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Abstract   
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Abstract– The introduction of compacted insulated iron powder in electrical machines design 

makes their manufacturing process easy together with high rates of production and the 

machine parts made from it are stable dimensionally compared to conventional laminated 

steel. The research work presented in this thesis was carried out with the main aim to improve 

the overall performance of a three-phase Axial Flux Machine (AFM) using Soft Magnetic 

Composite (SMC). To realise it, the machine was redesigned in a way to benefit from the 

unique properties of the material such as low eddy current loss at high frequency, isotropic 

magnetic properties and simple manufacturing process. 

Due to the three-dimensional (3D) nature of the SMC material and AFM structure, 3D Finite 

Element Analysis (FEA) was carried out for accurate prediction of performance and 

extensive simulation results were provided. Higher fill factor up to 70% was achieve by 

compacting the pre-formed coils on a bobbin before sliding onto the tooth for final assembly, 

which offered a significant improvement in performance. AC winding loss analysis was 

performed due to open-slot stator winding configuration and the higher frequency of 

operation resulting in skin-depths of the same order of size as the typical conductor 

diameters. A method of AC winding loss reduction was introduced using a single steel 

lamination sheet to shield the windings from stray fields due to the open-slot stator 

construction which encourage an elevated AC loss at AC operation. Moreover, this approach 

is easy to implement for this machine topology and does not require the use of more complex 

twisted and Litz type conductors. 

To validate the 3D FEA, a prototype machine was built which ultimately resulted in 6 

machines being tested without and with steel lamination sheet during this PhD. The measured 

result which includes the back EMF, full load voltage, torque, power and losses are 

thoroughly presented and agreed with the 3D FEA very well. Depending on lamination type, 

it is shown that the AC winding loss reduced by up to 48.0%, total loss reduced by up to 

31.7%, this method has disadvantages of minor reduction of up to 3.5%, 5.8% and 2.8% in 

the peak back EMF, torque and output power respectively. The efficiency has increased by up 

to 10.3%.  

The research studies signify the viability of designing and producing a highly efficient AFM 

with SMC and has the potential for mass production, this thesis makes significant   

contribution by implementing a simple novel method for AC winding loss reduction using 

steel lamination sheet to shield the stray flux due to open-slot stator winding construction. 
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1.  Introduction 

The present global challenges and growing pressure for innovative solution will demand 

electrical machines to take a leading role in the lives of everyone in developing countries, 

especially thousands of machines used in domestic applications. The main aim of this 

research work is to further knowledge in the development of highly efficient open-slot stator 

winding axial flux machine (AFM) with soft magnetic composite (SMC). This chapter 

outlines the background of the research and challenges associated with the open-slot stator 

winding configuration. It also presents the main objectives, procedures to achieve the design 

development and principal contributions developed in this research work together with the 

thesis outline. Details are also provided of the published work. 

1.1 Project Background 

Since the inception of electrical engineering, the efficient and cost-effective design of 

electrical machines has been a demand quality for machine designers. Consequently, 

electrical machines produced have better efficiency. A little enhancement in the machine 

efficiency can even reduce energy consumption and the cost of production. To develop a 

highly efficient machine requires correct understanding of the losses in the electrical 

machines. Therefore, designing more dependable, energy-saving and highly efficient 

electrical machines is an area of interest for machine designers.  

The main sources of losses in electrical machines are the stator winding copper loss and 

magnetic core iron losses. Regarding the former, concentrated windings pre-wound on a 

plastic bobbin and slid onto a single tooth, which offers a good usage of copper and can 

reduce copper losses in the magnetic circuit design. Magnetic core iron loss, on the other 

hand, is affected by excitation frequency and the speed of the machine. This causes eddy 

currents in the core which reduces the machine performance. The traditional way to reduce 

this effect is by the use of laminated steel. Steel lamination sheet has been used for electrical 

machine core construction for decades [1] and to reduce the effect of eddy current. It has a 

number of disadvantages; this includes significant iron losses at high speed, material waste in 

the process of traditional punching and introduction of mechanical strain. The latest method 

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5393231
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of making steel lamination sheet, such as Hot-roll, extrusion, flame and adhesive has the 

effect of increasing the cost and decreasing the mechanical strength of steel lamination sheet. 

Therefore, there is a need of looking at alternative materials in producing the machine core 

that offer lower losses than the conventional steel lamination sheet at high speed. 

A lot of research has been carried out which offers alternative to steel lamination sheets using 

SMC and the principle of loss reduction is similar to that of steel lamination sheet when the 

path of flux is reduced [2]. In the recent development of SMC powder each grain is insulated 

from all of the neighbouring grains which increase the resistivity and they can be compacted 

into finished shape. Moreover, this material has some drawbacks, including lower magnetic 

permeability and lower saturation flux density, when compared with steel laminated sheets 

[3], a company behind much of the development in SMC technology is Höganäs AB of 

Sweden [3]. A detailed discussion on SMC production and properties will be presented in 

Chapter 2. 

The AFM is well known for 3D structure, high torque and power density, high efficiency and 

short axial length [4]. The majority of applications require compact electrical machines 

design with high efficiency and one of the factors that affect efficiency of a machine at high 

speed is AC winding loss, enhanced skin and proximity effect. It can also be influenced by 

the size of the conductor and amplitude of the current flowing in a conductor [5]. Recently 

machine designers have a lot of interest in AFMs as reported in [6] due to their use in a wide 

variety of applications when high efficiency together with high torque density is required. 

Fundamental properties such as short axial length and compact design make its suitable for 

direct drive applications as stated in [7]. Increasing the operating speed of such machines can 

lead to a reduction in their size, weight and cost. The losses in electrical machines constrain 

the overall efficiency and the output characteristic of such machines has a significant effect 

on their selection. 

A single-sided open-slot AFM has been designed and developed in Newcastle University as a 

demonstrator. The stator of the prototype machine is built using SMC developed by Höganäs 

AB of Sweden. This machine however had a poor overall performance due to the open-slot 

stator winding configuration which influenced more AC winding loss in the machine as a 

result of field from the rotation of the permanent magnets on the rotor assembly.  

https://www.hoganas.com/globalassets/download-media/sharepoint/brochures-and-datasheets---all-documents/somaloy-5p_material-data_june_2018_2274hog.pdf
https://www.hoganas.com/globalassets/download-media/sharepoint/brochures-and-datasheets---all-documents/somaloy-5p_material-data_june_2018_2274hog.pdf
https://www.researchgate.net/profile/TA_Lipo/publication/228449891_Axial_flux_permanent_magnet_disc_machines_A_review/links/0fcfd5101846ea4ce1000000/Axial-flux-permanent-magnet-disc-machines-A-review.pdf
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7551122
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6352898
https://lutpub.lut.fi/handle/10024/31185
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1.2 Challenges of Open-Slot Stator Winding 

In open-slots stator, the teeth are straight to allow easy coil placement and replacement but 

resulting stray flux enters slot (and coil) as shown in Figure 1-1. The changing flux through 

the coil induces losses which at high frequency can be significant. However, the 

configuration encourages an elevated winding loss from the PM rotor. The eddy-current 

losses induced in the stator winding as a result of the time-changing field from the rotation of 

the PM rotor assembly are the dominant component of the winding loss at the AC operation 

[8]. This issue of excess AC winding loss in open-slot configuration needs to be address to 

reduce the losses and improve the overall performance by using different techniques of 

shielding the coils from stray fields, which are discussed in Chapter 5, 6, 7 and 8.  

 

 

Figure 1-1: Stray flux due to open-slot configuration. 

The slot opening distorts the waveform of the airgap flux density which causes increased 

additional AC winding loss at high speed and torque ripples and reduces efficiency of the 

machines. The employment of the slot magnetic wedges in the stator or rotor open-slots has 

proved an efficient technique when dealing with radial flux machines and an effective 

method to improve the induction motor performances was reported in [9]. Magnetically 

anisotropy wedge in the stator slots of radial flux machines especially a model rotating 

machine has proved to be a powerful technique in the reduction of the leakage flux and flux 

ripple in the airgap compared to isotropic wedge within a given anisotropy range [10]. 

Rotor core-back Stray flux Stator teeth Magnet Stator core-back  

https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7109881
https://ieeexplore.ieee.org/abstract/document/7754641
https://ieeexplore.ieee.org/abstract/document/106340
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The utilization of magnetic wedges is a good solution to improve the performances of an 

electrical machine with open stator slots [11] however it has a little influence on the core 

losses under no-load condition [12]. The relative permeability of slot wedges material plays a 

vital role in electrical machines performance improvement with low relative permeability 

materials improved performance with minor reduction in torque and no-load parameters as 

reported in [13].  

It is clear that the slot wedges have proved to be an efficient method used in high speed radial 

flux machines to improve the performances, but they cannot be done cheaply using a single 

steel lamination sheet for all slots as in axial flux machines.  

This work will focus on a cheaply technique of AC winding loss reduction in an AFM using a 

single steel lamination sheet, in a radial flux machine it is hard to imagine a single steel 

lamination sheet making all the slot wedges. This partially results from wanting to slip the 

coils onto the tooth. The AFM is design with SMC material together with high-energy 

magnets like Neodymium Iron Boron (NdFeB), which can be used to improve the overall 

performance of the machines. This combination has become a good replacement to radial flux 

machines when the pole number is high and axial length is short [7] [14]. Also, a reduction in 

the costs of production has made them suitable for low and medium-power motor and 

generator applications [15].  

The problem of open-slot stator winding construction in an AFM was responsible for the poor 

overall performance of the machine due to excess AC winding loss at high speed. Hence 

improving the machine’s performance by reducing the magnitude of AC winding loss is 

important. In this thesis, several methods were proposed, and it is shown that AC winding 

loss and total loss can all be significantly reduced with a significant effect on the overall 

performance of the machine and minor effect on the back EMF and overall torque output. 

1.3 Objectives of the Thesis 

The main objectives of this research work are to: 

1. Develop a highly efficient open-slot AFM using SMC material.  

2. To make the winding aspect of the design simple by being pre-wound on a former 

before sliding onto the stator tooth. 

https://ieeexplore.ieee.org/abstract/document/6231861
https://eprints.soton.ac.uk/344365/
https://ieeexplore.ieee.org/abstract/document/6924161
https://lutpub.lut.fi/handle/10024/31185
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1058105
https://digital-library.theiet.org/content/journals/10.1049/ip-epa_20031063
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3. To improve the overall performance and prevent an increase in slot temperature 

by introducing a new approach to AC winding loss reduction as a result of open-

slot stator winding construction using a single steel lamination sheet.   

4. To design, construct and test a prototype machine and validate the 3D FEA 

results. 

In order to achieve the design development and validate the 3D FEA, the thesis proposes the 

following steps: 

1. Carry out a literature and technology review on state of the art on AFM which 

includes the design and FEA modelling, loss and thermal analysis evaluation, 

materials and manufacturing, torque and extended speed and review the use of 

magnetic shielding in the stator slots.   

2. Carry out 3D FEA and verification on a baseline machine designed in Newcastle 

University, to see how the performance can be improved by using a design 

investigation on different parameters variation and assessing the AC winding loss 

due to open-slot configuration. Develop a method for AC winding loss reduction 

with the aid of a single steel lamination sheet to shield the coils from stray fields.  

3. Production and testing of a prototype machine to validate the 3D FEA, this 

construction uses a simple way of winding the coils on a former before sliding 

onto a tooth for fill factor improvement, easy replacement and full testing scale at 

different conductor size and operating conditions. 

4. Presenting the experimental test results of the prototype machine. 

Due to the 3D nature of the SMC and that of AFM, 3D FEA (Infolytica MagNet and JMAG) 

were used to analyse the machine. Verification of baseline machine was done with Infolytica 

MagNet software and one-quarter of the machine was used in the analysis to minimise 

simulation time, furthermore it is used in the design improvement of the machine and half of 

the machine was utilised in the simulation due to slot and pole number combination. AC 

winding loss was carried out using JMAG software due to complexity in the coil design and 

shorter computational time moreover one-twelfth of the machine was used to evaluate AC 

winding loss and reduction. 

The advantages of JMAG over others electromagnetic finite element software to electrical 

machine analysis have been proven time and again. Even though electrical machines are 
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considered mature products, they still face new demands for higher performance and these 

demands have increased competition among machine designer to get the most result from a 

design. It is faster, high productivity, accurate, open interface and has the capabilities of 

designing and evaluating complex phenomena such as AC loss in an individual stranded 

conductor in addition to basic characteristics such as induced voltage, torque and inductance. 

