both models in 

nonlinear conditions 

 
Fig. 2.42: Electromagnetic torque for both models in nonlinear conditions 

Tab. 2.8: Precision and computation time for the proposed method 

Quantity Error (%) Method Computation time 

Normal MFD 7.93 Q3DRN 51.99 s 

Tangential MFD 6.42 3D FEM 1178 s 

Torque 7.64 𝑡𝐹𝐸/𝑡𝑅𝑁 22.66 

 

f) Q3DRN model validity evaluation by parameter variation 

To verify the robustness of the proposed method, a parametric study by geometric parameter 

variation was conducted. The study consisted of varying the rotor to stator tooth width ratio 

Kt=wr/ws by fixing the stator’s tooth width and varying the rotors (wr is the rotor tooth width 
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and ws is the stator tooth width); the reluctance network is then regenerated and the obtained 

system is solved. The tooth width ratio before any modification is 1.8, so 2 ratios were chosen: 

1.5 (a ratio decrease) and 2.1 (a ratio increase), then electromagnetic torque was computed for 

each case and compared with full 3D FEM in linear and nonlinear BH curve conditions 

(Fig. 2.43). Torque characteristic for different Kts using RN is presented in Fig. 2.44. Precision 

and computation time are reported in Tab. 2.9. 

 

Fig. 2.43: Electromagnetic torque for Kt=1.5 and 2.1 in linear and nonlinear BH curve conditions 

 

Fig. 2.44: Electromagnetic torque characteristic for different Kts 

Tab. 2.9: Precision on torque computation and computation time (sec/resolution) comparison for the different 

tooth width ratios 

Ratio Iron Permeability Error (%) Q3DRN 3D FEM 𝒕𝑭𝑬/𝒕𝑹𝑵 

1.5 Linear 0.53 35.77 300 8.39 

1.5 Non-Linear 5.64 51.43 545 10.6 

1.8 Linear 2.48 39.75 429 10.79 

1.8 Non-Linear 7.64 51.99 1178 22.65 

2.1 Linear 1.4 30.83 244 7.91 

2.1 Non-Linear 6.735 47.05 841 17.87 
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IV. Magnetic Finite Element Method [25][19][26] 

1. Maxwell’s equations 

The basic building blocks of the finite elements method are Maxwell’s equations. 

These partial differential equations link local quantities such as magnetic flux density and 

magnetic field intensity to space and time variables and depict the global behavior of the 

modeled physical system. To completely characterize the modeled system 3 equations are 

added that are relative to the medium in which electromagnetic phenomena takes place to 

obtain the following system of 7 equations: 

 

�⃗⃗� × �⃗⃗� =  −
𝜕�⃗⃗�

𝜕𝑡
 (2.120) 

�⃗⃗� × �⃗⃗⃗� =  
𝜕�⃗⃗⃗�

𝜕𝑡
 +  𝐽 (2.121) 

�⃗⃗�. �⃗⃗� = 0 (2.122) 

�⃗⃗�. �⃗⃗⃗� = 𝜌 (2.123) 

�⃗⃗� = 𝜇�⃗⃗⃗� + 𝐵𝑟⃗⃗⃗⃗⃗ (2.124) 

�⃗⃗⃗� = 𝜖�⃗⃗� (2.125) 

𝐽 = 𝜎�⃗⃗� (2.126) 

Where   �⃗⃗�(𝑇)   magnetic flux density, 

𝐵𝑟⃗⃗⃗⃗⃗(𝑇)   remnant magnetic flux density in magnets, 

�⃗⃗⃗�(𝐶/𝑚2)  electrical flux density, 

�⃗⃗�(𝑉/𝑚)  electric field, 

�⃗⃗⃗�(𝐴/𝑚)  magnetic field, 

𝐽(𝐴/𝑚2)  current density, 

𝑡(𝑠)   time, 

𝜖(𝐹/𝑚)  permittivity, 

𝜇(𝐻/𝑚)  permeability, 

𝜌(𝐶/𝑚3)  charge density, 

𝜎(𝑆/𝑚)  conductivity. 

In electrical engineering, the displacement currents 
𝜕�⃗⃗⃗�

𝜕𝑡
  can be neglected in equation 

(2.121) due to the low frequency involved; the equations are thus decoupled, allowing us to 

study magnetic and electric fields separately. 

 

2. Magneto-static Formulations [27][28] 

In magneto-statics, the equations to be solved are the following, and they are solved 

on a domain D whose boundary is decomposed into 2 complementary parts Γℎ and Γ𝑏: 
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�⃗⃗� × �⃗⃗⃗� =  𝐽0 (2.127) 

�⃗⃗�. �⃗⃗� = 0 (2.128) 

 

The equation describing material behavior is added to the above equations: 

�⃗⃗� = 𝜇�⃗⃗⃗� (2.129) 

 

Boundary conditions are imposed on Γℎ and Γ𝑏: 

�⃗⃗⃗� ∧ �⃗⃗�|Γℎ = 0 (2.130) 

�⃗⃗�. �⃗⃗�|Γ𝑏 = 0 (2.131) 

 

a) Magnetic scalar formulation 𝝋 

In order to introduce the scalar potential formulation, we define a source field �⃗⃗⃗�𝑆 such 

that its rotational satisfies: 

�⃗⃗� × �⃗⃗⃗�𝑆 = 𝐽0 (2.132) 

For the source field, we set as a boundary condition on Γℎ: 

�⃗⃗⃗�𝑆 ∧ �⃗⃗�|Γℎ = 0 (2.133) 

 

By grouping equations (2.127) and (2.132), we can write: 

�⃗⃗� × (�⃗⃗⃗� − �⃗⃗⃗�𝑆) = 0 (2.134) 

 

This makes it possible to introduce the magnetic scalar potential 𝜑 such that: 

�⃗⃗⃗� = �⃗⃗⃗�𝑆 − 𝛻𝜑 (2.135) 

 

To obtain a unique solution for the magnetic scalar potential, a homogenous boundary 

conditions is imposed on the boundary Γℎ: 

𝜑|Γℎ = 0 (2.136) 

 

By combining equation (2.134) with the behavior law (2.129) and equation (2.128), 

we obtain the scalar potential formulation of a magneto-static problem: 

�⃗⃗�. 𝜇(�⃗⃗⃗�𝑆 − 𝛻𝜑) = 0 (2.137) 

 

b) Magnetic vector formulation �⃗⃗⃗� 

Since flux density �⃗⃗� has zero divergence, there exists is a vector potential 𝐴 such that: 

�⃗⃗� = �⃗⃗� × 𝐴 (2.138) 
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In order to obtain a unique solution, a gauge condition is imposed on 𝐴 (i.e  

�⃗⃗�. 𝐴 = 0). Also, a boundary condition is set for 𝐴 on Γ𝑏 such that: 

𝐴 ∧ �⃗⃗�|Γ𝑏 = 0  (2.139) 

 

By grouping equations (2.127) and (2.138) with the behavior law (2.129), the 

formulation in magnetic vector potential is written as: 

�⃗⃗� ×
1

𝜇
�⃗⃗� × 𝐴 = 𝐽0 (2.140) 

 

3. Magneto-dynamic Formulations [29][28] 

In magneto-dynamics, we have to solve equations (2.141) and (2.142) below with the 

behavior laws in a conductive domain Dc where induced currents appear.  

�⃗⃗� × �⃗⃗� = −
𝜕�⃗⃗�

𝜕𝑡
 (2.141) 

�⃗⃗� × �⃗⃗⃗� = 𝐽 (2.142) 

The equation describing the behavior of a conducting material is added to the above 

equations: 

𝐽 = 𝜎�⃗⃗� (2.143) 

The boundary of Dc is decomposed into 2 complementary parts Γ𝑒 and Γℎ on which 

boundary conditions are imposed for �⃗⃗� and �⃗⃗⃗�: 

�⃗⃗� ∧ �⃗⃗�|Γ𝑒 = 0 (2.144) 

�⃗⃗⃗� ∧ �⃗⃗�|Γℎ = 0 (2.145) 

For simplification, it is assumed that the source term is external to the domain Dc and 

the equations to be solved only on the domain Dc are presented. It is then explained how to 

make the coupling between the equations of magneto-dynamics on Dc and those of magneto-

statics defined on D - Dc. Two formulations can then be introduced: 

 

a) A-V formulation 

The first formulation is the A-V formulation combining the magnetic vector potential 

A and the electric scalar potential V. 

By replacing in equation (2.141) the magnetic flux density by its given expression in 

(2.138), we can write: 

�⃗⃗� × (�⃗⃗� +
𝜕𝐴

𝜕𝑡
) = 0 (2.146) 

which leads to the following relation by introducing the scalar potential: 

�⃗⃗� = −(
𝜕𝐴

𝜕𝑡
+ �⃗⃗�V) (2.147) 

By combining (2.147), (2.138) and (2.142) with the material behavior laws (2.129) and 

(2.126), we obtain: 
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�⃗⃗� ×
1

𝜇
�⃗⃗� × 𝐴 = −𝜎 (

𝜕𝐴

𝜕𝑡
+ �⃗⃗�V) (2.148) 

 

b) T-𝝋 formulation 

The second formulation is the T- φ formulation which combines the electric vector 

potential T and the magnetic scalar potential φ. 

As �⃗⃗�. 𝐽 = 0, we can write the current density 𝐽 as a function of an electric vector 

potential �⃗⃗� in the form: 

𝐽 = �⃗⃗� × �⃗⃗� (2.149) 

By replacing in the domain Dc the current density in equation (2.142) by its expression 

as a function of the vector potential T (2.149) we obtain: 

�⃗⃗� × (�⃗⃗⃗� − �⃗⃗�) = 0 (2.150) 

This expression gives rise to the magnetic scalar potential 𝜑: 

�⃗⃗⃗� = �⃗⃗� − �⃗⃗�φ (2.151) 

Grouping (2.141) and (2.151) with the behavior laws, we can write the magnetic 

formulation in potentials in the Dc domain in the following form: 

�⃗⃗� ×
1

 𝜎
�⃗⃗� × �⃗⃗� = −

𝜕

𝜕𝑡
(𝜇(�⃗⃗� − �⃗⃗�φ)) (2.152) 

 

V. Thermal Model 

1. Heat Transfer Mechanisms 

In the following is a brief overview of the thermal modelling approach, for a more in-

depth look the reader is referred to [30][31][32][33]. 

Heat transfer takes places mainly by means of 3 mechanisms: conduction, convection 

and radiation. 

a) Conduction 

Thermal conduction is the transfer of a heat quantity by direct interaction, under the 

influence of a temperature gradient, within a medium or between media in direct physical 

contact without material flow. This can be expressed using Fourier's law by: 

𝑑𝑄

𝑑𝑡
= [𝜆]𝑑𝑆. ∇⃗⃗⃗𝑇. �⃗⃗� (2.153) 

Where 

𝑑𝑄

𝑑𝑡
 is the heat exchange power in W 

[𝜆] is the thermal conductivity tensor in the principal directions of the material 

𝑑𝑆 is the exchange surface perpendicular to the flux (YZ) in m2 

∇⃗⃗⃗𝑇. �⃗⃗� is the scalar product of the temperature gradient by the vector normal to dS in K/m 
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b) Convection 

Thermal convection is the transfer of heat by a moving fluid (gas or liquid). It can be 

natural, like in the case of outer yokes of a machine in the absence of external ventilation, or 

forced when heat transfer is generated by an action other than the natural presence of 

temperature gradients. Convection is always associated with heat conduction. Heat transfers 

that pass through a fluid/solid interface can be expressed using Newton's formula: 

𝑑𝑄

𝑑𝑡
= ℎ𝑆(𝑇𝐹 − 𝑇𝑆) (2.154) 

Where 

ℎ is the convective heat transfer coefficient in W/m2K which depends on geometry and 

flow type 

𝑆 is the exchange surface in m2 

(𝑇𝐹 − 𝑇𝑆) is the difference of mean temerature between the fluid and the surface of the 

object in contact with the fluid 

 

c) Radiation 

Thermal radiation is the electromagnetic radiation emitted or absorbed by a body, 

which depends only on its thermodynamic temperature and the cleanliness of its surface. In 

an electrical motor or generator, radiant heat exchange can take place between the air gap 

surfaces and the rotor and stator surfaces, or between the outer surfaces and the surrounding 

medium. 

 

2. Methods of Thermal Modelling 

Several methods are used to study the thermal properties of electrical machines. 

Numerical methods such as the nodal finite element method or the computational fluid 

dynamics (CFD) method are commonly used. Numerical methods are certainly useful for 

optimizing designs and validating the behavior of the product before manufacturing, but they 

are difficult to adapt to pre-sizing. The experimental method helps in the validation of 

numerical methods and remains the reference. However, it requires the conducting tests on a 

real prototype. Semi-analytical methods such as the thermal resistance network method make 

it possible to reduce the time spent on pre-sizing while maintaining an acceptable accuracy. 

The thermal network method or nodal method or lumped parameter method is used for thermal 

modeling of electrical machines and is based on the generation of a network of thermal 

resistances which has a certain analogy with the electrical circuit and the magnetic reluctance 

circuit. The thermal semi-analytical method is advantageous for determining the thermal 

behavior of particularly critical areas. For example, permanent magnets which may be 

inaccessible to experimental measurement if they are buried. The work presented uses an 

analytical method, the lumped parameter method, which derives from Kirchhoff's theory and 

takes into account the paths traveled by heat. 

 

3. Lumped Parameter Method 

In order to study the thermal behavior of the machine, we chose a lumped parameter 

thermal model as it is widely used. The particular model that we used was developed by 
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Guillaume VEREZ [34] at GREAH and integrated into the SIMUMSAP tool. It’s a nodal 

network of thermal resistances, thermal capacitances and heat sources, where the temperature 

is computed at each node. To construct this network, the machine geometry is subdivided into 

small volumes that are considered to be homogeneous and isotherm, then the different 

elements of the network are computed for each volume. Fig. 2.45 shows the connection 

between the different volumes of the machine. 

 

Fig. 2.45: Conductance network for each node [35] 

Starting from the heat equation (2.155), and integrating it on the volume 𝑖 gives 

(2.156). As there is little temperature difference inside the motor frame and its surfaces’ 

emissivity is low, radiation can be neglected [36]. But if it is necessary to take it into account, 

a 10% increase in convection coefficient is possible for little radiation [37]. These reflections 

yields equation (2.157) for a finite number of volumes 𝑛 which can be written in matrix form 

as (2.158). 

 

𝜌𝑐
𝑑𝑇

𝑑𝑡
𝑑𝜏 + ∇Φ𝑑𝜏 = 𝑝𝑑𝜏 (2.155) 

𝐶𝑖
𝑑𝑇𝑖
𝑑𝑡

= Φ𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 +Φ𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑓𝑒𝑟 +Φ𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 +Φ𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 + 𝑃𝑖 (2.156) 

𝐶𝑖
𝑑𝑇𝑖
𝑑𝑡

=∑𝐺𝑖𝑗(𝑇𝑗 − 𝑇𝑖) + 𝐺𝑖,𝑒𝑥𝑡(𝑇𝑖 − 𝑇𝑎) + 𝑃𝑖

𝑛

𝑗=1

 (2.157) 

[𝐶][�̇�] = −[𝐺][𝑇] + [𝐿]𝑇𝑎 + [𝑃] (2.158) 

 

Where 𝜌𝑐
𝑑𝑇

𝑑𝑡
𝑑𝜏 is the rate of change of the energy stored in the volume element 𝑑𝜏. 𝜌 

is the density and 𝑐 the specific heat capacity. ∇Φ𝑑𝜏 is the flux outgoing 𝑑𝜏, and 𝑝 heat 

production density produced in this volume. 𝐺𝑖𝑗 is the thermal conductance (W/K) of volume 

𝑖 which defines exchange between volume 𝑖 and 𝑗. 𝐶𝑖 is the heat capacity (J/K) of volume 𝑖.  

𝑇𝑖 is the temperature (K) of volume 𝑖. 𝐺𝑖,𝑒𝑥𝑡 is the thermal conductance of volume 𝑖 towards 
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air. 𝑇𝑎 is air temperature. [𝐺](𝑛 × 𝑛) is the thermal conductance matrix, [𝐶](𝑛 × 𝑛) is the 

heat capacity matrix, [𝑇] is the temperature vector (𝑛 × 1), [𝑃](𝑛 × 1) is the dissipated power 

matrix and [𝐿](𝑛 × 1) gathers 𝐺𝑖,𝑒𝑥𝑡 terms. 

 

VI. Mechanical Finite Element Method [38][39][40] 

The structural system is discretized by a set of appropriate finite elements 

interconnected at points called nodes. Nodes will have nodal displacements or degrees of 

freedom which may include translations or rotations. When the nodes displace, they drag the 

elements along in a certain manner. In other words, displacements of any points in the element 

are interpolated from the nodal displacements. 

In structural mechanics the deformation and stresses are calculated for structural 

objects that are subject to loads (body and surface forces, thermal loads, etc.). Stresses are the 

internal forces in a structure that are reactions to the load that is applied to the structure, 

whereas strain is a measure of the deformation. The constitutive relation describes how stress 

and strain relate to each other. For linear elasticity Hooke’s law, σ = Eε, describes the relation, 

where σ is the stress, ε is the strain and E is Young’s modulus. 

 

1. Strong formulation 

In stress analysis, a rectilinear coordinate system is the most convenient to develop the 

mathematical theory. A Cartesian coordinate system of origin O and axes 𝑂𝑥, 𝑂𝑦, and 𝑂𝑧 is 

adopted here as it is often used in the finite element method. For an elementary volume 𝛿𝑉, 

the total stress is broken down into normal and shear stress. The normal stress is perpendicular 

to the volume and is either in the 𝑥 or 𝑦 or 𝑧 direction and is denoted in the following by 𝜎𝑥𝑥, 

𝜎𝑦𝑦 and 𝜎𝑧𝑧. The shear stress is tangential to the volume and is denoted in the following by 

𝜎𝑥𝑦, 𝜎𝑦𝑥, 𝜎𝑥𝑧, 𝜎𝑧𝑥, 𝜎𝑦𝑧 and 𝜎𝑧𝑦. Finally the stress tensor can be defined by: 

𝜎 = [

𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧
𝜎𝑦𝑥 𝜎𝑦𝑦 𝜎𝑦𝑧
𝜎𝑧𝑥 𝜎𝑧𝑦 𝜎𝑧𝑧

] (2.159) 

We can define the stress equilibrium by the following equation reflecting the spatial 

variation of the stress when the body is at rest (static structural analysis): 

∇̃𝑇𝜎 + 𝑏 = 0 (2.160) 

Where ∇̃𝑇is a differential operator and is given by ∇̃𝑇=

[
 
 
 
 
𝜕

𝜕𝑥
𝜕

𝜕𝑦

𝜕

𝜕𝑧]
 
 
 
 
𝑇

and 𝑏 is the body force 

acting on the structure. Body forces are often zero but if their orders of magnitude are similar 

to those of external forces, they have to be included in the equation. 

For a displacement 𝑢, the strain kinematic relation defining the relationship between 

strain and displacement is as follows: 

𝜖 = ∇̃𝑇𝑢 (2.161) 
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The boundary conditions are defined by one of the following equations, where 𝑡 is the 

traction vector and is 𝑢 a prescribed displacement on the surface of the structure: 

{
𝑡 = 𝑆𝑛 = ℎ    𝑜𝑛 𝑆ℎ
𝑢 = 𝑔             𝑜𝑛 𝑆𝑔

 (2.162) 

 

2. Weak formulation 

In order to obtain the weak formulation, the strong formulation is multiplied with a 

weight function 𝑣 and integrated over the volume; (2.160) thus yields the following condition: 

∫𝑣∇̃𝑇𝜎𝑑𝑉

 

𝑉

+ ∫𝑣𝑏𝑑𝑉

 

𝑉

= 0 (2.163) 

Green’s theorem is used along with the boundary condition in (2.162) to obtain the 

equation for the weak formulation of stress equilibrium which is the following: 

∫(∇̃𝑣)𝑇𝜎𝑑𝑉

 

𝑉

= ∫𝑣𝑇𝑡𝑑𝑆

 

𝑉

+ ∫𝑣𝑇𝑏𝑑𝑉

 

𝑉

 (2.164) 

Finite element software uses the weak formulation in mechanical simulation to 

approximate the continuous displacement vector 𝑢 based on the following equation: 

𝑢 = 𝑁𝑎 (2.165) 

Where 

𝑁 is a shape function matrix 

𝑎 is the nodal displacement vector 

The weight function 𝑣 can be approximated by the following equation if the same 

approach is adopted (c is defined as an arbitrary vector): 

𝑣 =Nc (2.166) 

Based on the above equation, the following expression can be obtained: 

∫(∇̃𝑁)𝑇𝜎𝑑𝑉

 

𝑉

= ∫𝑁𝑇𝑡𝑑𝑆

 

𝑉

+ ∫𝑁𝑇𝑏𝑑𝑉

 

𝑉

 (2.167) 

Using the strain-displacement relationship given in equation (2.161) and the 

constitutive relation (2.168) linking stress and strain by the constitutive matrix 𝐷, 

𝜎 = Dϵ (2.168) 

the final formulation used in finite element modelling of bodies in structural mechanics 

is obtained: 

𝐾𝑎 = 𝑓 (2.169) 

Where K is the linear stiffness matrix, and is given by the following integral: 

𝐾 = ∫(∇̃𝑁)𝑇𝐷(∇̃𝑁)𝑑𝑉

 

𝑉

 (2.170) 

and 𝑓 is the force vector grouping body forces, boundary conditions and initial strain. 