This PhD used different single steel lamination sheet to reduce the AC winding loss due to 

open-slot stator winding construction. It is shown that AC winding loss and total loss in the 

machine can all be significantly reduced with minor effect on the back EMF and overall 

torque output. Six machine variants were built and tested for AC winding loss reduction and 

one best machine was chosen that reduced the AC winding loss by 48.0%, total loss by 

31.7%, however this method has disadvantages of minor reduction of 3.5%, 5.8% and 2.8% 

in the peak back EMF, torque and output power respectively. The efficiency has increased by 

10.3%.  

1.4 Research Contributions to Knowledge Furtherance 

The principal contributions developed in this research work are as follows; 

1. AC winding loss analysis in which the effect of 3D nature of SMC and AFM were 

taken into consideration. 

2. A novel method to AC winding loss reduction in AFM was explored using different 

steel lamination sheet. This approach is easy to implement for this machine topology 

and does not require the use of more complex twisted and Litz type conductors. It is 

shown that this technique has reduced the AC winding loss by up to 48.0% and total 

loss by up to 31.7%, the efficiency increased by 10.3%. 

3. Constructing and testing of 6 prototype machines without and with different single 

steel lamination sheet to assess the effect of magnetic shielding. 

1.5 Outline of Thesis 

This thesis is structured as follows;  

Chapter 1 provides the Introduction and project background, challenges of open-slot stator 

winding construction, objective of the thesis together with procedures to achieve the design 
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development, research contribution to knowledge furtherance, thesis outline and work 

published from the research work. 

Chapter 2 presents the AFM history together with comparison between AFM and radial flux 

machine, SMC in electrical machines, typical applications area and the state of the art in 

AFM development which includes; AFM stator winding, design and FEA modelling, loss 

evaluation and thermal analysis, torque and extended speed, materials and manufacturing. It 

also presents SMC production and properties, review on the use of magnetic shielding in the 

stator slots and loss mechanisms in electrical machines. Topologies of AFM that includes; 

single-sided, double-sided and multi stage configuration. Finally, it reviews the features 

advantages and disadvantages of AFM. 

Chapter 3 gives the 3D FEA and verification of a baseline machine together with machine 

topology and overall performance simulation, which includes; meshing, cogging torque, axial 

force between stator disc and rotor disc, losses at full-load current, back EMF and harmonic 

analysis. Experimental validation of cogging torque and on-load torque of the machine 

together with the instrument used to conduct the tests measurement are also presented. 

Moreover, recommend techniques to improve the machine performance.  

Chapter 4 investigates the design improvement of AFM with 110 mm outer diameter, this 

comprises the design methodology and optimisation with respect to sensitivity of average 

torque on parameter variation such as airgap length, magnet length and span, slot width, inner 

and outer diameter and core-back of the stator and rotor using 3D FEA. The final topology 

and dimensions were chosen, and three-dimensional finite element analysis of the machine 

was conducted and overall performance simulation results of the back EMF, loss, output 

power and efficiency were presented.   

Chapter 5 provides an assessment of AC winding loss in the machine, eddy current loss in 

stranded conductor, effect of conductor diameter, conductor position within the slot, speed, 

and mesh size on AC loss calculation and alternative method of calculating AC loss; 

analytical expression for Rac/Rdc. Current density distribution within the conductors and AC 

to DC ratio factor. 

Chapter 6 explores a new technique for AC winding loss reduction, which relies on different 

single steel lamination sheet together with the principles of slot leakage inductance. It also 

provides the 3D finite element analysis together with comparison of losses, airgap flux 
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density, cogging torque and axial force and machine efficiency with different steel lamination 

sheet.  

Chapter 7 provides the academic investigation into the mechanism of loss reduction 

(shielding mechanism) by using idealised materials (high reluctance/zero conductivity and 

vice versa). These includes, material conductivity and thickness, flux linkage, back EMF and 

harmonic analysis, no-load and on-load total loss, cogging torque and axial force and on-load 

torque together with slot designs. 

Chapter 8 describes the mechanical design, prototype construction and assembly. Mega 

Ohm test and Surge test. Block diagram of the experimental tests setup is also presented.   

Chapter 9 presents the test rig and equipment set up for the experimental tests together with 

the results and evaluations of the experimental tests carried out on the optimised prototype 

machine with 1.4 mm and 3.2 mm conductor diameter. This includes winding resistance, 

back EMF measurements and harmonic analysis without and with steel lamination sheet, on-

load torque, output power and terminal voltage, total loss in the machine, AC winding loss 

with 3.2 mm conductor diameter, efficiency and coils temperature rise. 

Chapter 10 presents the conclusion of the research work and outlines further work that can 

be done to improve the performance of the machine. Finally, the thesis concludes with 

appendix and references. 

1.6 Published Work 

The following publications and conference proceedings have stemmed from this research 

work; 

1. Aliyu, N., Atkinson, G. and Stannard, N., “Concentrated winding permanent 

magnet axial flux motor with soft magnetic composite core for domestic 

application” 2017 IEEE 3
rd 

International Conference on Electro-Technology for 

National Development (NIGERCON) pp. 1156-1159. November 2017 IEEE.  

2. N. Aliyu, G. Atkinson, N. Stannard “Assessment of AC Copper Loss in Permanent 

Magnet Axial Flux Machine with Soft Magnetic Composite Core” PEMD 2018 

held at ACC Liverpool UK.  
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3. N. Aliyu, G. Atkinson, N. Ahmed, N. Stannard “AC Winding Loss Reduction in 

High Speed Axial Flux Permanent Magnet Machine using a Lamination Steel 

Sheet” International Electric Machines & Drives Conference (IEMDC 2019) held on 

May 12-15, 2019 at Westin San Diego, San Diego USA. 
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2.  Literature Review 

 

2.1 Introduction 

This chapter presents a literature and technology review of the research work done so far 

relating to this thesis. It has two main objectives: to ensure that the research work to be 

carried out is novel. Secondly to give a summary of the work done by other researchers in 

this field of study and see how to further knowledge in the course of this project. 

The research work in this thesis proposes to use soft magnetic composite in the design of 

single-sided open-slot AFM as a demonstrator. In order to realise a highly efficient machine, 

magnetic shielding is used to divert the stray flux reaching the windings, it is also important 

to look at other AFM topologies in the course of reviewing. The review has been approached 

in by separating it into a number of areas as follows: 

1. The history of axial flux machines to give a level of background. 

2. Comparison of axial flux machines with radial flux machines in terms of torque 

production together with a review on SMC in Electrical Machines and typical 

application areas of axial flux machines. 

3. A review of the progress achieved over the years in the design and analysis of AFM, 

attention would be given to the aspects of stator winding design, FEA modelling, 

evaluation of loss and thermal analysis, torque and extended speed, materials and 

manufacturing. 

4. A review on soft magnetic composite material that include the production process and 

properties, particularly the typical prototype SMC Somaloy. 

5. A review on magnetic shielding and loss mechanism, attention would be given to the 

used of magnetic slot wedges for overall machine performance improvement. 

6. A review on the AFM topologies these to include; single-sided consists of a single 

stator and a single rotor, double-sided consists of either two stator and a single rotor 

or two rotor and a single stator, multistage consists of multi rotor and multi stator.  

7. Finally, to review the advantages and disadvantages of axial flux machine features.   
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2.2 History of Axial Flux Machine 

Axial flux machines are highly compact structure together with high torque, power density 

and high efficiency which can be kept over a wide operating range. The issue of complex 

mechanical questions can now be eliminating by new techniques in the design and 

constructions. Typically, AFM’s with larger diameter and relatively shorter axial length can 

be used in many applications which are cost-effective in terms of active electromagnetic 

material for a given output power ranging for low speed to high speed, high torque to low 

torque applications, it can also be considered for applications in a wide power range.  

This section gives the brief history of axial flux machine design. The first electrical machine 

in Figure 2-1 built as a disc generator by Faraday in 1831 was based on axial flux idea [16]. It 

is called homopolar generator or disc dynamo and consists of an electrically conductive disc 

or cylinder rotating in a planer perpendicular to a uniform static magnetic field. A potential 

difference was created between the centre of the disc and the ends of the cylinder. The 

electrical polarity depends on the direction of rotation and field orientation. The output 

voltage is low, on the order of a few volts. 

 

Figure 2-1: Disc generator built by Faraday in 1831 [16]. 

Rotating disc 

Output terminal 
Generator base 

https://studylib.net/doc/18190444/design-of-electric-machines--axial-flux-machines
https://studylib.net/doc/18190444/design-of-electric-machines--axial-flux-machines
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A machine that used the axial flux concept was patented by Tesla in 1889, as shown in Figure 

2-2 [17]. The upper picture shows the frame holding the machine disc, whereas the two lower 

pictures shows the side view and cross-sectional view of the machine.  

 

Figure 2-2: Electromagnetic machine with a disc rotor built by Tesla [17] 

 

Output terminal 

Rotating disc 

Generator base 

https://books.google.co.uk/books?hl=en&lr=&id=jearIV8uVPoC&oi=fnd&pg=PR7&dq=J.+F.+Gieras,+R.-J.+Wang,+and+M.+J.+Kamper,+Axial+flux+permanent+magnet+brushless+machines:+Springer+Science+%26+Business+Media,+2008.&ots=RkEMkRKjSh&sig=5BpAYnmMVW1SWBMb1uVrsAH6DwA&redir_esc=y#v=onepage&q&f=false
https://books.google.co.uk/books?hl=en&lr=&id=jearIV8uVPoC&oi=fnd&pg=PR7&dq=J.+F.+Gieras,+R.-J.+Wang,+and+M.+J.+Kamper,+Axial+flux+permanent+magnet+brushless+machines:+Springer+Science+%26+Business+Media,+2008.&ots=RkEMkRKjSh&sig=5BpAYnmMVW1SWBMb1uVrsAH6DwA&redir_esc=y#v=onepage&q&f=false
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Torque in the machine is produce due to the angular displacement of the magnetised movable 

parts by the same currents with respect to one another. Instead of being the result in the 

difference in the magnetic poles or attractive parts to whatever due, however the best means 

to achieve these results was related to the armature and field laminations of the magnetic core 

for the significant magnetic attractions. AFM become dormant after the first radial flux 

machine was patented in 1937 [18].  

Some of the reasons for the displacement of axial flux machines by radial flux machines were 

the large force of attraction between the stator and rotor, high cost of production and 

balancing the stator disc and rotor disc together with manufacturing difficulties.  

Notwithstanding, of recent years interest in axial flux machines has grown due to the advent 

of rare earth permanent magnets and invention of new materials such as SMC and technology 

in manufacturing, hence, the rise for this machine in new applications. 

2.3 Comparison of AFM and RFM 

The magnetic flux path in an AFM is different from that of the radial flux machine (RFM). In 

RFM the flux travels radially from the rotor and the stator through the airgap which result in 

longer flux path and the flux must make a bend that must follow a two-dimensional (2D) 

path. But, in this machine the flux travels parallel to the axle of the machine and his type of 

rotor is often referred to as a pancake rotor and can be made much thinner and lighter than 

other types [19].  

The magnets are usually located further away from the central axis, which results in a larger 

lever on the central axis and for a double rotors configuration, its result in a large surface area 

in relation to the size of the machine. Figure 2-3 presented a typical representation of AFM 

and it shows the direction of rotation together with the force and flux density. The inner and 

outer radius was also shown in the diagram. 

https://patents.google.com/patent/US2078668A/en
http://hdl.handle.net/2440/60062
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Figure 2-3: Typical representation of AFM 

 

Figure 2-4 shows the axial flux machine in which the torque, T is given by equation (2.1), 

whereas Figure 2-5 shows the radial flux machine and torque, T is given by equation (2.2). 

       
 
         (2.1) 

       
           (2.2) 

where    is the outer diameter,   is the length,     and     are axial and radial constants 

based on the machine dimension. 

It can be seen from equation (2.1) that the torque of axial flux machine is proportional to the 

cube of outer diameter   , while it is proportional to the square of outer diameter    in the 

case of radial flux machine as in equation (2.2), which means that the larger the diameter the 

bigger the torque produce by the machine. The strong axial magnetic forces between the 

stator and rotor, positioning of the stator, rotor, winding and fabrication difficulties are some 

of the initial challenges of axial flux machine design as reported in [17]. 

https://books.google.co.uk/books?hl=en&lr=&id=jearIV8uVPoC&oi=fnd&pg=PR7&dq=J.+F.+Gieras,+R.-J.+Wang,+and+M.+J.+Kamper,+Axial+flux+permanent+magnet+brushless+machines:+Springer+Science+%26+Business+Media,+2008.&ots=RkEMkRKjSh&sig=5BpAYnmMVW1SWBMb1uVrsAH6DwA&redir_esc=y#v=onepage&q&f=false
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Figure 2-4: Axial Flux Machine 

In the electromagnetic perception, AFM has an inherently more efficient topology as 

compared to RFM. The flux path is shorter, from the first magnet through one core-back to 

the other magnet. About 50% of the RFM winding is not active, that is the part located 

outside the stator teeth which is called coil overhang or end winding and results to additional 

electrical resistance and more heat dissipation. This type of winding is called distributed and 

results in much worse power to weight ratio compared to AFM which have no coil overhang 

or end winding when concentrated windings are used where almost 100% of the winding is 

fully active. 

 

Figure 2-5: Radial Flux Machine 

In RFM, heat has to be conveyed through the stator to the outside of the machine. But steel is 

not a very good heat conductor however the coil overhang or end winding is very difficult to 

cool, because it has no direct contact with machine casing. 

Stator block 
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In AFM especially when aluminium casing was used, heat transfer is excellent because the 

core is directly in contact with the outside casing and aluminium is a very good conductor of 

heat. 

In [20] a comparison between an inside rotor RFM and three different AFM was reported. 

Their work was based on the sizing equations and the electromagnetic torque, it is found that 

the AFM has a better performance by a factor of up to 2.4 depending on the type of AFM, 

however they have not discussed two rotor AFM also known as TORUS NS type. Similarly, 

a details comparison of double-sided AFM was discussed in [21]. 

A comparison between the RFM and four (4) different type of AFM were provided in [22] 

and the analysis were carried out at five power levels ranging from 0.25 kW to 10 kW at 

rated speed ranging from 1000 rpm to 2000 rpm. The comparison consisted of volume, 

weight, power loss and inertia. It is found that AFMs have high power density and less 

weight, the slotted AFM require less material than the RFM, but more magnet than RFM. 

However, the copper loss is much higher in slotless AFM than that of the slotted RFM.  

From a simple thermal point of view, a comparison between AFM and RFM was reported in 

[23] and the machines were compared in terms of electromagnetic torque and torque density 

and several design for a range of aspect ratios were carried out and found that at large aspect 

ratio, the AFM showed a very high specific torque when compared to small aspect ratio. 

A detailed study on comparing RFM and AFM together with introduced mechanical 

constraints was presented in [24] and the analysis has been based on the electric and magnetic 

loading in the machines and their conclusion in terms of cost were that with 8 poles the 

design have similar cost, as the poles increased above 8 AFM has lower cost compared to 

RFM. 

Form the above comparison; it is clear that machine designers have demonstrated that at a 

high pole number together with free or constrained to large aspect ratio, AFM geometries 

should be earnestly considered. 

The three-dimensional nature of the fluxes in AFM makes their construction perhaps very 

difficult, complex and impractical to some extent with steel lamination sheet. However, the 

introduction of SMC as core material of electrical machine overcome the limitation of steel 

lamination sheet and the problem will be solved, because they are isotropic in nature and 

https://ieeexplore.ieee.org/abstract/document/5075331/
https://ieeexplore.ieee.org/abstract/document/955751
https://ieeexplore.ieee.org/abstract/document/952495
https://ieeexplore.ieee.org/abstract/document/1058105
https://ieeexplore.ieee.org/abstract/document/1531566
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have 3D flux path and low losses as compared to conventional steel lamination sheet at high 

frequency. But, they have a low permeability which requires more material and they can be 

compacted into finished shape which is very difficult to achieve using steel laminations sheet 

as stated in [25]. 

2.4 SMC in Electrical Machines 

SMC application in electrical machines is not new and there is research effort in the recent 

years focusing on using SMC due to advancement in the production and its unique properties 

such as low iron loss and isotropic magnetic properties [26]. Electrical machines with steel 

laminated sheet core are inherently limited to 2D magnetic flux paths.  

AFM fluxes are 3D in nature, designing them with steel lamination sheet is inefficient and 

complex, although earlier designs used lamination due to lack of other material technology 

availability. SMC provide the answer to steel lamination sheet limitation and have a 

reasonable iron loss compared to steel. 

The Electrical Power Group at Newcastle University has used SMC in the development of 

electrical machine using iron powder with refined coating technology from Höganäs AB of 

Sweden. At the beginning a simple machine was constructed and tested, it compared well 

with the identical steel laminated design. Furthermore, they extended it to more complex 

machine that were impossible to be designed using steel lamination sheet as reported in [2].  

Similarly, another student developed a modulated pole machine topology exploiting mutual 

flux paths with SMC for high torque and low speed electric bicycle application [27], this 

machine exhibits high cogging torque and back EMF harmonic which causes vibrations, 

however work has also been presented on minimising these effect to enhance the 

performance as reported in [28].  

Some of the research work done on utilising SMC in machine design includes; Transverse 

field machines with 3D SMC core structures for direct drive application in which high torque 

and low speed is required and is shown in Figure 2-6. The figure illustrates the magnetically 

relevant parts of the prototype machine with an SMC stator core. This machine consists of 6 

SMC stator and 3 circular coils which offers a potentially reduced manufacturing cost 

compared to the conventional steel laminated stator motors with distributed windings [29].  
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The analysis of the machine investigates the benefit of SMC in the design and making small 

motors with complex geometries and the performance of the machine was reported at 640 W 

and 1800 rpm. 

 

Figure 2-6: Magnetically relevant parts of TFM (a) rotor and (b) stator [29] 

Application for linear motion is shown in Figure 2-7 [30]. The authors investigated the 

influence of three different SMC materials on the performance of a tubular permanent magnet 

machine to compares the relative advantages of steel lamination sheet and SMC. The 

prototype machine is equipped with a modular stator winding and employs a quasi-Halbach 

magnetized moving-magnet armature.  

 

 

Figure 2-7: Schematic of 9/10 slot/pole tubular modular PM machine [30].  
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It has been shown that, despite its poorer space utilization, a machine whose stator is 

fabricated from steel laminations has the highest force capability, efficiency and power 

factor. A machine with a SMC stator, on the other hand, has potential advantages in terms of 

ease of manufacture and lower cost. [30]. 

SMC teeth in conventional flux machines were presented in [31] to evaluate the performance 

of the machine. The machine characteristics, such as iron loss was measured with the SMC as 

teeth in the machine and found to have a comparable iron loss and efficiency as low-grade 

magnetic steel lamination sheet such as M300-35A and M470-50A.  

SMC material was used in the design of a low speed wind generator AFM for high torque 

density applications as stated in [32]. The machine is double-sided with slotted, it was built 

and tested to demonstrate the advantages of reduced size, weight and cost in the production. 

It is found that the combination of SMC and AFM can lead to new machine design with 

improved performance if accurate design measures are taken into consideration. The 

prototype machine is shown in Figure 2-8. 

 

Figure 2-8: Complete assembled double-sided axial flux machine [32].  

A comparative study of 3D flux machines with SMC was presented in [33]. The machines are 

claw pole and transverse flux machine and equivalent electric circuit was used to determine 

the machine performance and found that the transverse flux machine uses PMs and copper as 

twice as the claw pole machine and produces more output power at a given rotor speed.  
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Brushless DC motors for mass advantage in manufacturing for use in automobile application 

using SMC was presented in [34] it also shows the benefit of having better core shape and 

winding together with high fill factor.  

A novel vertical machine using soft magnetic composites was presented in [35] as shown in 

Figure 2-9. This machine employs a very different structure when compared to conventional 

electrical machine.  

 

Figure 2-9: Typical vertical machine [35]    

The stator of the machine has poles that do not point at the shaft of the machine, but they are 

parallel to the shaft so that they can interact radially with rotor and magnets. It is found that 

varying the airgaps and using different SMC materials in the machine results to several 

improvements including efficiency.  

SMC material was used in the design of modular PM machines as presented in [36] 

furthermore PM Wind generator with SMC cores and performance evaluation was reported in 

[37] as shown in Figure 2-10. However, the effect of machining SMC was investigated and 

found that the iron particle regions are smeared on the machined surfaces. 

This smeared iron was removed to reduce the eddy current losses using an acid treatment. 

This process resulted in lower back EMF and the benefits of using acid treatment appear to 

outweigh the adverse effects introduced by the process. 
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Figure 2-10: Acid treated stator core fully assembled machine [37].  

A dynamic analysis of Reluctance switched motor using SMC was presented in [38]. The 2D 

model is as shown in Figure 2-11. It is a doubly salient and singly excited machine in which 

the stator accommodates the winding and the rotor is made of steel lamination sheets. 

Three different materials namely: M19 steel, SMC 500 and SMC 1000 were used in the static 

magnetic analysis through FEA and found that machine with SMC offers reduced torque 

ripple and total weight in the machine.   

 

Figure 2-11: CAD model of 6/4, 3-phase SRM [38].  
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The benefits of using SMC in the design of high speed permanent magnet motor was 

discussed and reported in [39] and the 2D model of the machine is shown in Figure 2-12.  

 

Figure 2-12: 2D view of high-speed PM machine [39].  

The machine has 15 stator slots and 4 pole magnets, and the analysis was carried out using 

edge element method. It is found that at high speed the efficiency of the machine is high and 

concluded that this SMC material can be an alternative in the design of high-speed machines 

working at frequency above 400 Hz. 

2.5 Typical Applications of AFM 

AFM appear in extensive variety of applications where its geometric features are proposing 

some significant advantages over the conventional radial flux machines. Other alluring 

features of these machines are lowered losses, high power and high torque density, simple 

construction and above all high efficiency. 

Typical area of applications of AFM includes: wind generator, elevator, mobile drill rigs, 

power generation, oil beam pumps and electric vehicle as reported in [40]. Application as 

direct motor in an electric bicycle with SMC has been describe in [41] [42], AFM machines 

are suitable for application in ship propulsion with two direct driven counter rotating 
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propellers to eliminate the use of gearbox in traditional system as stated in [43]. This system 

which permits opposite rotation of the rotors is used to recover the loss energy due to the 

rotational flow of the main propeller. 

Slotless AFM can be an appropriate direct drive machine to compute with the conventional 

induction machine in adjustable-speed pump applications as presented in [44] due to the light 

weight, high torque density and low cost manufacturing. It can also be use in applications 

where a very compact machine design is required as mention in [45] and compact wheel 

direct drive for electric vehicle as reported in [46].  

AFM can be a perfect candidate in a flywheel energy storage device to decrease fuel 

consumption in hybrid electric vehicle as design in [47]. It can also be used in an application 

which includes: high speed power generation driven by a gas turbine in a hybrid traction 

system [48], storage devices and computer peripherals [49]. The improvement in AFM 

fabrication technique and the introduction of compacted insulated iron powder makes them a 

better candidate in low cost domestic direct drive application [17]. 

From the above discussion it is clear and interesting that AFM can be utilise in almost all area 

of electrical machine applications with advantages of high torque density and high power 

density, light weight, compact design and direct drive application. 

2.6 State of the Art in AFM 

AFMs are being designed and built for many applications due to their attractive features such 

as compact design. They can be designed to have a higher power density which can result in 

less core material. Moreover, the airgaps in the machine can easily be adjusted due to the fact 

that they are having a surface without bends. The noise and vibration levels are less when 

compared to the conventional RFM. Also, the direction of the main airgap flux can be varied 

and many design topologies can be obtained. These benefits present the AFMs with certain 

advantages over conventional RFMs in various applications as mention in section 2.5 above.  

This section reviews the recent progress in the design and analysis of AFM, particular 

attention would be given to the aspects of stator winding design, design and FEA modelling, 

evaluation of loss and thermal analysis, materials and manufacturing, torque and extended 

speed. 
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2.6.1 AFM Stator Winding  

This sub-section discusses the stator winding design of AFM. Generally, the stator windings 

of any electrical machines can either be distributed or concentrated windings. In distributed 

windings coils span in more than one slot, while in concentrated windings coils are wound 

around a single tooth only. They can be wound around each tooth either single layer or 

double layer concentrated winding. Moreover, concentrated winding offer lower copper loss 

due to their shorter and compact end windings as reported in [50], simpler winding 

automation and greater magnetic and electrical isolation between phases, but generally has 

smaller winding factor and larger winding space harmonics when compared to distributed 

windings. The shorter end windings can result in shorter total length and lower manufacturing 

cost.  