Finally, the system of equations that is solved in commercial FE software is that of 

equation (2.169) and the obtained solution 𝑎 represents an approximation of the displacement 

vector 𝑢. 
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VII. Conclusion 

In this chapter, different tools used for electrical machine sizing were presented and 

explained. 

First, the 2D multi-slice analytical model based on the formal solution of Maxwell’s 

equations in the different regions of an axial flux machine is developed. In this model, the 

solution for the magnetic vector potential as well as the magnetic flux density in the different 

regions of a 2D slice are obtained; these local quantities were then used to obtain global 

quantities such as flux, EMF and torque. 

Then, an alternative method for sizing electrical machines was presented with a good 

compromise between precision and computation time relative to finite elements. The method, 

which is based on a reluctance network model, was applied on an axial flux machine. But as 

the method is generic it can be applied to all types of machines including radial flux ones. A 

demonstration of method capabilities was illustrated for a use case of a double stator single 

rotor switched reluctance axial flux machine. 

The method was assessed by error and computation time measurement in linear and 

non-linear BH curve conditions for normal and tangential magnetic flux density in the air gap 

and total electromagnetic torque produced. 

First, a 2D multislice reluctance network model was constructed and solved to find 

local and global variables. Results show a fairly good agreement between the proposed model 

and the full 3D-FEA model. The presented method also showed a gain in computation time 

relative to 3D-FEA, which makes it suitable for parameter optimization and electromagnetic 

performance analysis in early design stages of electrical machines. 

Then, the model was improved by connecting the slices with reluctances in the third 

direction to take into account the variation of magnetic flux density from slice to slice in the 

radial direction. Once again results showed good concordance with 3D FEM for magnetic flux 

density and torque. 

Towards the end of the chapter, the lumped parameter thermal model is presented 

showcasing the different heat transfer mechanisms i.e. conduction, convection and radiation 

with their corresponding heat transfer equations; then, the different thermal modelling 

approaches such as numerical models (nodal finite elements, CFD…) and semi analytical 

models (lumped parameter…) were presented and the choice of the model was justified. This 

was followed by an explanation of the lumped parameter thermal model and the solved heat 

equation. 

The finite elements method used to electromagnetically size electrical machines was 

explained starting by Maxwell’s equations that are used to obtain the formulations for 

magneto-static and magneto-dynamic simulations. Then, the formulations used in each type 

of simulation were detailed. These formulations being magnetic scalar and magnetic vector 

formulations for magneto-static simulations and A-V and T- 𝜑 formulations for magneto-

dynamic simulations. 

Finally, the finite elements method used to mechanically size electrical machines was 

briefly explained for both strong and weak formulations, illustrating the solved equation by 

mechanical FE software to obtain the approximate value of displacement in a material. 
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I. Introduction 

In the first chapter, different configurations and designs of axial flux machines were 

investigated to help inspire the design of our own machine and determine a starting point from 

which the machine can be modified according to specifications. 

 To design electrical machines, the classical way to go is to model and test the 

performances of the design using finite elements analysis with the help of commercial 

softwares available on the market. But as it is well known now, this method consumes long 

periods of computation time so it is not suitable for rapid machine pre-sizing. A workaround 

for this problem is to use an analytical model -when available- for the machine under study 

which is derived from the formal solution of Maxwell’s equations. Fortunately, analytical 

models have been developed in the past at GREAH laboratory (Groupe de Recherche en 

Electrotechnique et Automatique du Havre) and have been implemented under the 

MATLAB® environment in an analysis and sizing tool for electrical machines called 

SIMUMSAP  (SIMUlation analytique de Machines Synchrones à Aimants Permanents). This 

tool stems essentially from thesis’ carried out within GREAH by Azzouzi [1], Abdel-Karim 

[2], Mahyob [3], Bellara [4], Tiegna [5] and Verez [6]. 

In this chapter, first, the 3D aspect of axial flux machines is presented, then the design 

methodolgy is presented justifying the choice of the topology, the winding configuration and 

electrical and geometrical parameters, and the adopted design is simulated using a commercial 

finite elements software environment in order to determine electromagnetic performance 

indicators (magnetic flux density, total electromagnetic torque, cogging torque, EMF, 

electromagnetic power, efficiency…). Towards the end, thermal and mechanical aspects of 

the machine are presented and machine performance indicators are summarized followed by 

a conclusion to wrap up the work done in this chapter. 

 

II. 3D Aspect of Axial Flux Machines 

Due to their inherent 3D geometry, axial flux machines have 3D effects in their active 

part and at the radial ends that must be taken into account during modeling. These effects can 

be classified into 3D effects and edge effects and are distinguishable for some structures, but 

in most cases they are not. 3D effects are topological variations in the direction perpendicular 

to the modeling plane for a given position of the moving part relative to the fixed part. As a 

result, using an analytical design method or 2D finite element analysis (FEA) -which are 

usually applied at mean machine radius- does not generally yield sufficiently accurate 

computation results. 

This 3D aspect can be taken into account by using the 3D finite elements method. 

However, 3D FEA requires even more computational time when it comes to high-power axial 

flux machines, as these machines involve larger and larger diameters and exponentially high 

number of nodes, and thus FEA is more suitable and preferable during the refining phases of 

the design.  

The modelling of axial-flux PM machines is constrained by a speed-accuracy 

compromise. In case of laminations in the radial direction, the shortcoming of the model in 

terms of accuracy may be considered to be irrelevant in most of the design cases due to the 

orientation of the laminations, but if the iron parts are designed to saturate, the effects caused 

by the 3D flux should be examined too. 
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It should be noted also that if the flux density significantly differs at the outer and inner 

radii of the machine, part of the flux flows also diagonally in the magnetic circuit. 

With all that being said, we can state that in most cases all methods which are not 3D 

or quasi-3D cannot give satisfactory results for axial flux machines. Reluctance networks offer 

the possibility of 3D modelling, but finite elements method is well established in that area, 

not only it can provide accurate results (if the correct meshing strategy is adopted) but also it 

can adapt to any geometry, giving it the upper hand on other methods for 3D simulation. It is 

possible to obtain coherent results using 2D simulations for machines with large diameters 

due to their characteristics and their fairly simple structure, which is constrained by the 

limitations of the fabrication process, this allows reluctance network based methods to model 

these machines and obtain results with satisfactory accuracy. 

 

III. Magnetic Study 

1. Pre-sizing and Parametric Sweep Analysis using the Analytical Model 

In this part, we present the sizing of an axial flux synchronous generator with 

permanent magnets for a 30 kW wind turbine. The generator is coupled to the turbine by 

means of a magnetic gear; therefore to reduce the size of the generator achieving the required 

power with a reasonable gear ratio, a nominal rotational speed of 2000 RPM was chosen. In 

order not to exceed an output voltage frequency of 400 Hz (for inverter considerations), it is 

necessary that the number of pole pairs is less than 12. In order to reduce the cogging torque, 

several techniques are possible such as magnet inclination or slot inclination or a fractional 

number of slots per pole. The latter technique seems to be the least difficult to implement. 

Also, Joule losses in stator coils are an important source of loss among all losses for wind 

turbine-type operation. 

All these reasons led us to choose a fractional number of slots per pole with a tooth 

winding (tooth winding was chosen to reduce the end winding lengths and subsequently 

reduce the Joule losses at the stator). Thus, the cogging torque can be reduced and the end 

windings are shorter, which makes it possible to reduce the radial footprint of the winding and 

reduce the joule stator losses. Finally, a combination of 10 pole pairs and 24 slots was chosen 

thus obtaining a number of slots per pole of 1.2: this combination allows to have a fundamental 

cogging torque of rank 120 (lcm of 20 and 24), which is far away from the fundamental of the 

total torque, and an operating frequency of less than 400 Hz with a reasonable number of slots 

given the internal radius of the machine and therefore the size of the end windings at the 

internal radius. The air gap was chosen as 1.2 mm based on other similar designs. 

The following simulation study is therefore intended to present the performance of the 

prototype sized with SIMUMSAP (a tool developed by GREAH Laboratory based on the 

formal resolution of Maxwell’s equations) and a commercial finite elements software. During 

the various calculations, we adopt the hypothesis that the median plane of the rotor is a plane 

of symmetry (the machine can be split into two independent single air gap machines). 

The geometry of the studied machine is illustrated in Fig. 3.5. It has 10 pole pairs and 

24 slots in order to obtain an output voltage frequency below 400 Hz and to reduce the cogging 

torque. Similarly, to reduce Joule losses in the windings and thus increase efficiency, the 

machine winding is of tooth type, with each slot being occupied by two sides of coils 

superimposed in the slot to compensate the leakage flux at the bottom of the slot. The coils 
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are arranged in a series configuration (4 coils in each phase) and they are composed of 9 turns 

each, with a fill factor of 0.4 and are fed with a current density of 3.5 A/mm2. There is 2 end 

winding planes and the phase windings of the first stator are connected in parallel with the 

windings of the second stator. Also the phases in each stator are connected in a star 

configuration. For reasons of mechanical resistance of the rotor in the presence of magnetic 

attraction forces between the disks, we opted for a stator-rotor-stator structure, the rotor being, 

in this case, subjected to two attraction forces of opposite directions that cancel out if the rotor 

is perfectly centered between the two stator disks. The two stators are therefore identical and 

arranged on either side of the rotor disc carrying the permanent magnets on each of its two 

faces. These magnets, whose remanence is axial, can have magnetizations of opposite 

directions from one side of the rotor to the other or of the same direction. 