Concentrated winding permanent magnet machines have attracted strong interest due to their 

low cogging torque and copper loss, the design, analysis and performance evaluation of such 

machines was examined in [51] and [52].  

The slotted stator AFM is well suited for concentrated windings as demonstrated in [52]. 

Notwithstanding, eddy current losses in the rotor core-back and surface mounted permanent 

magnet for concentrated winding designs can be very significant due to sub-harmonics from 

the slot winding [53], which can significantly reduce the efficiency. The stator windings of 

AFM can either be connected in parallel or in series.  

To avoid the circulating currents, the series connection is generally preferred. A parallel 

connection allows the machines to operate continuously even if one of the stator winding is 

disconnected [32]. In this thesis concentrated windings and series connection were used to 

achieve a high fill factor in the slot and lower copper losses. 

2.6.2 Design and FEA Modelling 

At the initial stage, analytical electromagnetic models are used in the design, in which quick 

results are required and for a detailed analysis a fraction of the machine is modelled and 

analysed using 3D FEA to reduce the simulation time.  

Recent development in compacted insulated iron powder and the use of concentrated winding 

has made AFM the subject of discussion among machine designers due to decreased core 

losses at high frequency and ease of fabrication for mass production.  
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In general, AFM design uses the sizing equation, which the standard approach as reported in 

[54] gives two types of sizing equations; the classical equation and the electromagnetic 

torque to the principal geometrical, electrical and magnetic parameters of an AFM. In [55] 

the classical equation for mechanical power was adapted for motor and apparent power [56] 

for generator.  

The standard form of the classical equation in terms of mechanical power is given by 

equation (2.3) below as reported in [6]: 

        
            (2.3) 

where    is the mechanical constant and is mostly expressed as shown in equation (2.4), 

which however takes into consideration the ability of utilising wound excitation. 

   
 

    

 

  

 

 
               

 

 
      

   

 
     (2.4) 

Equation (2.3) above is mostly utilised when dealing with power density of the machine and 

is obtained by either dividing it by the total volume of the machine in W/m
3
 or by using the 

total mass of the active parts of the machine in W/kg. 

The most general expression of electromagnetic torque equation which relates to the principal 

geometrical, electrical and magnetic parameters as mention in [6] is given as: 

    
 

 
                  

        (2.5) 

This equation (2.5) has been implemented in the design of electrical machines by different 

electrical research engineer across the globe for several years. To obtain the magnetic shear 

stress of a machine, equation (2.5) can be used together with the total active rotor surface 

similarly torque density in a machine can be derived by dividing the equation with the total 

weight of the active component of the machine. 

In [57] an analytical function by 3D FEA to account for the curvature effect was derived, in 

which the model used 2D analytical solution of the magnetic field and later expanded it to 3D 

problem based on effective radial dependence modelling of the magnetic field. The projected 

analytical computation of magnetic field was found to agree with the experimental measured 
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values in the case of a prototype machine with rated power of 22 W moreover the cogging 

torque of the axial flux machine has been studied.  

Similarly, an analytical technique for calculating the magnetic field distribution of a single-

sided, axial flux PM synchronous generator without armature core has been presented in [58]. 

The analysis used a Fourier series method to solve the Laplace’s equation in terms of scalar 

magnetic potential and the model proved to be efficient computationally, which determined 

the airgap and magnet field components accurately. FEA was used to confirm the validity of 

the technique as well as experimental results. This technique can be used in optimal design 

procedure for the given type of axial flux generator. 

An analytical algorithm model to calculate the magnetic field in the airgap of a surface 

mounted slotted AFM using quasi-3D was presented in [59] which results in shorter the 

computation time compared to FEA models. The model offers a sufficiently accurate result 

and to improve the correctness of the model, they proposed a thermal lumped-parameter 

model.  

A proposed 3D analytical model that can take both curvature and edge effect into account 

was given in [60]. Since the AFM airgap magnetic field density depends on the radial 

coordinate a corrector factor can be utilise to account for the flux density near the inner and 

outer radii of the machine. This simple factor of correction improved the formulas accuracy 

of the output properties derived based on 2D. 

2.6.3 Evaluation of Loss and Thermal Analysis 

This sub-section presents the literature review on the evaluation of loss and thermal analysis 

carried out on AFM. Losses and temperature have played a vital role on efficiency of a 

machine hence there is a need to look at the previous research work on these problems. One 

of the main issues machine designers faced in designing electrical machines is induced eddy 

current which has a major impact on the overall performance of a machine.  

This problem sometimes often identifies as an open-slot stator winding configuration which 

supports winding loss elevation from the permanent magnet rotor assembly, as well as the 

skin effect if a single current-carrying conductor or proximity effect if many current-carrying 

conductors.  
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In a multi-layer conductor, the skin effect is the tendency of a high frequency alternating 

current to flow through only the outer layer of a conductor such that the current density near 

the conductor surface is largest and decreases with greater depths in the conductor. But when 

the current density of a conductor is caused by the nearby current-carrying conductor the 

effect is proximity. Both effects result in a non-uniform current density distribution in a 

conductor.  

An analytical computation of the eddy currents for a define number of stranded conductors in 

a slot together with strands phase relation was reported in [61]. It is found that the main 

causes of eddy current loss are the magnetic flux entering the slot next to the airgap and 

proposed that this loss can be reduced by magnetic wedges in the slot.  

A method for obtaining the eddy current loss (proximity effect) in round conductor using 

squared field derivative was presented in [62]. This method can be used for both 2D and 3D 

field effects in multi-layer windings to calculate the total AC winding loss in a machine. The 

experimental results show that the method is very correct for round conductors.  

Analytical techniques are mainly limited to obtaining the effect on a leakage flux. Besides it 

an additional eddy current loss can be produced by the main flux entering the slot from the 

airgap as stated in [61]. 

The invented of computers leads to introduction of different type of numerical techniques of 

eddy current calculation due to skin and proximity effects. In [63] a method of determining 

the skin effect in single and multiple conductors was reported. It used the current density 

distribution within the conductor to calculate the losses and other electrical parameters.  

A technique for computing induced eddy current losses in the stator of round rotor generator 

based on the airgap flux density waveform was presented in [64]. The experimental results 

verify that this technique has proved to be a cost-effective design tool. 

In [65] a common formulation to accommodate the issue of eddy current diffusion using 2D 

FEA was presented. The method used three bus bars conductors and is based on conventional 

circuit analysis which takes into consideration the external circuit connections between 

conductors.  
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A cost-effective frequency-domain and time-domain homogenisation methods to examine the 

skin and proximity effects on multilayer conductors using 2D FEA was utilised in [66]. The 

authors considered several conductors shape in the analysis and found that in applications it 

has shown a clear advantage of using homogenisation techniques.  

Temperature rise in the stator and rotor of an electrical machine with non-sinusoidal voltage 

was studied using a time step method to compute the current harmonics in [67]. The losses in 

the machine are incorporate into heat transfer equation to determine the temperature 

distribution. From the experimental results, it is found that the temperature was 5% higher 

due to harmonic current from the supply.  

The electromagnetic and thermal design of a 28 poles single-sided machine utilising SMC 

stator core was performed using 3D FEA together with electromagnetic thermal and fluid-

dynamical which offers an approach to magneto thermal analysis and experimental tests 

prove that the rotor is much hotter than expected as presented in [68]. It is found that the 3.5A 

rated current was compatible with that of the class of insulation used.  

The loss distribution in a 24 slot and 20 pole single layer single-sided axial flux machine was 

investigated in [69] and found that difficulties encounter was addressed with machine fitted 

with non-overlapped windings. A lumped parameter model for thermal modelling of AFM 

was proposed in [70], this model takes account of both conduction and convention heat 

transfer and results in potential for simple flow pattern.  

A comparison between experimental and computational fluid dynamic results in air-cooled 

AFM was performed using 3D models in [71], in which the research work focus on the stator 

convective heat transfer and found that losses in stator is lower than losses in rotor.   

Form the above literatures; it is clear that the issue of eddy current loss in machines is 

extremely paramount. In open-slot AFM there is a need for reducing these effects in other to 

improve its performance. 

2.6.4 Torque and Speed 

Cogging torque and torque ripple are the main components of pulsating torque in electrical 

machine and to improve the performance of a machine there is a need to maintain a certain 

level of these two elements. 
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A method for multistage AFM for cogging torque reduction with careful selection of magnet 

pole arcs was proposed in [72]. The results show that this technique can effectively 

minimises the cogging torque without losing much on the peak torque and pulsation torque 

component. Double-sided machines with 6 poles were analysed based on pulsating torque in 

[73] in which magnet skewing, pie shaped winding, magnet pole arc ratio and non-slotted 

machine have great effect on pulsation torque component reduction.  

Several methods for minimising cogging torque have been investigated and reviewed in [74] 

which show that the effect of skewing, open-slot, slot and pole combination, magnet pole arc 

to pole pitch ratio and utilizing the double-sided configuration are very effective tools for 

reducing the cogging torque in axial flux machine. But it is disadvantageous as the back EMF 

becomes more sinusoidal in waveform which may result in additional torque ripple in 

brushless DC machines.  

Axial flux permanent magnet machine with 8 poles was investigated for cogging torque 

reduction in [75], in which the impact of magnet shape, stator side displacement to minimise 

cogging torque were investigated. The results show that magnet shape modification reduced 

cogging torque by 60% of the original value and finally the data from the analysis were used 

to produce a 5 kW machine.  

In [76] 16 poles AFM starter/generators was presented to achieve wide constant power speed 

range using technique for flux linkage regulation by displacing the rotors of the machine 

using a constant voltage and current sources and the results show that the devices have no 

effect on the torque density and overload capacity of the machine.  

Furthermore, in [77] the method of stator shifting was explored using a mechanically flux 

weakening device and much higher constant power speed range was achieved, this method 

allows a simplification of the circuitry downstream from the alternator. The only side effect 

of this method was shift in the stator by electrical actuator used. That is to say mechanical 

complexity verses electrical complexity. 

2.6.5 Materials and Manufacturing 

The material commonly used in the design and construction of axial flux machine are the 

steel lamination sheet and SMC. The former is limited to 2D flux path, while the later has 

advantages of 3D flux path which take into account the nature of AFM.  
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The design and construction of a 12 poles AFM with SMC teeth was reported in [25] and 

resolved the difficulties related to punching in steel lamination sheet and windings in the 

stator. However, it fixes the issues of stability in mechanical design and offers a high fill 

factor which increased the overall performance of the machine. The combination of SMC and 

steel lamination sheet can be applied to other types of machine due to the severe lacking 

magnetisation given by machines build with SMC only.  

A cost effective AFM with SMC/steel lamination sheet core and 14 poles was presented in 

[78], higher efficiency was obtained in the machine and smear of iron particles was removed 

on the SMC surface by the means of a chemical process using phosphoric acid solution. A 

yokeless and segmented armature topology motor with SMC and has 10 poles was designed 

in [79] and found that the machines have higher torque density of 20% compared with other 

motors and the iron loss in the stator decreased by 50% and peak efficiency of 96% .  

The adoption of SMC wedges to obtain semi-closed and closed slots was investigated in [6], 

however, an AFM with 10 poles for direct drive application was design and constructed in 

[80] in which segmented armature torus topology was used and an efficient approximation 

method was introduced to overcome complexity in the analytical model.  

In [81] an efficient improvement technique of AFM for generator applications with 

concentrated pole windings was examined, in which mass can be decreased with only a small 

reduction in efficiency. Similarly, the design of a small wind energy generator and 

performance comparison of the proposed structure with a trapezoidal teeth structure was 

carried out in [82]. A method of core losses was presented and found that copper losses were 

most influential and the results shows that the efficiency of the machine was 80%. 

A closed-form expression for axial force and optimal torque path of single-sided axial flux 

machine was derived in [83] together with voltage and current limitation moreover from the 

analysis field-oriented control can be achieved using operation guidance.  

The design of a single-sided AFM with non-overlap concentrated windings for in-wheel 

traction hub motor drive was optimise using 3D FEA in [84] which results in volume and 

mass reduction by 35%, is thus a good candidates for in-wheel traction application and has 

the torque ripple reduction of value 3.3% peak to peak. In addition, the winding issue like 

length and end of winding were investigated in [85] which lead to better torque performance 

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1531368
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4025562
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4270726
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6352898
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4592268
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5557819
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5994833
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1233371
http://staff.ee.sun.ac.za/rwang/papers/HKierstead2.pdf
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4629361
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in non-overlap concentrated windings as compared to the normal overlap windings, less 

copper mass of almost 15% and less harmonics in the induced voltage waveform.  