In the first case, the magnet flux returns to each of the two stators following a 

circumferential path in the rotor yoke which gives us two independent single air-gap 

machines. 

In the second case, the flux axially passes through the rotor magnetic circuit and passes 

from one stator to another. The median plane of the rotor is an antisymmetry plane. This 

second arrangement makes it possible to reduce the thickness of the rotor magnetic circuit or 

even to eliminate it. However, the mechanical stresses that the rotor is expected to undergo 

during operation slightly distance this possibility. In addition to the bending stresses that apply 

to the rotor disc (the perfect centering cannot exist for these small machines), torsional stresses 

with circumferential directions deform the rotor disc. Mechanical reinforcements are therefore 

required and can be provided, for example, by the presence of a steel disc whose thickness is 

to be determined according to the desired rigidity. 

In order to choose the most suitable internal and external radius as well as the depth of 

the stator slots, a parametric sweep analysis was performed using the analytical model in linear 

BH curve conditions. The input parameters for this study were the internal radius Ri, the 

external radius Re and the slot height Hs; the outputs were the torque, the total active weight 

and the torque mass density. In this study, the machine was divided into 10 slices as the slots 

are straight and the tooth pitch vary as a function of machine radius (the tooth width is larger 

at the external radius than it is at the internal radius and the tooth cross section is trapezoidal). 

To perform this study, the magnets were chosen to obtain a magnetic flux density of 0.8 T in 

the air gap at no load, and thus a flux density of around 1.2 T in a tooth at no load and around 

1.6 T when the machine is loaded. Then, we choose a slot width that allows to insert the stator 

windings in the slots, and then we vary the slot height. The results obtained are given in 

Fig. 3.1, Fig. 3.2, Fig. 3.3 and Fig. 3.4. Fig. 3.1 illustrates the torque variation as a function of 

internal and external radius, Fig. 3.2 shows the total active weight variation as a function of 

internal and external radius, torque mass density variation as a function of machine radii is 

presented in Fig. 3.3, Fig. 3.4 presents torque mass density variation as a function of stator 

slot height maintaining the internal radius at a value of 110 mm and the external radius at 180 

mm.  
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Fig. 3.1: Torque as a function of external radius Re and internal radius Ri 

 
Fig. 3.2: Total active weight as a function of external radius Re and internal radius Ri 
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Fig. 3.3: Torque mass density as a function of external radius Re and internal radius Ri 

 
Fig. 3.4: Torque mass density as a function of stator slot height 

Fig. 3.6 and Tab. 3.1 show the main geometric parameters of this machine with an 

internal radius of Ri = 110 mm and an external radius of Re = 180 mm which makes a radial 

excursion of 70 mm and satisfies the ratio of 0.6 which gives the highest torque. The 

distribution of the coils in the slots is shown in Fig. 3.7. Permanent magnets are Neodymium-

Iron-Boron (NdFeB) mounted on both rotor surfaces. Their remanence is 1.21 T. 
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Fig. 3.5: 3D view of the machine 

 
Fig. 3.6: The geometrical parameters of the machine 

 
Fig. 3.7: Winding configuration 
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Tab. 3.1: Dimensional Characteristics of the machine 

Parameter 

 

Value 

External Radius (Re) 

 

180 mm 

Internal Radius (Ri) 110 mm 

Number of Stator Slots 24 

Number of Magnets 20 

Slot Width (ws) 10 mm 

Slot Height (hs) 30 mm 

Slot Opening Height (h0)  2 mm 

Slot Opening Width (w0) 2 mm 

Magnet Opening (wa) 15.3° 

Magnet Thickness (ha) 4.7 mm 

Magnet Spacing 2.7° 

Stator Yoke Thickness 12 mm 

Rotor Yoke Thickness 20 mm 

Air Gap Length (e) 1.2 mm 

Rotation Speed  2000 

tr/min  

The high speed at which the machine is destined to spin is inadequate with the low 

speed of a 30kW wind turbine of 100 RPM max, therefore it’s required to integrate a gear to 

adapt the speed of the turbine to the design speed of the generator. A mechanical gear creates 

serious reliability and maintenance issues so it cannot be adopted especially for offshore wind 

turbines were it is challenging to access the turbine. An alternative to mechanical gears are 

magnetic gears that use contactless speed conversion avoiding the wear and tear associated 

with their mechanical counterparts, thus increasing overall system efficiency. As the designed 

machine is of an axial flux nature, the magnetic gear to be coupled with it is chosen to be of 

the same axial flux topology. An axial flux magnetic gear is composed of a low speed rotor 

(LSR), a high speed rotor (HSR) and a modulator (Fig. 3.8). The modulator converts the 

magnetic field generated by one rotor to a magnetic field in the air gap of the other rotor. 

Assuming the low speed rotor has 𝑝𝑙 pole pairs, the high speed rotor has 𝑝ℎ pole pairs and the 

modulator has 𝑛𝑝 pole pieces, the following condition is satisfied by the magnetic gear: 

𝑛𝑝  = 𝑝𝑙 + 𝑝ℎ (3.1) 

The angular velocity of the low speed rotor 𝜔𝑙 can be written in function of the angular 

velocity of the high speed rotor 𝜔ℎ and the modulator 𝜔𝑚 by: 

𝜔𝑙  =
𝑝ℎ

𝑝ℎ − 𝑛𝑝
𝜔ℎ +

𝑛𝑝

𝑛𝑝 − 𝑝ℎ
𝜔𝑚 (3.2) 

Assuming the modulator is fixed (𝜔𝑚 = 0), the gear ratio can be expressed by: 

𝐺𝑟  =
𝜔ℎ
𝜔𝑙

=
𝑝𝑙
𝑝ℎ

 (3.3) 

The following relationships can be established between the torque of the LSR 𝑇𝑙, the 

torque of the HSR 𝑇ℎ and the torque of the modulator 𝑇𝑚: 
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𝑇𝑙 + 𝑇ℎ + 𝑇𝑚  = 0 (3.4) 

𝑇𝑙
𝑇ℎ
=
𝜔ℎ
𝜔𝑙

 (3.5) 

The design of the magnetic gear will not be addressed in this work, but details on the 

design procedure can be found in [7] and [8]. 

 

Fig. 3.8: Axial flux magnetic gear [8] 

2. Validation of the Final Design Using Finite Elements 

Local and global quantities are calculated using a commercial finite elements software 

in nonlinear BH curve conditions where the iron is of the type M270-35A. The quantities that 

will be presented in the following are magnetic flux densities, torques, EMF, axial attraction 

forces, power, and losses. The machine is meshed using tetrahedral elements as shown in the 

following figures. 
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Fig. 3.9: Meshing of the whole machine 

 
Fig. 3.10: Meshing of the modeled part 
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Fig. 3.11: Zoom on the air gap region mesh 

a) Magnetic Flux Density 

The results obtained with FLUX at no load in the magnets and in the middle of the air 

gap at mean radius, for normal and tangential components of magnetic flux density, are 

presented in Fig. 3.12 through Fig. 3.15, and at load in Fig. 3.16 through Fig. 3.19. Results 

are given for a rotor position relative to the stator of 0° and for a magnet remanence of 1.21 

T. 
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Fig. 3.12: Magnetic flux density in the magnets at no load (normal component) 

 
Fig. 3.13: Magnetic flux density in the magnets at no load (tangential component) 
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Fig. 3.14: Magnetic flux density in the air gap at no load (normal component) 

 
Fig. 3.15: Magnetic flux density in the air gap at no load (tangential component) 
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Fig. 3.16: Magnetic flux density in the magnets at load (normal component) 

 
Fig. 3.17: Magnetic flux density in the magnets at load (tangential component) 



 

 

 

146 

 

 
Fig. 3.18: Magnetic flux density in the air gap at load (normal component) 

 
Fig. 3.19: Magnetic flux density in the air gap at load (tangential component) 

b) Joule Losses 

A current density of 3.5 𝐴 𝑚𝑚2⁄  was chosen for the simulation. So, the imposed 

current in the windings is calculated as follows: 

Let 𝑆𝑠𝑙𝑜𝑡 be the vertical cross section of a slot, ℎ𝑠 its height and 𝑤𝑠 its width. So we 

have: 

 

𝑆𝑠𝑙𝑜𝑡 = ℎ𝑠 ×𝑤𝑠 = 30 × 10 = 300 𝑚𝑚2 (3.6) 

 

Let 𝑆𝑐𝑢 be the total cross-sectional area of copper in a slot conductor. It follows: 
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𝑆𝑐𝑢 = 𝑘𝑓 × 𝑆𝑠𝑙𝑜𝑡 = 0.4 × 300 = 120 𝑚𝑚2 (3.7) 

 

The cross-sectional area of a conductor 𝑆𝑐𝑜𝑛𝑑 is then: 

 

𝑆𝑐𝑜𝑛𝑑 =
𝑆𝑐𝑢

𝑛𝑡𝑢𝑟𝑛𝑠/𝑐𝑜𝑖𝑙 × 𝑛𝑐𝑜𝑖𝑙𝑠/𝑠𝑙𝑜𝑡
=
120

9 × 2
= 6.67 𝑚𝑚2 (3.8) 

 

And thus the maximum current 𝐼𝑚𝑎𝑥 passing through a coil turn is: 

 

𝐼𝑟𝑚𝑠 = 𝐽𝑟𝑚𝑠 × 𝑆𝑐𝑜𝑛𝑑 = 3.5 × 6.67 = 23.34 𝐴 (3.9) 

 

Where: 

𝐽𝑟𝑚𝑠 is the RMS value of the current density in a slot 

𝑘𝑓 the fill factor of the coils 

𝑛𝑡𝑢𝑟𝑛𝑠/𝑐𝑜𝑖𝑙 the number of turns of a coil 

𝑛𝑐𝑜𝑖𝑙𝑠/𝑠𝑙𝑜𝑡 the number of coils occupying a slot 

 

The length of a coil 𝐿𝑐𝑜𝑖𝑙 is computed as follows: 

 

𝐿𝑐𝑜𝑖𝑙 = 𝑛𝑡𝑢𝑟𝑛𝑠/𝑐𝑜𝑖𝑙 × (2(𝑅𝑒 − 𝑅𝑖) + 2𝜋𝑘𝑤𝛼𝑠𝑅𝑖 + 𝛼𝑡(𝑅𝑒 + 𝑅𝑖)) = 2.27 𝑚 (3.10) 

 