A new AFM configuration which combines PM and wound coil excitation that can be used 

for small scale engine driven generator was presented in [86], in which lumped-parameter 

magnetic equivalent circuit model was used in the machine design. Furthermore, an analytical 

expression to calculate the structural mass of AFM from both FEA model and data from 

already existing low speed AFM was derived in [87]. The results show that 60% of the 

machine total mass was inactive at small scale and 90% at megawatts rating and proposed a 

multistage design to reduce the mass.  

2.7 Soft Magnetic Composite 

Steel lamination sheet was early used in the manufacturing of AFM to offer flux linkage to 

the winding of the machine as stated in [88] however the development of SMC and the 3D 

design techniques overcome the limitations when using steel lamination sheet. Many 

impossible and complex shape that cannot be make using lamination punching can now be 

made using SMC which makes AFM design more efficient, reliable and cost effective.  

Internationally, the name Soft Magnetic Composites (SMC) was accepted for pressed and 

heat-treated metal powder components with 3D magnetic properties. Somaloy is a Höganäs 

trade name for SMC powders with unique 3D flux properties. They materials are developed 

for constructing electrical machine component to provide high performance and low losses. 

They can be used for a cost-effective and efficient volume production. In general, Somaloy 

can be utilised to provide a compact design with reduction in size and weight that requires 

less need of machining and low scrap volume.  

SMC materials are produced from high purity and compressible iron powders, in which the 

bonded particles are coated with an organic material, producing high electrical resistivity. 

The coated powder is then pressed into a die to form a solid magnetic core and finally heat-

treated to anneal and cure the bond [89]. Figure 2-13 shows a schematic diagram of the 

component elements of a powder core [90]. 

https://digital-library.theiet.org/content/journals/10.1049/ip-epa_20030847
https://digital-library.theiet.org/content/journals/10.1049/ip-epa_20050227
https://ieeexplore.ieee.org/abstract/document/6810949
https://search.proquest.com/openview/347c8f30057805c0ee14a4a840012508/1?cbl=596295&pq-origsite=gscholar
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Figure 2-13: Schematic diagram of the component elements of a powder core [90] 

 

A typical iron powder particle has a size of 100    and coating thickness of less than 1   . 

The mechanical and electrical properties of SMC are based on the mixture of powder used. 

Each final component product is based on the mixture for specific requirement needed.  

The magnetic properties of each product are attained based on the type of wax containing. 

Typically, Kenolube is used. On the other hand, the mechanical strength is achieved using a 

polymer binder.  

Typically, properties of SMC as stated in [90] are given as: 

1. Somaloy 500+0.5% Kenolube 800 MPa at 500ºC have saturation magnetic flux 

density of 1.45 T at 5000 A/m and 500Hz. 

2. Solid stacking factor. 

3. Unsaturated relative permeability of 500. 

4. Electric resistivity of 10,000 µΩcm. 

5. 7 W/kg specific core losses at 50 Hz and 1 T.  

6. 3D magnetic flux paths. 

https://search.proquest.com/openview/347c8f30057805c0ee14a4a840012508/1?cbl=596295&pq-origsite=gscholar
https://search.proquest.com/openview/347c8f30057805c0ee14a4a840012508/1?cbl=596295&pq-origsite=gscholar
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A completed typical data for Somaloy prototyping base material is presented in Appendix C, 

which included the standard mechanical properties up to 150
o
C, standard physical and 

magnetic properties, available blanks size and magnetizing curve for data adjusted for use in 

Finite Element modeling which is also represented by the B-H curve, the B is the density of 

the flux and H is the magnetic field strength applied. In this case only the positive side of the 

B-H curve is used.  

The data sheet also provides the core loss of different value of B from 0.5 T to 1.5 T at 

interval of 0.5 T from 50 Hz up to 2000 Hz based on the measurement according to CEI/IEC 

60404-6:2003 on ring sample. Furthermore, it presented the loss model, which is verified up 

to 1.5 T and 5000 Hz. This model included the hysteresis loss coefficient, in particle eddy 

current coefficient, smallest cross section of the component in mm, frequency in Hz, 

Magnetic field strength in Tesla, density and resistivity.  

Recently for cost-effective and high-volume manufacturing, Somaloy is well cut by the use of 

Powder Metallurgy (PM) method. This technique has the advantage of producing a complex 

net-shape component from and almost waste-less metal powder that reduce the need for 

future operation. Moreover, to practically attain a best density and efficient rate of production 

these components made of Somaloy are formed into net-shape at large compaction pressures 

using a special toolset before heat treatment to improve the performance especially the 

magnetic property. 

The final stage in the process is assembling the individual components for application in 

magnetic circuit which results in easy manufacturing, assembly and cost-effective when 

compared to other adjacent components in the same area application. Figure 2-14 presented 

the three steps used in the compaction process as reported in [91]. 

The main merits of Somaloy and the SMC technology is in the design of complex machine 

shape and for high volume production that is complete manufacturing process which come 

face to face with future demands on efficiency, cost, performance and recyclability. This 

technology has the potential to unlock a global possibility due to their unique properties 

offering new solution for electromagnetic applications. 

http://theses.ncl.ac.uk/jspui/handle/10443/3684
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Figure 2-14: The three steps involved in compacting the powder [91] 

To obtain a better finished product without losing much of its properties, is to machine the 

component from the prototype fabricated blank using a traditional machining technique 

which includes turning, drilling and milling. However, non-conventional machining method 

such as Electro Discharge Machining (EDM) should be steer clear of due to decaying in the 

material. Moreover, to be successful with SMC in designing electrical machine components 

the following five steps need to be taken: 

1. The first step involves machining for the design for manufacturing and prototype 

material.  

2. Initial testing of the prototype produced. 

3. Evaluating the design component and performance of the material by carry out 

measurements. 

4. Using the available data from the previous evaluation to simulate the final properties 

of the compacted component.  

5. Finally, confirmation and production of compacted component. 

http://theses.ncl.ac.uk/jspui/handle/10443/3684
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These composite materials have several advantages over traditional steel laminated sheet 

cores in most applications, which the unique features are 3D isotropic ferromagnetic 

behavior, very low eddy current loss and high electrical resistivity due to insulation between 

the individual iron particles, relatively low total core loss at medium and high frequencies, 

possibilities for improved thermal characteristics, flexible machine design and assembly and 

a prospect for greatly reduced weight, environmentally friendly manufacturing and 

production costs as reported in [92].  

A comparison of magnetization curves of a steel laminated material and an SMC is given in 

Figure 2-15 [93]. It consist both the linear and saturation characteristic region and from the 

graph it can be seen that, the permeability of the SMC is much lower compared to that of 

steel lamination sheet. The porous microstructure of SMC and the resulting lower density of 

ferromagnetic element iron are some of the reason for lower permeability of SMC.  

 

 

Figure 2-15: Magnetization curves of SMC and lamination steel [93].  

Linear region 

Linear region 

Saturation region 

Saturation region 
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2.8 Magnetic Shielding  

It is well known that the slots of an electrical machine create disruption in the airgap 

magnetic field which at high speed generate more losses and reduce the overall performance. 

The used of magnetic wedges in the stator slots seems to effectively address these unwanted 

consequences. AFM are really important in almost applications and to make them cheaply 

they have open-slots. One of the drawbacks of open-slots stator winding configuration is 

elevation of losses in the machine especially at AC operation.  

The techniques of using slot wedges have proved to be an efficient approach to reduce losses 

in high speed radial flux machines and to improve the performances, but they cannot be done 

cheaply using a single steel lamination sheet for all slots as in axial flux machines.  

The quality of magnetic shielding is seriously affected by the properties of the material used 

which include permeability, conductivity and frequency. Research shows that the shielding 

effects of steel can be greatly changed by those properties together with the material 

dimension if it is implemented in an AC field.  

As stated in [94] magnetic shielding is when a material with huge relative permeability such 

as silicon steel achieves shielding by diverting the stray magnetic flux reaching the machine 

coils. However a high electrical conductivity material such as copper will performs shielding 

by providing a medium for eddy currents, whose fields oppose the applied magnetic field as 

reported in [94], this is called electromagnetic shielding, although the shielding is important 

for the normal operation of electrical machines and to avoid the local heating. In this thesis 

only the magnetic shielding is considered as it is impractical to implement the 

electromagnetic shielding using copper.  

In [95] the effects of stator slots wedges of different magnetic material on the behavior of an 

induction machine was studied. The analysis was carried out using 2D FEA to investigate the 

influence on the machine performance. It is found that the value of magnetic permeability of 

the material used as a slot wedges play a vital role on the performance of the machine which 

lead to increase in the starting torque and decrease in the starting current.  

Similarly, a dynamic harmonics field analysis of a cage type induction motor when magnetic 

slot wedges are applied was investigated in [96] and found that stator slot ripple components 

of the flux density distribution in the airgap reduced successfully using slot wedge. 

https://www.witpress.com/elibrary/wit-transactions-on-engineering-sciences/31/3339
https://www.witpress.com/elibrary/wit-transactions-on-engineering-sciences/31/3339
https://ieeexplore.ieee.org/abstract/document/4799843/
https://ieeexplore.ieee.org/abstract/document/638870
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The impact of rotor slot wedges on stator currents and stator vibration of an induction 

machines using transient 2D FEA was carried out in [97]. The analysis was done on an open 

and closed rotor slots. The former increases the harmonic content in the airgap field and the 

stator currents, in addition there was increased in the stator vibration level for frequencies 

higher than 1 kHz. Reduction in the level of the permeance variations due to slot opening can 

be realised with the use of closed or semi-closed magnetic slot wedges.  

The effects of slot closure and magnetic saturation on induction machine behaviour were 

performed using FEA as reported in [98] and found that the flux density and force waves 

generated by stator slotting have reduced significantly. In addition, it was discovered that the 

full load power factor has improved and decrease full load speed in the machine. 

To mitigate the level of the harmonic magnetic field pulsation and to enhance the airgap 

magnetic field in high voltage open-slots machines, magnetic slot wedge should be place in 

the slot opening.  

Investigation and analysis of the influence of magnetic wedges on high voltage motors 

performance was carried out in [99]. The analysis show that the use of magnetic slot wedge 

reduces the starting current and iron loss in the motors, but it decreases the locked torque and 

pull-out torque. The FEA and experimental results agree with the theoretical analysis, which 

provides a valuable reference for magnetic slot wedges for high voltage motors. Furthermore, 

3D FEA was used to determine electromagnetic fields and forces on rotor slot wedges due to 

the presence negative sequence currents in large synchronous turbo generator as reported in 

[100].   

The evaluation of switched reluctance motor with magnetic slot wedges was presented in 

[101] and the authors proposed a method to reduce the torque ripple and stator vibration 

which are inherently in traditional switched reluctance motor. Although, this method 

decreases the average torque, radial force and the torque ripple. 

Magnetic wedges used in the open-slot design of electrical machine can be utilised in energy 

efficiency improvement of induction motors as reported in [102] and it is found that increase 

in energy savings and cost-effective operation together with efficiency are main interest of 

utilising magnetic wedges.  

https://ieeexplore.ieee.org/abstract/document/1198507
https://ieeexplore.ieee.org/abstract/document/312744
https://ieeexplore.ieee.org/abstract/document/4677633
https://ieeexplore.ieee.org/abstract/document/6024794
https://ieeexplore.ieee.org/abstract/document/6960173
https://ieeexplore.ieee.org/abstract/document/6085890
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The impact of temperature on magnetic wedges in an induction motors were investigated as 

stated in [103], it is clear from the analysis that the used of magnetic wedges lower the 

temperature rise in totally enclosed motors which results an increase in the efficiency.  

A soft ferrite magnetic wedges were implemented in squirrel cage induction machine to 

reduce the harmonic torques as reported in [104] and found that the 17
th

 and 19
th 

harmonics 

decreased as a result of wedges used but the use of skewed rotor increases the stray loss and 

leakage reactance as the 5
th

 harmonic remain high.  

The influence of semi-magnetic stator wedges on the electromagnetic characteristics and the 

behaviour of an induction motor were investigated in [105]. The study was done using FEM 

analysis and found that the airgap space harmonic content decreased by 9% at nominal speed, 

but with lower output power, power factor and stator current. In general, the overall 

performance of the motor increased. 

AC winding loss in an electrical machine can also be reducing by utilising Litz wire. This 

type of conductor is too expensive and have bad thermal behaviour and high resistance 

compared to solid conductor. In addition, it can be reduced by placing the conductors far 

from the airgap at the expense of much reduced fill factor in the machine.  

Another method of AC winding loss reduction is using a shaped pole pieces, but this method 

can produce more eddy current reaction due to the delay in the portion of flux crossing the 

airgap however this method is not cost-effective and it also has the disadvantages of slightly 

smaller PM alignment torque and lower saliency ratio which reduced the reluctance torque in 

the case of interior permanent magnet machine as stated in [106]. 

From the above discussion, it shown that to reduce the AC winding loss in an electrical 

machine, a magnetic shielding using slot wedge has to be utilised. For cost-effective 

reduction of AC winding loss in an AFM due to an open-slot stator winding configuration, a 

magnetic slot wedge using single steel lamination sheet must be implemented. Moreover, this 

technique is easier to utilise in such machine topology.  

https://ieeexplore.ieee.org/abstract/document/6477113
https://ieeexplore.ieee.org/abstract/document/1062116
https://ieeexplore.ieee.org/abstract/document/6350072
https://ieeexplore.ieee.org/abstract/document/5607694
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2.9 Loss Mechanisms in Electrical Machines 

2.9.1 Winding Loss 

The total loss in any electrical machine is the summation of the resistive loss, core loss and 

windage loss. To obtain the resistive loss of an electrical machine, the winding resistance 

must be known. The resistance of a single coil in a slot either single layer or double layer as 

shown in Figure 2-16 can be calculated using the equation (2.6) as mention in [107]. 

 

Figure 2-16: Conductors arrangement in slot. 

 

           
  

    
           (2.6) 

where       is the resistance of a coil,       is the number of turns per coil,   is the resistivity 

of the conductor usually copper,      is the cross-sectional area of a single conductor in the 

coil and   is the length of a single conductor in the coil.  

Winding resistance can also be calculated based on the effect of temperature of the 

conductor, for example if a resistance of a coil    at a particular temperature    (usually at 

room temperature 20˚C), then the resistance of a coil    at temperature    can be obtained by 

equation (2.7) below. 

https://ieeexplore.ieee.org/abstract/document/1210722
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  [C]        (2.7) 

It is clear from equation (2.7) that the resistance of an electrical machine winding should be 

calculated at working temperature. Moreover, the winding power loss of the machine 

conductors which is usually the main source of heat with in any electrical machine is 

temperature dependence and can be obtained using equation (2.8) as stated in [108]. 

                       (2.8) 

where,    is the electrical resistivity of the conductor material at reference temperature 

       , and   is the temperature coefficient of the electrical resistivity. 

In an electrical machine under high speed operation there are additional copper losses. These 

losses increase significantly mainly because of two effects namely skin and proximity effect. 

Skin effect is the tendency of an alternating electric current to become distributed within a 

conductor such that the current density is largest near the surface of the conductor, and 

decreases with greater depths in the conductor, while the proximity effect is the influence in 

one conductor on the current distribution in a nearby conductor with in slot in a machine 

which result in an increase in the effective resistance of the conductor and it become more 

under high frequency of operation, it can be reduced by using either Litz wire or transposed 

wire. A detail on these effects will be presented in Chapter 5. 

2.9.2 Core Loss 

Core loss in high speed electrical machines is very difficult to be evaluated due to higher 

excitation frequency, harmonics due to pulse width modulation and influence of machine 

geometry on the flux density distribution as stated in [109].  

The conventional way for estimating the core loss is using the Steinmetz Equation with fixed 

coefficients and assuming the excitation is sinusoidal and equation (2.9) presented the 

conventional Steinmetz Equation. 

                 
     

        
           (2.9) 

where    is the hysteresis loss coefficient,    is the eddy current loss coefficient,     is the 

excess loss coefficient and   is the Steinmetz coefficient.  

https://doi.org/10.1109/TIA.2015.2489599
https://ieeexplore.ieee.org/abstract/document/6699556
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These coefficients are usually obtained from the magnetic materials data sheet provided by 

manufacturers of magnetic materials and are fixed values. The conventional core loss method 

is imprecise for the majority of high speed electrical machine.  

For more accurate core loss estimation an improved version of Steinmetz equation to include 

harmonic contents was presented in [110].  

2.9.3 Windage Loss 

In any electrical machine windage loss in the rotor becomes significant under high speed 

rotation, theoretical equation for windage loss calculation for a rotating cylinder with in a 

concentric cylinder as reported in [111] is given as: 

        
              (2.10) 

where   is the density of the fluid in (kg/m
3
),   is the radius of rotor in (m),   is the angular 

velocity in (rad/s),   is the rotor length in (m) and    is the skin friction coefficient. 

However, the skin friction coefficient    can be obtained using equation (2.11) as mention in 

[111]. 

 

   
                            (2.11) 

where    is the Reynolds number and is given by equation (2.12) as stated in [111].  

     
 

 
            (2.12) 

where   is the dynamic viscosity of the cooling fluid used in the machine in (kg/ms) and   is 

the length of the airgap in the machine in (m). 

All these theoretical equation for windage loss evaluation exists, but with limited accuracy 

however it can also be calculated using computational fluid dynamic (CFD) if the machine do 

not have smooth rotor surface. 

 

https://ieeexplore.ieee.org/abstract/document/4441338
https://asmedigitalcollection.asme.org/HT/proceedings-abstract/HT2003/36932/15/299346
https://asmedigitalcollection.asme.org/HT/proceedings-abstract/HT2003/36932/15/299346
https://asmedigitalcollection.asme.org/HT/proceedings-abstract/HT2003/36932/15/299346


Chapter 2–Literature Review   

 

42 

 

2.10 Topologies of AFM 

As stated earlier, AFM is a machine in which the direction of flux is axial, or the flux flows 

axially in the direction parallel with the shaft of the machine. This section introduces the 

AFM topologies together with the pros and cons, particular attention will be given to single-

sided, double rotor single stator, double stator single rotor and multi-stack topologies.  

A general classification of AFM topologies as shown in Figure 2-17 [6] can be performed by 

using a tree diagram with five stage levels. The first stage is structure in which AFM are 

divided into four main structures: a single-sided machine which is single rotor single stator, 

double-sided machines which are divided into double stator single rotor and double rotor 

single stator, and multistage machines which are combination of one or more double-sided 

machines.  

 

Figure 2-17: AFM topologies [6]. 

The flexibility in construction makes axial flux machines suitable for different applications. 

The second stage shows that the core can either be iron core or ironless core depends on the 

application. The third stage is slotting of core, which can be slotted or slotless. The fourth 

stage is winding of AFM which may be either drum winding (tooth wound) or ring winding 
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(core wound); in some machine configurations it is possible to have a toroidal winding. In 

this case, the coils are wound in the stator, which results in a toroidal shape. The last stage is 

permanent magnet which the single stator double rotor AFM can either be North-North (NN) 

or North-South (NS). 

2.10.1 Single-Sided 

A single-sided AFM consists of a single stator and a single rotor. The stator core may be 

either slotted with drum tooth-wound winding or slotless with drum winding. Figure 2-18 

[84] shows a simple single-sided AFM. The main advantages of this topology are simple 

construction and low cost manufacturing, but the main issue with this configuration is the 

large axial force exerted on the stator by the rotor. Research has shown that the axial force 

can be eliminated by using either the single-stator double-rotor structure or the double-stator 

single-rotor structure. 

 

 

 

 

 

Figure 2-18: Single-Sided AFM a) rotor and b) stator [84]. 

 

2.10.2 Double Rotor Single Stator 

A double rotor single stator AFM is shown in Figure 2-19 [16]. The machine is composed of 

toroidally steel laminated iron stator cores positioned between two soft iron rotor discs, 

rigidly fixed to the machine shaft. In order to produce an axially directed magnetic field in 

the machine air gaps, permanent magnets are mounted on the surface of each disc, the stator 

winding is either slotted or slotless configuration [112].  

Rotor with magnets 
Windings 

Stator block 
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This particular configuration of the machine proves to be the most appropriate structure for 

lightweight, low volume, low cost and low-speed high-torque applications as compared to 

double stator single rotor and multistage configuration. The reason for that is fixing of the 

rotors which may be reasonably easily as stated in [59]. 

This type of arrangement offers a range of possibilities of stators configuration, the North-

North (NN) configuration and North-South (NS) configuration machine. In this case, magnets 

with the same magnetization direction are placed in front of each other. This machine 

configuration is particularly considered as advantageous in relation to double stator single 

rotor and multistage configuration as mention in [17]. 

 

 

 

(a)   (b)       (c)               (d) 

Figure 2-19: (a) Interior slotted stator, (b) Interior slotless stator, (c) Interior ferromagnetic core stator, 

(d) Interior coreless stator [16]. 

 

2.10.3 Single Rotor Double Stator 

In Figure 2-20 [4] single rotor double stators structure with ferromagnetic core in the rotor is 

shown, the permanent magnets may be located on a surface of the rotor disc or inside the 

rotor disc, with coreless in the rotor. Thereby, the main flux may flow axially through the 

rotor disc or flow circumferentially along the rotor disc. The slotted stator cores of the 

machine are realized by a tooth wound winding located in the stator slots [113].  

Rotor with magnets Stator with windings 
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This machine configuration has the advantage of using fewer permanent magnets at the 

expense of poor winding utilization [17]. 

 

 

 

Figure 2-20: Single rotor double stator AFM [4]. 

 

2.10.4 Multi Rotor Multi Stator AFM 

In this type of AFM, several machines, either single rotor double stators or single stator 

double rotors, are lined up on the same shaft to form more-complex arrangements, known as 

multi-stage AFMs [40].  

This configuration offers a quite interesting possibility and modularity. Figure 2-21 [40] 

shows a multistage axial flux machine with two stators and three rotors. The winding 

connection between different stages could be either in series or parallel.  

Furthermore, a connection/disconnection of stages could be done depending on the temporary 

requirements of the application. This connection may allow fault tolerance as the machine 

can keep working even if any of the stages is damaged or disconnected.  

Rotor with magnets Stator with windings Stator with windings 
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Figure 2-21: Multistage AFM with two stators and three rotors [40]. 

 

2.10.5 Pros and Cons Features 

In general, AFM have some common features which can be classified as pros and cons that 

includes, high power density, high torque density and high efficiency, short rotor in axial 

direction, compact machine construction and short frame.  

These features gives rise to the ability of construction without rotor steel, and more robust 

structure when compare to cylindrical type radial flux machine. With two airgaps in double-

sided, the machine is complicated and has high windage losses at high speed application.  

Table 2-1 presented the advantages and disadvantage of different axial flux machine 

topologies. 
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Table 2-1: Advantages and disadvantages of different AFM topologies 

AFM Topologies Advantages Disadvantages 

Single sided 1. Simple construction. 

2. Low cost. 

1. Large axial force between 

the stator and rotor. 

 2. Low output power. 

 3. Low torque.  

Double rotor single stator 1. Lightweight, low volume 

and low cost as compared to 

double stator single rotor and 

multistage configuration. 

2. High torque. 

3. Low axial force between 

the stator and rotor. 

1. High windage losses. 

2. Low fill factor. 

Double stator single rotor 1. Fewer permanent magnets. 

2. High speed application. 

3. Low axial force between 

the stator and rotor. 

1. High windage losses. 

2. Low fill factor.  

Multistage 1. Fault tolerance.  

2. Ability of construction 

without rotor steel. 

1. High windage losses.  

2. High cost. 
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2.11 Conclusion 

In this chapter a brief history into the literature and technology review of AFM and SMC was 

presented. Comparisons between AFM and RFM in terms of torque production were 

discussed. It was shown that early electrical machine such as the one built by Faraday used 

axial flux concept, however it become dormant due to some problem associated with it. 

Moreover, the introduction of SMC which harness the 3D nature of flux in AFM and 

availability of strong permanent magnets have renewed research in AFM, especially in 

application when high efficiency and high torque density are required. 

A brief review on SMC in electrical machines together with the typical AFM area of 

application was presented. Also, it gives a brief review on state of the art in AFM which 

discussed the stator windings, design and FEA modelling, loss and thermal analysis, 

manufacturing and materials, torque and speed. In addition, it reviewed soft magnetic 

composite that discussed the SMC material’s production process and properties such as its 

isotropic and thermal and its ability to produce 3D flux path that are required for AFM. 