𝛼𝑡 =
2𝜋

𝑁𝑠
− 𝛼𝑠 = 0.262 𝑟𝑎𝑑 (3.11) 

𝛼𝑠 = 2 sin
−1 (

𝑤𝑠
2𝑅𝑖

) = 0.0909 𝑟𝑎𝑑 (3.12) 

 

Where: 

𝑅𝑖 is the machine internal radius 

𝑅𝑒 the machine external radius 

𝑘𝑤  the winding factor (considered equal to 1) 

𝛼𝑠 the openning angle of the stator slots 

𝛼𝑡 the openning angle of the stator teeth 

𝑁𝑠 the number of slots 

 

The resistance 𝑅𝑠 of a phase winding is computed as follows: 

 

𝑅𝑠 = 𝑛𝑐𝑜𝑖𝑙𝑠/𝑝ℎ𝑎𝑠𝑒 × 𝜌𝑐𝑢
𝐿𝑐𝑜𝑖𝑙
𝑆𝑐𝑜𝑛𝑑

= 24.5 𝑚Ω (3.13) 
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Where: 

𝑛𝑐𝑜𝑖𝑙𝑠/𝑝ℎ𝑎𝑠𝑒 is the number of coils in series per phase 

𝜌𝑐𝑢 the resistivity of copper 

 

Finally the Joule losses are computed using the following formula: 

 

∆𝑃𝐽 = 𝑛𝑠𝑡𝑎𝑡𝑜𝑟𝑠 × 𝑛𝑝ℎ𝑎𝑠𝑒𝑠 × 𝑛𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑠/𝑝ℎ𝑎𝑠𝑒 × 𝑅𝑠𝐼𝑟𝑚𝑠
2 = 160.28 𝑊 (3.14) 

 

Where: 

𝑛𝑠𝑡𝑎𝑡𝑜𝑟𝑠 is the number of stators (2 in our case) 

𝑛𝑝ℎ𝑎𝑠𝑒𝑠 the number of phases (3 in our case) 

𝑛𝑤𝑖𝑛𝑑𝑖𝑛𝑔𝑠/𝑝ℎ𝑎𝑠𝑒 the number of windings in parallel for 1 phase (2 in our case) 

 

c) Iron Losses 

Iron losses are estimated either by modeling hysteresis and eddy current losses or by a 

posteriori calculation where hysteresis is not introduced in the B(H) curve. The first approach 

models hysteresis within the B (H) curve. It is a question of integrating the B(H) function into 

the direct resolution of the problem. Whereas, in the second approach, hysteresis is not taken 

into account in direct resolution as it does not fundamentally change the flux distribution in 

the device. For example, Preisach's model is essentially based on the representation of 

hysteresis phenomena by considering sheets at the microscopic scale. Another numerical 

model, the loss surface (LS) model, makes it possible to obtain losses locally from the 

derivative of magnetic flux density. This model developed by Cester [9], was improved by 

Chevalier [10] who separated the representation of 𝐻 (𝐵,
𝑑𝐵

𝑑𝑡
), into a static part and the a 

dynamic one [5]. 

In this method the estimation of magnetic losses is done a posteriori using a model of 

dynamic hysteresis. A material is characterized in this model by a surface 𝐻 (𝐵,
𝑑𝐵

𝑑𝑡
) (as shown 

in Fig. 3.20) determined experimentally using an Epstein type device for magnetic 

measurements in medium frequency. An analytical model then determines the magnetic field 

intensity H(t) from the magnetic flux density B(t), thus reconstructing the hysteresis cycle. 

B(H) curves like the ones shown in Fig. 3.21 are obtained allowing for precise computation 

of iron losses. 
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Fig. 3.20: An example of a 𝐻 (𝐵,
𝑑𝐵

𝑑𝑡
) surface [11] 

 
Fig. 3.21: Example of B(H) curve of M330-35A steel [11] 

Most analytical models for calculating iron losses are based on Bertotti's model and 

others on Steinmetz's model. Amara proposed in [12] a technique for estimating iron losses 

based on the coupling of analytical models with a reluctance network using Bertotti's 

empirical method [13]. 

Bertotti’s model decomposes iron losses into 3 parts: hysteresis losses, classical losses 

and excess losses, these being proportional to the frequency 𝑓, to 𝑓2 and to 𝑓
3

2 respectively. 

In a situation where magnetic potential, magnetic field and magnetic flux density are 

supposed to have a non-sinusoidal variation with time, iron losses are obtained using Bertotti’s 

model by the following expression: 
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𝑃𝑣 = 𝑘ℎ𝑓𝐵𝑚
2 +

𝜋𝜎𝑑2𝑓2

6
∫(

𝑑𝐵𝑚
𝑑𝜃𝑒

)
2

𝑑𝜃𝑒

 

2𝜋

+ √2𝜋𝑘𝑒𝑥𝑓
3
2 ∫ |

𝑑𝐵𝑚
𝑑𝜃𝑒

|

3
2
𝑑𝜃𝑒

 

2𝜋

 (3.15) 

 

Thus the average power dissipated in a volumetric region is: 

𝑃𝑚𝑒𝑎𝑛 = ∭ 𝑃𝑣𝑑𝑣

 

𝑟𝑒𝑔𝑖𝑜𝑛

 (3.16) 

 

In the case of a sinusoidal variation the expression becomes: 

∆𝑃𝐹 = 𝑘ℎ𝑓𝐵𝑚
2 + 𝑘𝑒𝑑(𝑓𝐵𝑚)

2 + 𝑘𝑒𝑥(𝑓𝐵𝑚)
3
2 (3.17) 

 

Where: 

𝑘ℎ is the hysterisis coefficient 

𝑘𝑒𝑑 the eddy current coefficient 

𝑘𝑒𝑥 the excess loss coefficient 

𝜎 is the material conductivity 

𝑑 is the thickness of the sheet 

𝑓 frequency of stator magnetic flux density 

𝐵𝑚 maximum value of magnetic flux density in the ferromagnetic part 

Hysteresis losses, transformed into heat, represent the power required for the 

alternative cyclic magnetization of iron. They are directly related to the irreversible evolution 

of the crystal structure of the material constituting the sheets. The organization of matter in 

Weiss domain is modified under the effect of variation in intensity and / or direction of the 

magnetic field. The losses generated are thus proportional to the air of the hysteresis cycle, to 

the number of magnetization cycles and are independent of sheet thickness. 

Eddy current losses are due to the creation of electromagnetic forces induced in iron, 

themselves due to alternative cyclic magnetization. These forces give rise to currents that form 

in the mass of iron in planes normal to the direction of flux. 

The calculation of excess losses makes it possible to correct the value given to dynamic 

losses, often attributed only to eddy current losses. 

Many authors have used analytical models for the prediction of electromagnetic losses 

[12][14][15][16] for radial flow machines with permanent magnets. For axial flux machines, 

finite element, analytical or semi-analytical methods are used for the prediction of iron losses. 

In [17], losses in the iron core and permanent magnets caused by spatial harmonics and time 

harmonics are analyzed with the 3D finite element method in an axial flux machine for 

flywheel application. The calculation of losses in axial flux machines with fractional slots is 

discussed in references [18] and [19]. In [18] an analytical method is used while in [19] a 

semi-analytical method is used for the calculation of eddy current losses in the rotor [19]. 

In this work, the estimation of iron losses was performed using an LS model already 

implemented in a commercial finite elements software. In this software, LS model is defined 

for different lamination nuances; these are: M270-35A, M330-35A, M330-65A, M400-50A, 
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M600-50A, M600-65A, M800-50A, M800-65A. Simulation was performed using a magneto-

transient formulation where both stator and rotor irons were assigned a M270-35A iron and 

the currents shown in section VIII were injected in the coils. This simulation was followed by 

a posteriori iron loss computation in the stator iron region and in the rotor iron region. The 

mean value of stator iron losses was found to be 690.56 W and that of rotor iron losses 6.6 W. 

 

d) Flux & EMF 

The fluxes and EMFs at no load for the three phases have a waveform that is close to 

a trapezoid with a maximum value of 157 mWb for the flux and 281.6 V (233.97 Vrms) for 

the EMF (the EMF is plotted for the nominal rotational speed of 2000 rpm). The phase flux 

and the EMF are shown in Fig. 3.22 and Fig. 3.23 below, respectively. 

 

 
Fig. 3.22: Flux per phase 

 
Fig. 3.23: EMF per phase 
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e) Electromagnetic torque & power 

The total torque is obtained by Maxwell stress tensor. The total torque is mainly due 

to the interaction between the permanent magnets’ field and the field due to the stator 

excitation. The total torque shown in Fig. 3.25 corresponds to the average torque for different 

rotor positions with the stator current always in phase with the stator EMF. As the permanent 

magnets are surface mounted, the machine has no saliency and the maximum torque is 

obtained for rotor and stator fields in quadrature. 

The electromagnetic power is calculated for a speed of 2000 RPM (Fig. 3.26). 

Therefore, it has the same waveform as the total torque. The electrical power delivered by the 

machine is equal to the electromagnetic power minus the losses (mechanical losses, iron 

losses, Joule losses, etc.). 

A 3D mageto-transient simulation was performed with currents shown in section VIII 

injected in the coils and in nonlinear permeability conditions in order to obtain the mean value 

of the torque and power of the machine. The obtained results show that torque fluctuates 

between a value of 151.02 N.m and a value of 154.15 N.m with a mean value of 152.32 N.m 

(Fig. 3.24), and thus has a torque ripple of 2.05% which is a low value of ripple for this kind 

of machine. 

 
Fig. 3.24: Instantaneous torque 
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Fig. 3.25: Torque characteristic for different rotor positions 

 
Fig. 3.26: Electromagnetic power 

f) Cogging torque 

Cogging torque is one of the major concerns in PM machines as it is a main source of 

torque and speed fluctuations. It is caused by the interaction between magnet flux and stator 

reluctance variations (due to slotting), or caused by airgap reluctance variation. Its average 

value must be zero and it’s computed with no stator excitation in the coils. In mathematical 

terms, it can be expressed by the following equation [20]: 

𝑇𝑐𝑜𝑔 = −
1

2
𝜙𝑔𝑎𝑝

𝑑ℜ

𝑑𝜃
 (3.18) 

 

Where: 

 𝜙𝑔𝑎𝑝 the magnetic flux crossing each airgap 
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 the stator reluctance. 

Thus, by reducing air gap flux or stator reluctance variation, cogging torque is reduced. 

Practically, it is not wise to reduce air gap flux as this will degrade the machine’s performance. 