Finally, different methods are highlighted in the literature on reducing the AC winding loss 

using magnetic shielding which is the main aim of this thesis. It also discussed the advantages 

of using magnetic slot wedges over Litz wire, placing the conductors far from the airgap and 

shaping the pole pieces to reduce the machine losses. AFM topologies such as single-sided, 

double-sided and multistage AFM were discussed together with advantages and 

disadvantages features of AFM.  
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3. 3D FEA and Verification of 

Baseline Machine 

3.1 Introduction 

The permanent magnet axial flux machines (AFM) are well known for their high torque 

density and high efficiency together with more robust structure than the cylindrical type. In 

this chapter a baseline machine is presented and analysed, in addition it outlines the 

specification and the overall performance simulation using 3D FEA. The machine being 

developed as a demonstrator is single-sided open-slot and designed to operate as a 3 phase 

Brushless DC machine.  

The stator of the prototype machine is constructed from Soft Magnetic Composite (SMC) 

developed by Höganäs AB of Sweden. Concentrated windings are used and a rotor of NdFeB 

magnets mounted on a solid carbon steel core-back was utilised. This is an example of a 

machine of this type, developed at Newcastle University as reported in [114]. In order to 

verify the design process, the prototype machine is tested, and its performance compared with 

these 3D FEA and details of some of these experimental measurements are also presented in 

this chapter. 

The major objectives of this chapter are: 

1. To examine the benefit of using SMC in the design of a small compact AFM.  

2. To use a single-sided open-slot AFM as a demonstrator for easy manufacturing 

process. 

3. To investigate the performance of the machine using 3D FEA, including; back EMF, 

cogging torque, axial force, loss and on-load torque.  

4. In order to validate this 3D FEA, the prototype machine is tested, and its performance 

compared with these predictions at no-load and on-load condition. 

 

 

https://ieeexplore.ieee.org/abstract/document/8281948/
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3.2 The Baseline machine 

Axial flux machine design procedures are the same as a conventional radial flux machine; 

which are constrained by some output parameters, such as torque and speed, slot dimension, 

terminal voltage, phase current and number of turns. The first step in the process is to develop 

a good estimate of the required dimensions of machine, in particular, the inner and outer 

diameters of the stator and the rotor, axial length of the machine using the allowable 120 mm 

outer diameter of the SMC prototype material. This section will cover the machine topology 

and key dimensions. 

3.2.1 Topology 

The machine is single-sided open-slot as stated earlier to offer a simple manufacturing 

process which eliminates the need for the balanced positioning of the rotors and stators in a 

double-sided AFM configuration; rotor-stator-rotor configuration or stator-rotor-stator 

configuration. The physical size of this machine shown clearly that at this scale the airgap 

closing forces are small and not a problem for “off the shelf” steel metal shielded thin 

bearings.   

An exploded diagram of the electromagnetically active components is shown in Figure 3-1. 

The stator block with twelve teeth, is constructed from Soft Magnetic Composite (SMC) and 

the stator tooth are trapezoidal in shape. Concentrated windings are placed over the stator 

teeth. It is envisaged that these would be wound off the machine on a former and slid onto the 

open, parallel sided stator tooth. This process would ensure a high slot fill factor and copper 

conductors were used in the simulation.  

The rotor consists of NdFeB magnet segments glued to a Cold rolled 1010 solid carbon steel 

core-back. The Cold rolled carbon steel was utilised due to it 49.8 W/m.ºC thermal 

conductivity and electric conductivity of 0 S/m at 20ºC and for easy fixing the magnets 

together with the shaft using screws as it is impractical to use screw on SMC material. An 8-

pole design is used with the magnets magnetised in the axial direction. 

Based on the required specifications, the key dimensions and operating parameters which 

were obtained for the baseline machine with a desired speed at 3000 rpm are presented in 

Table 3-1.  
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Figure 3-1: Baseline machine exploded diagram of the electromagnetic assembly. 

Table 3-1: The key dimensions of the baseline machine 

Outer diameter (including coil overhang) 76.2 mm 

Inner diameter (including coil overhang) 43.2 mm 

Axial length 36.4 mm 

Magnetic gap 1 mm 

Magnet thickness 1.4 mm 

Magnet span 180
o
(electrical) 

Rotor core-back thickness 5 mm 

Current density 3.3 A/mm
2
 

Operating speed 3000 rpm 

Slot width 6.2 mm 

Slot depth 24 mm 

Slot cross section for coil 74.4 mm
2
 

Fill factor 60% 

Total conductor cross sectional area 44.6 mm
2
 

Turns 336 

Conductor diameter 0.4mm (26AWG) 

Coils x 12 

(Copper) 

Stator 

(SMC) 

Magnets x 8 

(NdFeB) 

Solid rotor core-

back (steel) 
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3.3 3D Finite Element Analysis 

The machine is modelled and analysed using Infolytica MagNet 3D FEA software as the 

main design tool due to its availability. To predict the machine’s performance, a fully 

parameterised AFM model was created in which all stator and rotor dimensions and electrical 

input can be altered. An initial design is generated to see the maximum torque it can offer, 

and this is then applied to an optimisation routine which alters the parameters automatically 

and assesses the results according to a set of design parameters.  

Although a machine’s symmetry can be used to reduce the 3D FEA model size and the 

simulation time, in this case one quarter of the machine was implemented, since one pole 

pairs is equal to three stator teeth. The magnetic flux path in the AFM and that of the SMC 

material are largely in three-dimensions (3D). This section covers the 3D FEA, meshing 

sensitivity analysis and motion together with simulation results. 

3.3.1 Meshing and Flux Density 

Based on the specification of the machine as stated in Table 3-1 and optimising for minimal 

magnet mass, minimal axial length and high efficiency, the 3D FEA mesh in Figure 3-2 was 

generated. One pole pair section of the machine is shown which takes advantage of the 

periodical symmetry and reduces computing time. Even periodic and magnetic field normal 

boundary conditions were used based on the slot and pole number combination.  

The airgap has a finer mesh region of maximum element size 0.5 mm and curvature 

refinement angle of 1 degree to accurately model the region where most energy is stored and 

field directions changes more rapidly as stated in [115]. Furthermore, the airgap is sub-

divided into four sections namely; stator region, stator slip, rotor slip and rotor region, these 

means that the stator region and rotor region extended to one-quarter of the airgap at both 

ends. Virtual air was applied as material in the stator and rotor region, while air was utilise as 

material for the rotor slip and stator slip.  

Transient 3D with motion using Newton-Raphson is utilised in solving the model with fixed 

interval time step method of 0.083 ms, which correspond to 60 steps solution. 

 

https://ieeexplore.ieee.org/abstract/document/511651/
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Figure 3-2: 3D FEA mesh of the baseline machine. 

 

Some of the constraint imposed on the software include that the  rotary component; rotor slip, 

rotor airbox, magnets and rotor core-back in the machine were set as the reference paths in 

motion properties and rotary is used as the motion type in z-direction, this is only applicable 

and relevant to Infolytica MagNet software. Speed based position was used with initial time 

of 0 ms and final time of 5 ms at 18000 deg/s speed corresponding to 3000 rpm and 200 Hz 

Magnet 

Airgap rotor region 

Airgap rotor slip 

Airgap stator slip  

Airgap stator region  

Stator tooth 
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(Electrical). The motion centre was set to zeros in all direction with position and speed at 

start up.  

Figure 3-3 shows the flux density shaded plot and the shaded plot displays the outline of the 

model and a field. The field values are represented by colors. A color legend is displayed that 

associates the field values to the colors. 

 

Figure 3-3: 3D FEA flux density shaded plot of the baseline machine. 

It is clear from the above figure that the SMC material is not saturated at current density of 

3.3 A/mm
2
, but tends to only at the edges of teeth and magnets. The material has a flux 

density of 0.7 T.  

3.3.2 Baseline Machine Performance 

This sub-section covers the back EMF and harmonic analysis, axial force, loss, cogging 

torque and on-load torque analysis of the machine. The back EMF is the voltage induced in 

the stator winding of the machine by the rotor magnets at given rotational speed, it is also 

proportional to the speed of the machine and phase flux linkage. 

To get the back EMF of the coil from the flux linkage, the following expression in equation 

(3.1) can be used. 

Magnet 

Rotor core-back 

Stator core-back 

Stator tooth 
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                  (3.1) 

where  
  

  
  is the rate of change of flux linkage. 

The induced rms voltage can be obtained using the induced voltage equation which is given 

in [17].  

                                               (3.2) 

where       induced voltage  : frequency of the supply,     peak flux in the stator teeth 

and     number of turns per phase. 

The back EMF, in this case is obtained at no-load and rated speed. From the FEA software, it 

can be found either from the coil flux linkage or directly from coil voltage. Figure 3-4 

presented the back EMF of the baseline machine. 

 

Figure 3-4: 3D FEA Back EMF of the baseline machine 

The harmonic analysis was carried out using the Fast Fourier Transform (FFT) as shown in 

Figure 3-5, to get the maximum amplitude of each harmonics and the accuracy depends on 

the number of data points used.  
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Figure 3-5: Back EMF harmonics of the baseline machine 

In this analysis, 60 data point samples were used and from the harmonic analysis spectrum in 

Figure 3-5, the only significant harmonic beyond the fundamental are the 3
rd

,  5
th

 and 7
th

 at 

2.6%, 9.3% and 3.3% respectively due to the combination of 12 slots and 8 poles in the 

machine. All other harmonics are less than 1% of the fundamental, these harmonics are 

undesirable and subsequent work in Chapter 4 will describe a way to reduce them. 

Single tooth winding usually utilises a fractional slot winding pattern and a combination of 12 

slots as well as 8 poles has a winding factor of 0.866. Winding factor is what makes the rms 

generated voltages in a three-phase machine become lesser due to the armature winding of 

each phase in a slot. The induced voltage in each slot is not in phase, and their phasor sum is 

less than their numerical sum. This reduction is called distribution factor. Another factor that 

reduced the winding factor is pitch factor and occurs when the slot pitch is less than the pole 

pitch.  

Numerically, winding factor can be obtained from the product of distribution factor and pitch 

factor. The combination was chosen because of the good experience in designing compact 

machine.  
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A large force of attraction between the stator and rotor is one of the problems associated with 

AFMs and if care is not taken during design, this force of attraction can cause serious damage 

to the machine which can lead to failure modes. To calculate the axial force of AFM, the 3D 

FEA software must evaluate the field in the layer of airgap with air elements adjacent to the 

component and evaluate the field immediately adjacent to sharp corners where there is a 

potential for error.  

This method ensures that the software will calculate the forces and torques with accurate field 

values. The axial force obtained from 3D FEA, shows an attractive force between the rotor 

and stator of 184.3 N, which is well within the capability of standard “off the shelf” bearings. 

A deep groove steel metal shielded thin bearings W 61900-2Z with basic static load rating of 

1.3 kN, limiting speed of 36000 rpm and mass of 9.4 g was utilised in the final assembly in 

which the force of attraction is within the limit. 

To determine the overall performance of a machine, the losses within the machine need to be 

calculated. In this case the losses were found from the 3D FEA software at full-load current. 

The FEA uses the Steimmetz equation at 20˚C and Figure 3-6 illustrates the approximately 

percentages of losses in the individual parts of the baseline machine obtained from the 3D 

FEA using pie chart. 

 

Figure 3-6: 3D FEA losses of the baseline machine 
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The total iron loss comprises of hysteresis loss and eddy loss, and the iron loss in the baseline 

machine is found to be 41.8 W which represents 16.4% of the total loss in the machine. The 

winding loss is 194.1 W representing 75.9% by assuming the copper resistivity to be 6×10
-4 

Ω.m. Losses in the magnets found using the 3D FEA amounted to 19.7 W representing 7.7%. 

The total loss of the machine is the sum of all the losses and was found to be 255.5 W.  

The cogging torque also known as no-current torque is produce due to the interaction 

between the permanent magnets of the rotor and the stator slots. It depends on the position, 

number of magnetic poles and the number of teeth on the stator. Machines that operate at 

lower speed have a high cogging as compared to those at high speed as reported by [74].  

From the 3D FEA, the baseline machine exhibits a peak-to-peak cogging torque of 0.36 Nm 

and this may be considered too high as compared to on-load torque. Cogging torque causes 

mechanical noise and vibration and it is desirable to minimise. Figure 3-7 illustrates the 3D 

FEA simulated cogging torque variation with electrical angle. 