On the other hand, reducing stator reluctance variation is a viable solution to reduce cogging 

torque. In general, reduction of cogging torque can be achieved by either harmonic current 

injection or by shaping or skewing the magnets, displacing magnets and rotors, optimizing the 

magnet pole-arc, or employing a fractional number of slots. 

The cogging torque for the designed machine is obtained by Maxwell stress tensor. 

The cogging torque (Fig. 3.27) was computed using an analytical model and is of a few N.m 

(maximum value of 1.41 N.m) as a result of the chosen slot-pole combination. It has a period 

of 3° (360°/LCM (10, 24)). 

 
Fig. 3.27: Cogging torque using the analytical model 

An attempt to compute the cogging torque using finite elements in linear BH curve 

conditions yielded the curve shown in Fig. 3.28. The computation was performed using second 

order mesh elements with a total of 1196034 nodes. As can be seen, the quality of the curve 

is not as high as that obtained with the analytical model (apart from the difference in 

magnitude). This is mostly caused by the tangential component of the magnetic flux density 

(Fig. 3.29). To overcome this, additional layers of mesh elements have to be added inside the 

air gap; but this increases the computation time and requires additional resources. 
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Fig. 3.28: Cogging torque using the finite element model 

 
Fig. 3.29: Tangential magnetic flux density in the middle of the air gap at 1.5° rotor position 

 

g) Attraction forces 

The axial attraction forces acting on a disk at no load is shown in Fig. 3.30. The mean 

value of the axial attraction force on one side of the rotor disk at no load is 17.26 kN, which 

corresponds to the equivalent of the weight of 1.76 tons. The casing holding a stator disc must 

be mechanically designed to withstand this force for the stator-rotor-stator structure. 
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Fig. 3.30: Attraction force at no load 

IV. End Winding Inductance 

Many methods were employed for the computation of end winding inductance and 

they were proposed for radial flux machines and linear machines. Most of the time, the end 

winding is fully encapsulated in air, and the end-coil shape is circular or semicircular. This 

can be seen in the analytical approximation used in [21], and the analytical approach in [22]. 

In [21], Laplace’s equation is solved for the magnetic vector potential in the end-winding 

region, then the magnetic flux density is calculated and the inductance is deduced from the 

flux linkage. 

[23] develops an equation for calculating the end winding inductance for concentrated 

modular winding configurations, supposing an oval shape for the coils. [24] proposes the use 

of the method of images for the calculation of the end-winding inductance. In [25], the authors 

model the end coil as a set of serially connected straight filaments taking the influence of the 

iron core into account using the method of images. 

 [26] compares the accuracy of two analytical methods (one of which is proposed by 

the authors) and two FE based methods for five different non-overlap winding PM wind 

generators. It is shown that ignoring the effect of the laminated core in the calculation of the 

end-winding inductance yields non valid results. Also the proposed method gave consistently 

good results compared with the 3-D FE analysis. 

Computation of end-winding inductance with a 2D FE model is proposed in [27], 

where some permeable machine structure components can be taken into account. To compute 

end-winding inductance accurately, 3D finite element analysis must be performed as shown 

in [28] and [29]. In [29], the end winding inductance is deduced from the stored magnetic 

energy calculated by a 3-D time-harmonic finite element analysis. A 3D FE model of the end-

winding region and a small part of the lamination stack is used in [30] to compute the end 

winding inductance. Some methods compute the end winding inductance by first computing 

the per-phase inductance using 3D finite elements, then subtract from it the per-phase 

inductance obtained by a 2D finite elements model. 
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The end winding inductance can also be calculated by first determining the total phase 

flux using 3D finite elements in nonlinear permeability conditions and then subtracting the 

flux in the air gap to obtain the leakage flux. Assuming that the contribution of the slots to the 

leakage flux can be neglected, we can obtain the end winding inductance by simply dividing 

the value of the leakage flux by the current crossing the end windings. 

 

V. PM Eddy Current Loss 

PM Eddy current losses were not considered in this work, but the different methods 

found in literature to compute them will be presented. The benchmark method used to 

compute eddy current losses is the magneto-transient finite element method, but it is time 

consuming, for example the full transient 3D FE model used in [31] took about 5 days to 

obtain the solution. It is worth mentioning that Eddy currents can cause demagnetization of 

magnets [31]. Segmentation of magnets can be employed to reduce the effects of eddy-

currents [32], but [33] argue that reducing eddy currents is not necessarily achieved by 

increasing the number of segments as can be seen in Fig. 3.31. Curve A is related to relatively 

small-frequency eddy-currents and curves B and B′ to high-frequency eddy currents. As eddy-

current frequency increases, the loss behavior changes from that of curve B to that of curve 

B′, meaning that the loss peak is reached for a finer magnet segmentation. Analytical and 

semi-analytical methods have been developed to compute these curves without going through 

time consuming transient 3D FEA as can be found in 

[16][31][34][35][36][37][38][39][40][41], where different simplifying assumptions are 

considered and eddy-current reaction field is taken into account. 

 
Fig. 3.31: Qualitative curves describing magnet loss variation as a function of magnet segmentation [33] 

In [31] the authors present an analytical solution of the eddy currents in the permanent 

magnets (PMs) in the Axial Flux Permanent Magnet Synchronous Machine (AFPMSM) 

coupling Maxwell’s equations solution for the flux density in the axial direction at the surface 

of PMs and electric circuit network, taking into account the effect of armature field and slots. 

The method is adapted from the method proposed in [42] for radial PM machines. PMs are 

modeled by a network of resistances and inductances. The inductances are added to describe 

the skin effect and the armature field effect on the total losses in the PM and can be removed 
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for low speed applications or when no armature reaction is considered. The authors divide the 

machine into several slices in the axial direction. Then the field solution is reconstructed and 

applied on a simple geometry of one PM in the 2D FE model. The authors compared their 

method with finite elements achieving sufficiently accurate results with more than 200 times 

reduction in computation time. 

In [14] and [43], the authors develop a power loss formula based on obtaining the 

current sheet distribution formula in the space. The magnetic vector potential is then deduced 

using Maxwell’s equations neglecting slotting and skin effect. 

[44] introduced simple mathematical formulations for eddy-current loss calculations 

due to time harmonics in the stator current neglecting slotting and skin effect as well as spatial 

distribution of this field on the surface of the PM. 

In [45] and [46], the flux density in PMs is computed using a Magnetic Equivalent 

Circuit (MEC). The eddy current losses were calculated in the post processing phase by 

assuming a certain resistance limited path for the current (assumed to be frequency 

independent) and neglecting skin effect. 

Simpler techniques were proposed in [47] to compute no load losses due to the slotting 

effect. The method uses carter coefficient and the permeance function developed in [48] to 

calculate the flux density on the surface of the PM assuming the resistance path to be constant. 

[39] proposes an analytical and FE model for radial flux machines which includes the 

effect of axial and circumferential magnet segmentation and the effect of the reaction field. 

It’s a quasi-3D analytical approach which assumes that the magnetic field inside magnets is 

purely oriented along one direction and does not vary along that direction; accordingly, the 

eddy currents are supposed to flow parallel to the plane perpendicular to that direction 

In [49] a purely numerical method is proposed that uses a radial 2D FEM solver and 

an axial 2D FEM solver to determine eddy current paths and losses in magnets. The method 

is 6 times faster compared with a transient 3D solver 

In [50] the authors propose a semi-analytical method which combines a reduced set of 

magnetostatic solutions for the flux density distribution with a new analytical formulation for 

eddy-current losses in the permanent magnets assuming purely resistive eddy current paths. 

The method employed in [51] is relatively the same with the difference that the field 

distribution obtained by magneto-static 3D FEA is processed through a finite-difference 

algorithm. 

[41] proposes an analytical method based on the generalized 3D image theory for 

accurate prediction of 3-D eddy current distributions and the corresponding loss in the rotor 

magnets of permanent magnet machines. The method assumes fictitious current densities 

outside the magnet domain assuring that eddy currents do not cross magnet faces anywhere, 

therefore not having to impose specific boundary conditions to the field solution. Validation 

of the method was done through a 3-D time-stepped transient finite-element analysis that 

showed a huge reduction in computation time, where the proposed method took about 10 s for 

computing 3-D eddy current loss in contrast to more than 24 h for the 3-D FEA. 

A 3D finite element magneto-transient simulation with the magnets assigned a 

resistivity of 1.5 × 10−6 Ω.𝑚 was then performed with the currents shown below injected in 

the coils, where 𝐼𝑎, 𝐼𝑏 and 𝐼𝑐 are the currents in the phases a,b and c respectively, 𝐼𝑚 ≈ 33𝐴 

is the maximum current, 𝜔 = 120000 °/𝑠 = 2094.4 𝑟𝑎𝑑/𝑠 is the electrical angular speed 
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and 𝜓 is the phase angle between EMF and current that yields the highest mean torque value. 

The meshing of a magnet for the computation of eddy current loss is given in Fig. 3.32. 

 

{

𝐼𝑎 = 𝐼𝑚 cos(𝜔𝑡 − 𝜓)

𝐼𝑏 = 𝐼𝑚 cos(𝜔𝑡 − 120° − 𝜓)

𝐼𝑐 = 𝐼𝑚 cos(𝜔𝑡 + 120° − 𝜓)
 (3.19) 

 

𝛿 =
1

√𝜎𝜇𝜋𝑓
 (3.20) 

 

 
(a) 

  

(b) (c) 

Fig. 3.32: Meshing of a magnet; (a) perspective, (b) top view, (c) bottom view 

The distribution of eddy current density in PMs is shown in Fig. 3.33. It can be noted 

that eddy currents flow in loops within the volume of the PMs (the current density has two 

components in the local reference frame of the PMs). The mean value of these eddy current 

losses is equal to 52.72 W. It is worth mentioning that the skin depth for the 3rd, 5th and 7th 
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harmonic are respectively 19.48, 15.1 and 12.76 mm which exceeds the thickness of 4.7 mm 

of the magnets. These values were calculated using the above equation taking 𝜎 = 0.667 ×

106 𝑆/𝑚 as conductivity of magnets and permeability 𝜇 that of air and the frequency 𝑓 =

𝑛𝑓1 = 𝑛 × 333.33 𝐻𝑧 where 𝑛 is the harmonic number and 𝑓1 is the fundamental electrical 

frequency. On the other hand, looking at Fig. 3.34 and Fig. 3.35, which show the eddy current 

paths at the inner and outer radius respectively, it can be seen that the eddy currents are tangent 

to the magnets at both radii. 

 
Fig. 3.33: Eddy current density in the magnets 

 

Fig. 3.34: Density of eddy currents in magnets at the inner radius 
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Fig. 3.35: Density of eddy currents in magnets at the outer radius 

The machine can deviate from its rated speed, either it will run at a speed below its 

rated speed thus reducing the electrical frquency at its output, either it will run at a speed 

exceeding its rated speed thus increasing the electrical frquency at its output. This implies a 

change in PM Eddy current loss as it is frequency dependent. In order to study the mpact of 

frequency change on the losses in magnets, several magneto-dynamic simulations were 

performed for different speed and thus for different frequencies and the mean value of PM 

Eddy current loss in magnets was recorded. The results are given in Tab. 3.2 and Fig. 3.36. 

As can be seen in the below figure, the PM Eddy current loss increases with the increase of 

frequency from 200 to 500 Hz. 

 

Tab. 3.2: PM Eddy current loss for different frequencies and speeds 

Rotation Speed (RPM) 1200 1500 2000 2500 3000 

Electrical Frequency (Hz) 200 250 333.33 416.67 500 

PM Eddy Current Loss (W) 22.45 33.45 52.72 84.16 111.99 
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Fig. 3.36: PM Eddy current loss variation as a function of frequency 

For the magnetic flux density, it can be seen by Fig. 3.37 and Fig. 3.38  bellow that the 

impact of eddy currents on both normal and tangential components inside the air gap is not 

high and the amplitudes do not vary much as compared with the case where the PM eddy 

currents are not taken into account (Fig. 3.18 and Fig. 3.19), this allows to compute the 

induced eddy currents in the magnets independently from the magnetic flux density inside the 

air gap. 

 
Fig. 3.37: Impact of PM eddy currents on air gap magnetic flux density (normal component) 
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Fig. 3.38: Impact of PM eddy currents on air gap magnetic flux density (tangential component) 

VI. Thermal Study of the Designed Machine 

The thermal study is conducted by setting the thermal conductivities to the values 

given in Tab. 3.3 and the thicknesses to the values given in Tab. 3.4. Ventilation is considered 

with a mean convective exchange coefficient between bearing support plates and outside air 

of ℎ𝑏𝑒𝑎𝑟𝑖𝑛𝑔
𝑎𝑖𝑟 = 50 𝑊/𝑚2. 𝐾. 

In this model, heat transfer by radiation is not considered. Also, eddy current losses in 

magnets as well as iron losses in the rotor magnetic circuit are neglected. Despite the fact that 

the flux axially passes through the rotor, we have maintained a magnetic circuit for the rotor 

for mechanical considerations. The geometry is considered ideal and the carter is considered 

smooth without fins. The thermal calculation presented in this section is carried out for a 

nominal operating point. Steady-state temperatures for permanent magnets (95°C) and copper 

(102°C) are below temperatures that can cause irreversible performance deterioration. 

 

Tab. 3.3: Thermal conductivities of the different regions 

Region 

 

Value 

(W/m.K) Stator sheets (axial direction) 

 

9 

Stator sheets (radial direction) 

 

42 

Insulation 0.2 

Coils (axial direction) 0.72 

Coils (radial direction) 195 

Air 0.0262 

Aluminum 237 

Magnets 9 

Fiberglass 1.2 

Bearing 38.9 
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Tab. 3.4: Thicknesses of different machine elements 

Element 

 

Value (mm) 

Insulation sheet (axial direction) 

 

1 

Fiberglass 

 

0.5 

Bearing 20 

Carter 10 

 

The temperature levels in different regions in steady state are given in Tab. 3.5. 

Fig. 3.39 represents the different regions where these temperature are calculated. 

 

 

 

Fig. 3.39: Thermal nodal network 

Tab. 3.5: Temperatures in the different regions 

Parameter 

 

Region Value (°C) 

T1 

 

Stator sheets 78 

T2 Stator teeth 99 

T3 Copper in slots 102 

T4 External end winding 86 

T5 Internal end winding 104 

T6 External air gap 83 

T7 Internal air gap 98 

T8 Magnets 95 

T9 Rotor sheets 95 

T10 Stator fixing plate 78 

T11 Stator bearing support 77 

T12 Stator side bearing 87 

T13 Carter 77 

T14 Shaft inside the machine 95 

T15 Shaft outside the machine 87 
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VII. Mechanical Study of the Designed Machine 

1. Deflection of the Rotor Disk 

The axial thickness of the rotor must fulfill two constraints: magnetic and mechanical. 

The first is the law of conservation of flux, and the second guarantees minimum deflection of 

the disks. 

When a machine with magnets in the rotor is assembled, care should be taken because 

of the attraction and repulsion forces between the stator and rotor disks. These forces can be 

estimated by: 

 

𝐹 = 𝛼𝑚𝑆𝑎𝑔𝐵𝑎𝑔
2 /2𝜇0 (3.21) 

 

Where 𝛼𝑚 is the polar arc coefficient, 𝑆𝑎𝑔 is the active air gap surface and 𝐵𝑎𝑔 is the 

mean magnetic flux density in the air gap. 

So, when mounting a stator angainst a rotor with magnets, the deflection Δ𝑒 

encountered by the rotor disks should be avoided. This deflection can be estimated by the 

equation proposed by Young in [52], which theoretically should not exceed 10% of the air 

gap length and imposes a minimal axial thickness on the rotor disks. 

In order to estimate the deflection of the rotor disk, a mechanical simulation using 

ANSYS Mechanical finite elements software is conducted. The simulation takes as input the 

axial attraction force at no load acting on each side of the rotor which is then distributed as 

pressure on the magnets of the corresponding side as to create a tensile stress on the rotor 

normal to each side. An aluminum hub is inserted in the internal diameter of the rotor to 

transmit torque to the shaft and also to increase the rigidity of the structure. The shaft is 

considered having a diameter of 32 mm and replaced by a fixed support boundary condition. 

All contacts are considered bonded and the structure is meshed with 5mm tetrahedral 

elements. Fig. 3.40 illustrates the rotor structure and its mesh. 

 
Fig. 3.40: The studied strucutre and its mesh 
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The mechanical properties of the different elements of the structure are listed in the 

following table: 

Tab. 3.6: Mechanical proporties used in the simulation 

Element Young modulus (MPa) Poisson’s ratio Density (kg/m3) 

Rotor yoke 200000 0.3 7600 

Magnets 150000 0.24 7600 

Hub 72000 0.32 2700 

 

The simulation was performed considering a decentering of 20% relative to the air gap 

length which is 1.2 mm, this yields an air gap of 1.44 mm on one side of the rotor and 0.96 

mm on the other side. The mean axial attraction force on each side is 17200 N for the 1.44 

mm side and 20557 N on the 0.96 mm side. This data was fed to the ANSYS simulation model 

and results can be visualized in Fig. 3.41. 

 

 
Fig. 3.41: Deflection of the rotor disk to axial attraction force 

2. Mechanical Loss 

Mechanical losses include losses resulting from all types of friction due to machine 

rotation. They appear in the form of heat or kinetic energy transferred to a fluid (air for 

example). These include mechanical losses caused by friction in bearings, aerodynamic losses 
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due to air friction at the air gap and ventilation losses necessary to allow air circulation for 

cooling the machine. 

Losses due to friction in bearings can be calculated by: 

 

𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =
3𝜔

100𝜋
𝑘𝑓𝑟(𝑀𝑟𝑜𝑡𝑜𝑟 +𝑀𝑠ℎ𝑎𝑓𝑡) (3.22) 

 

Where 𝑀𝑟𝑜𝑡𝑜𝑟 and 𝑀𝑠ℎ𝑎𝑓𝑡 are the rotor and shaft masses respectively and 𝑘𝑓𝑟 is a 

constant between 1 and 3 𝑚2/𝑠2. 

Aerodynamical losses are computed by: 

 

𝑃𝑎𝑒𝑟𝑜 =
1

2
𝐶𝑓𝜌(2𝜋𝜔)

3(𝑅𝑒
5 − 𝐷𝑠ℎ𝑎𝑓𝑡

5 ) (3.23) 

 

Where 𝜌,𝜔, 𝑅𝑒 and 𝐷𝑠ℎ𝑎𝑓𝑡 are respectively the specific coolant density (water in 

general), the rotation speed (in rad/s), the machine’s external radius and the shaft diameter. 

𝐶𝑓 is the coefficient of a turbulent flow, and can be calculated as follows: 

 

𝐶𝑓 =
3.87

√𝑅𝑒𝑦𝑛
 (3.24) 

 

𝑅𝑒𝑦𝑛 is the Reynolds number which is a function of the rotation speed (𝜇 is the fluid 

dynamic viscosity): 

 

𝑅𝑒𝑦𝑛 = 2𝜋𝜔𝜌
2𝑅𝑒

2/𝜇 (3.25) 

 

In order to compute mechanical losses, we first need to calculate 𝜔 = 2𝜋𝑁/60, with 

𝑁 the speed of the rotor in RPM, which yields 209.44 rad/s. Then we estimate the value of  

𝑘𝑓𝑟 to be 2 𝑚2/𝑠2 and the mass of the shaft to be 1 Kg. The mass of the rotor yoke and 

permanent magnets is calculated based on their volume and density which yields a total mass 

of the rotor of 8.82 Kg. If we suppose the machine to be air cooled then the dynamic viscosity 

is that of air and it is  𝜇 = 1.8 × 10−5 𝐾𝑔/𝑚. 𝑠 and its specific density is 𝜌 = 1.2 𝐾𝑔/𝑚3 at 

1 atm and 20°C. The diameter of the shaft is estimated at 32 mm. Plugging all these values in 

the above equations we obtain a value of 𝑃𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 39.29 𝑊 for the losses due to friction in 

bearings and a value of 𝑃𝑎𝑒𝑟𝑜 = 541.3 𝑊 for the aerodynamical losses. 
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VIII. Performance Summary 

Main indicators of the machine’s performance are summarized in Tab. 3.7. The 

efficiency is computed taking into account Joule, iron and mechanical losses: 

 

𝜂 =
𝑃𝑒𝑚

𝑃𝑒𝑚 + ∆𝑃𝐽 + ∆𝑃𝐹 + ∆𝑃𝑃𝑀 + ∆𝑃𝑀
× 100 (3.26) 

𝑃𝑒𝑚 = 𝑇𝑒𝑚 × 𝜔𝑚 (3.27) 

𝜔𝑚 =
2𝜋𝑁

60
 (3.28) 

 

Where: 

𝑃𝑒𝑚 mean electromagnetic power 

𝑇𝑒𝑚 mean electromagnetic torque 

𝑁 rotation speed of the rotor in RPM 

𝜔𝑚 rotational speed of the rotor in rad/s 

∆𝑃𝑃𝑀 Eddy current loss in PMs 

∆𝑃𝑀 total mechanical loss 

 

Tab. 3.7: Machine's performances 

Parameter Value Parameter Value 

Mean power   31.683 kW  Stator iron loss   690.56 W  

Mean torque and ripple 152.32 N.m±2.05% Rotor iron loss 6.6 W 

Rotation speed 2000 RPM PM Eddy current loss 52.72 W 

Efficiency 95.51% Friction loss (Bearings) 39.29 W 

Phase resistance  24.5mΩ Aerodynamical loss 541.3 W 

Stator phase cyclic inductance  0.56 mH  PM weight 3.82 kg  

Stator RMS phase current  23.34 A  Rotor iron weight   5 kg  

RMS phase EMF  233.97 V  Stator iron weight   27.61 kg  

Line to line voltage  405.25 V  Copper weight   5.41 kg 

Stator Joule loss  160.28 W  Active part weight  41.84 kg  
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IX. Conclusion 

In this chapter, the 3D aspect of flux in axial flux machines was first presented 

explaining the need for a 3D model to take into account the end effects and provide more 

accurate results, justifying the use of 3D finite elements in the sizing and performance 

assessment of the design  

The design of a 30 kW/2000RPM axial flux permanent magnet synchronous machine 

was then presented with the design steps explained and its performances evaluated in 

nonlinear permeability conditions using commercial finite elements software. The design 

shows good performance as it has an efficiency of 95% providing the required 230V output 

voltage. It also has good thermal behavior under load with temperature values not exceeding 

95°C for magnets and 102°C for windings. The designed generator is still under construction 

by ERNEO with a prototype expected in 2024. 

An analytical model was used in the first pre-sizing stages to test many possibilities 

before performing the finite elements analysis, which is well known for its accuracy while 

being costly in terms of computation time. 

The analytical model was used to conduct a parametric study in linear BH curve 

conditions to compute the torque, active mass and torque mass density for different internal 

and external radii in order to choose suitable radii for the machine. Also, the model was used 

to test different values for the design parameters to determine the best combination that 

satisfies the required specs. 

After fixing the design parameters, a 3D finite elements simulation in nonlinear 

permeability conditions was performed using a commercial FE software to compute the 

magnetic flux density at load and no load conditions, flux, EMF, electromagnetic torque, 

electromagnetic power, iron losses and PM Eddy current loss. 

As the study of the machines thermal behavior is important, it was also considered 

through simulation using a lumped parameter model to compute the temperatures in different 

regions of the machine where high temperature values can degrade machine performance. The 

most important regions are magnets and stator windings, as high temperatures in these regions 

can cause demagnetization of magnets and deterioration of winding insulation. 

Finally a mechanical study was performed using a mechanical FE software to assess 

rotor disk deflection due to axial attraction forces. This was done to guarantee that the air gap 

will remain at acceptable values thus avoiding machine destruction. 
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In this thesis, a review of axial flux machines was presented including a classification 

of axial flux machines based on the integration or not of magnets, covering machines like 

classical AFPM machines, flux-switching PM machines, Vernier PM machines, switched 

reluctance machines, induction machines and wound rotor machines with their corresponding 

advantages and drawbacks. Also, the review included a classification based on the number of 

stator and rotor disks (SSSR, DSSR, SSDR, and MSMR), recent advances in the design of 

these machines, the different materials used in their design (soft materials, hard materials, 

composite materials, insulating materials and ferromagnetic alloys) and the magnetic, thermal 

and mechanical problems that arise in these machines (skewing, lamination, end winding heat 

evacuation, insulation heat evacuation, demagnetization of magnets, mechanical loss, axial 

attraction force, centrifugal force and vibration). This allowed for a wise choice when 

designing the actual machine especially the choice of topology, the choice of magnets, the air 

gap and the winding topology. 

The methods used in the design of the machine were an analytical method for the pre-

sizing phase and a finite element method for the validation phase. Both methods were 

explained stating assumptions and solved equation for the analytical model, followed by the 

solution in the different regions of the machine for the magnetic vector potential, which was 

then used to determine the expressions of the normal and tangential components of the 

magnetic flux density followed by the expressions for the flux, the EMF and the 

electromagnetic torque. As analytical models are machine specific and has to be worked every 

time when the machine type changes, attention was turned to reluctance networks. Building 

on a previously available model at GREAH Laboratory, a generic mesh based generated 

reluctance network model was implemented in a MATLAB code were the possibility to 

consider iron non linearity and the excitation of coils were added. The method was tested on 

a double stator single rotor switched reluctance axial flux machine where error on torque and 

magnetic flux density as well as computation time were the key indicators of the method’s 

performance. Testing of the method was achieved by first dividing the machine into several 

slices and simulating the each model as a separate entity and then aggregating the obtained 

results. Then the slices were linked with reluctances in the radial direction and the whole 

quasi-3D network was simulated. Results were compared with 3D FEA and showed a 

reduction of up to 22 times in computation time with an acceptable accuracy. 

The lumped parameter thermal model used to study the thermal behavior of the 

machine was presented illustrating heat transfer mechanisms (conduction, convection and 

radiation) and the solved heat equation with the corresponding matrix system. 

The finite elements method with its different formulations was explained. First, 

Maxwell’s equations were presented, then the magnetic scalar and magnetic vector 

formulations used in magneto-static simulations were detailed. This was followed by the A-

V and T-𝜑 formulations used in magneto-dynamic simulation and their corresponding 

equations. 

The finite elements approach used to model mechanical systems was also exposed. 

Both strong and weak formulations were presented with their corresponding equations that 

are used to compute the displacement in a body undergoing mechanical stress. 

The machine design methodology was elaborated justifying the choice of the design 

parameters through a parametric study using the analytical model in linear BH curve 
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conditions and based on similar designs. After fixing the design parameters that satisfy the 

required specifications, machine performances were evaluated using a nonlinear simulation 

in 3D finite elements. These parameters being the electromagnetic torque and power, the 

EMF, the copper, iron and PM Eddy current losses and finally the machine efficiency. Also, 

the deflection of the rotor disk was assessed through a finite elements simulation using a 

commercial mechnical FE software. The adopted design was an axial flux permanent magnet 

synchronous machine having a mean torque of 150 N.m with a 2% ripple and a mean power 

of 30 kW. The machine is rated to spin at 2000 RPM and has an efficiency exceeding 95%. It 

also has good thermal behavior under load with temperature values not exceeding 95°C for 

magnets and 102°C for windings. 

A prototype of the designed machine is currently being manufactured by ERNEO and 

is expected to be available in 2024. This prototype will be an opportunity to conduct tests on 

the real thing and verify the accuracy of computations done using the analytical model as well 

as the finite elements model. This machine can be subjected to tests like open circuit test, short 

circuit test, phase resistance measurement, load test, mean power and losses measurements, 

efficiency and voltage regulation measure. Also the implemented reluctance network model 

can be tested on machines with permanent magnets to test its ability to model these kinds of 

machines and also to put the claim that it is “generic” to the test. Another important thing that 

can be done in this context is that the implemented model can be extended to generated 

directly the full 3D reluctance network model from a 3D mesh, this can be very useful for 

modelling the end winding region as the absence of this aspect can greatly impact results. 

 



 

 

 

 

 

  



 

 

 

 

Résumé 

Le travail accompli dans cette thèse traite la problématique de la conception des 

générateurs de petite puissance pour des applications éoliennes. Dans les premières phases de 

la conception, il a été nécessaire de développer des outils de pré-dimensionnement rapide de 

la machine tout en gardant une précision acceptable avant de vérifier les performances en 

utilisant une méthode plus précise comme les éléments finis. Ainsi, des outils de 

dimensionnement analytique et de constantes localisées ont été développés pour modéliser la 

machine magnétiquement et thermiquement. Pour la partie magnétique, une méthode 

analytique issu de la résolution formelle des équations de Maxwell été développée, ainsi qu’un 

modèle de réseau de reluctance maillé, et pour la partie thermique une modèle thermique 

nodal. Le modèle reluctant développé a été testé sur une machine à reluctance variable à flux 

axial dans le cas du linéaire et non linéaire pour une version multicouche et pour une version 

quasi-3D. Parmi les 2 modèles, analytique et reluctant, le modèle analytique a été choisi pour 

le pré-dimensionnement magnétique de la machine et une topologie à flux axial à rotor interne 

et 2 stators à aimants montées en surface a été choisi pour cette machine. Les performances 

thermiques ont été évaluées par le biais d’un modèle thermique nodal, et les performances 

magnétiques par un modèle éléments finis. Le comportement mécanique du disque rotorique 

était étudié à l’aide d’un modèle éléments finis mécanique. 

Mots clés : Flux axial, Machines à aimants permanents, Machines à reluctance 

variable, Eolien, Modélisation multi-physique, Eléments finis 3D, Simulation mécanique. 

 

Abstract 

The work done in this thesis deals with the design of small power generators for wind 

turbine applications. In the early stages of the design, it was necessary to develop tools for 

rapid machine pre-sizing while maintaining acceptable accuracy before verifying the 

performance using a more accurate method such as finite elements. Thus, analytical and 

lumped parameter sizing tools have been developed to model the machine magnetically and 

thermally. For the magnetic part, an analytical method based on the formal solution of 

Maxwell's equations was developed, as well as a model of a mesh based reluctance network, 

and for the thermal part a nodal thermal model. The reluctance network model was tested on 

an axial flux switched reluctance machine for both linear and nonlinear ferromagnetic material 

and for a multi-slice version and a quasi-3D version. Between the analytical model and the 

reluctance network model, the analytical model was chosen for the magnetic pre-sizing of the 

machine and a double stator single rotor axial flux topology with surface mounted permanent 

magnets was chosen. The thermal performance of the machine was evaluated using a nodal 

thermal model, and magnetic performance was evaluated by a finite element model. The 

mechanical behavior of the rotor disc was studied using a mechanical finite element model. 

Keywords: Axial flux, Permanent magnet machines, Switched reluctance machines, 

Wind turbine, Multi-physics modeling, 3D finite elements, Mechanical simulation. 