 

Figure 3-7: Baseline machine 3D FEA simulated cogging torque.   
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The on-load torque of the machine is obtained by applying a DC current to the model with 

the rotor advanced through two-poles. The current is passed through two coils of the machine 

to replicate a switching period for a brushless DC machine, with the positive terminal of the 

DC supply connected to phase A and negative terminal connected to phase B. Phase C is left 

unconnected.  

The peak torque variation with the applied current is as shown in Figure 3-8 and the 

maximum achievable peak static torque was attained before entering the saturation zone of 

the SMC used as core material when the machine is loaded. The machine is tested at rated 

current of 1.2 A. 

 

Figure 3-8: Baseline machine 3D FEA simulated on-load torque.   

3.4 Mass of Baseline Machine 

The active mass of the machine is shown in Figure 3-9, as SMC material is used in the stator 

block, copper in the coils, Cold rolled 1010 solid steel in the rotor core-back and Neodymium 

Iron Boron for the magnets. It shows that the machine active mass is 480 g. The stator mass is 
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284 g, rotor mass is 73.4 g, magnets is 20.0 g and coils are 102.6 g representing 59.0%, 

15.0%, 4.0% and 22.0% respectively. 

From the pie chart, it can be seen that the stator block has the highest mass in the machine, 

follow by stator winding coils and rotor however magnets in the baseline machine have the 

lowest mass when compared to stator block, coils and rotor. 

 

Figure 3-9: Mass of baseline machine component.   

3.5 Performance Summary 

Table 3-2 summarises the overall 3D FEA performance of the baseline machine with peak 

torque of 0.59 Nm, axial force of 184.3 N and peak back EMF of 33.7 V. The only significant 

harmonic apart from the fundamental are the 3
rd

, 5
th

 and 7
th

 representing 2.6%, 9.3% and 

3.3% respectively of the fundamental. This is due to the combination of 12 number of slot 

and 8 number poles in the baseline machine.  

The machine exhibits a peak-to-peak cogging torque of 61% of the on-load torque. The 

output power of the baseline machine is 486 W and the on-load loss is 255.5 W. The on-load 

loss represented 52.6% of the machine output power. Based on the 3D FEA the machine has 

efficiency of 65.5 %.  
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Table 3-2: 3D FEA Performance Summary 

Output parameter Value 

Peak back EMF (V) 33.7 

3
rd

 harmonic back EMF (PU) 0.026 

5
th

 harmonic back EMF (PU) 0.093 

7
th

 harmonic back EMF (PU) 0.033 

Peak Torque (Nm) 0.59 

Peak-to-peak cogging torque (Nm) 0.36 

Axial force (N) 184.3 

Output Power (W) 486.0 

Full-load loss (W) 255.5 

Efficiency (%) 65.5 

Total mass (kg) 0.48 

 

3.6 Experimental Verification 

After the 3D FEA analyses have been completed on the baseline machine, an experimental 

verification has been conducted on a prototype baseline machine so that comparisons can be 

made. A static test rig was used to carry out the measurements and the test results can be split 

into two categories:  

1. Cogging torque tests  

2. On-load torque tests. 

In these tests two phases have been connected in series and the third phase left open circuit. 

The no-load test was conducted at open circuit without DC current supply, while the on-load 

test was carried out when a DC current is then applied replicating a switching period for a 

brushless DC machine. Figure 3-10 presented the three timing graphs and Figure 3-11 shows 

the switching period for a brushless DC machine.  
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Figure 3-10: The three timing graph of BLDC. 

 

 

Figure 3-11: BLDC switching sequence. 

The twelve teeth stator and core-back were manufactured as a single block, by using two 

SMC prototype materials. CNC milling machine is used in the workshop to produce the stator 

block core. The design requires 336 turns per coil, to achieve the required number of turns the 

coils are pre-wound on a former and then placed over the stator teeth, as shown in Figure 3-

12. A winding machine was used, and the winding were wound on a thermal insulation paper 

to achieve the desired turns and high fill factor in the slot. To obtain the three phase of the 
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machine, four coils are connected in series and the other ends of the coils are connected as 

star point. 

 

Figure 3-12: Baseline prototype stator block with concentrated windings. 

3.6.1 Static Test Rig 

Figure 3-13 shows the experimental test rig for a three phase AFM and Figure 3-14 presented 

the instrument setup to conduct the tests. The test rig bench is equipped with a mechanical 

dividing head, the torque transducer, coupling and the baseline machine under test. The 

instruments consist of a DC power supply, torque transducer display and connecting cables 

from the DC power supply to the terminals of the baseline machine on tests. 

The machine is connected to a dividing head via a torque transducer as shown in Figure 3-13. 

The dividing head can position the shaft with a high angular precision. Torque measurements 

are taken at 1º intervals. For an 8-pole machine this equates to 4º electrical between each 

torque measurement. The measurements are taken over a full rotation to ensure the correct 

BLDC switching window is captured.  

General risk assessment was carried out to identify hazards and anything that may cause harm 

during the experimental measurements. This includes a provision of an emergency stop 

switch to break or isolate the supply to the baseline machine in case of any fault during the 
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testing. In addition, safety lab coat was wear as protection and signs were display to show 

that an experimental test is ongoing.  

 

Figure 3-13: Static Test Rig  

The static test rig consists of the following components; 

1. Mechanical dividing head (INDEXA TSL200 horizontal/vertical rotary table)  

2. Torque transducer (MAGTROL TM HS 306/111, Rated torque 5 Nm, Accuracy <0.1 

%, Maximum speed 50000 rpm, Torsional stiffness 725 Nm/rad and Moment of 

inertia 3.08×10
-5

) 

3. Coupling (R+W) 

4. Machine under test. 

5. The mechanical base test rig hosing the entire components. 

The torque measurements are with highly sensitive torque transducer TM HS 306/111 with 

rated torque of 5 Nm and maximum speed of 50000 rpm and the torque readings were 

captured using a high quality MAGTROL MODEL 3411 torque display. The torque display 

is designed for use with all Magtrol TM, TMHS, TMB and TF torque transducer; moreover it 

has addition of high-resolution quadrature encoder enables low RPM applications of position 

measurements with accuracy of 0.02% pf range ± 10V. 
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Figure 3-14: Baseline machine equipment set up for the experimental test. 

The Instrument rack for the baseline machine tests consist of the following equipment; 

1. DC power supply (EX355R compact bench power supply, Mixed-mode regulation, 

Power rating of 175 W, Switched remote sense terminals, Voltage 0 to 35V, Current 0 

to 5A, 4-digit meters on each output) 

2. Torque display (MAGTROL MODEL 3411, High Quality, Easy-to-Read Vacuum 

Fluorescent, Maximum speed 199999 rpm, Input frequency 199999 Hz, Speed 

accuracy 0.01%, Torque accuracy 0.02% Operating temperature 5ºC to 50ºC, Relative 

humidity <80%). 

3. Connecting cables. 

3.6.2 Cogging Torque Tests 

The cogging torque test looks at the performance of the baseline machine in terms of its 

torque characteristic. Measurements were taken of the cogging torque produced over one 

electrical cycle, in which the rotor was rotated using the mechanical dividing head at angle 

interval of 1º mechanical (equals to 4º electrical angle) for a 8 pole machine between each 
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torque measurement at no-load (     ) by a torque transducer and display in the torque 

display metre. The measurements are taken over a 360° rotation to ensure the correct BLDC 

switching window is captured. Readings were taken in both clockwise and anticlockwise 

directions to eliminate the effect of hysteresis torque and backlash due to dividing head, and 

the average of the two measurements calculated.  

The dominant cogging torque is produced by the magnets on the rotor wanting to take up an 

angular position corresponding to minimum reluctance. As the torque is a result of the field 

from the permanent magnet, it is independent of applied current and hence it is always 

present in the output torque level. It is for this reason that it must be minimised. Figure 3-15 

illustrates the 3D FEA and measured cogging torque over one electrical cycle to caption 

different switching period. 

 

Figure 3-15: 3D FEA and Measured static cogging torque. 

The prototype machine has 1.5 stator teeth per pole. Therefore, looking at one pole pair, a 

magnet is in the aligned position every 60º electrical. This alignment produces a cogging 

torque, the period and magnitude of each are similar and the machine exhibits measured 

cogging torque of 39%. 
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It is clear from the graph of Figure 3-15 that the difference between the lines of the 3D FEA 

and the measured is due to the dividing head equipment backlash and the effect of hysteresis 

torque which cannot be eliminated 100%. Since the dividing head was operated manually 

there is also a mechanical error due to parallax and alignment. Table 3-3 presented the raw 

data of the 3D FEA, measured clockwise, measured anticlockwise and the average measured 

cogging torque of the baseline machine together with the mechanical and electrical angle of 

each raw data. 

Table 3-3: Raw data of baseline machine  

Mechanical 

angle 

Electrical 

angle 

Measured 

clockwise  

Measured 

anticlockwise 

Average 

measured 

3D FEA 

0 0 -0.272 0.021 -0.126 -0.144 

0.5 2 -0.384 0.058 -0.163 -0.187 

1 4 -0.395 0.103 -0.146 -0.168 

1.5 6 -0.37 0.136 -0.117 -0.135 

2 8 -0.331 0.176 -0.078 -0.089 

2.5 10 -0.273 0.202 -0.036 -0.041 

3 12 -0.208 0.217 0.005 0.005 

3.5 14 -0.141 0.226 0.043 0.049 

4 16 -0.091 0.223 0.066 0.076 

4.5 18 -0.074 0.216 0.071 0.082 

5 20 -0.063 0.204 0.071 0.081 

5.5 22 -0.064 0.188 0.062 0.071 

6 24 -0.067 0.164 0.049 0.056 

6.5 26 -0.082 0.147 0.033 0.037 

7 28 -0.099 0.121 0.011 0.013 

7.5 30 -0.113 0.101 -0.006 -0.007 

8 32 -0.135 0.073 -0.031 -0.036 

8.5 34 -0.157 0.054 -0.052 -0.059 

9 36 -0.179 0.041 -0.069 -0.079 

9.5 38 -0.204 0.016 -0.094 -0.108 

10 40 -0.223 -0.002 -0.113 -0.129 

10.5 42 -0.252 -0.018 -0.135 -0.155 

11 44 -0.275 -0.035 -0.155 -0.178 

11.5 46 -0.299 -0.04 -0.170 -0.195 

12 48 -0.321 -0.042 -0.182 -0.209 

12.5 50 -0.333 -0.049 -0.191 -0.220 

13 52 -0.342 -0.045 -0.194 -0.223 

13.5 54 -0.348 -0.022 -0.185 -0.213 

14 56 -0.336 0.009 -0.164 -0.188 

14.5 58 -0.329 0.047 -0.141 -0.162 
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15 60 -0.307 0.091 -0.108 -0.124 

15.5 62 -0.287 0.133 -0.077 -0.089 

16 64 -0.252 0.181 -0.036 -0.041 

16.5 66 -0.209 0.217 0.004 0.005 

17 68 -0.179 0.251 0.036 0.041 

17.5 70 -0.135 0.271 0.068 0.078 

18 72 -0.096 0.286 0.095 0.109 

18.5 74 -0.064 0.297 0.117 0.134 

19 76 -0.039 0.3 0.131 0.150 

19.5 78 -0.021 0.293 0.136 0.156 

20 80 -0.015 0.291 0.138 0.159 

20.5 82 -0.008 0.276 0.134 0.154 

21 84 -0.009 0.254 0.123 0.141 

21.5 86 -0.022 0.233 0.106 0.121 

22 88 -0.032 0.214 0.091 0.105 

22.5 90 -0.046 0.192 0.073 0.084 

23 92 -0.071 0.161 0.045 0.052 

23.5 94 -0.089 0.141 0.026 0.030 

24 96 -0.111 0.115 0.002 0.002 

24.5 98 -0.129 0.087 -0.021 -0.024 

25 100 -0.154 0.064 -0.045 -0.052 

25.5 102 -0.183 0.045 -0.069 -0.079 

26 104 -0.204 0.029 -0.088 -0.101 

26.5 106 -0.233 0.014 -0.110 -0.126 

27 108 -0.254 0.019 -0.118 -0.135 

27.5 110 -0.274 0.038 -0.118 -0.136 

28 112 -0.29 0.082 -0.104 -0.120 

28.5 114 -0.298 0.135 -0.082 -0.094 

29 116 -0.301 0.171 -0.065 -0.075 

29.5 118 -0.291 0.2 -0.046 -0.052 

30 120 -0.266 0.236 -0.015 -0.017 

30.5 122 -0.224 0.271 0.024 0.027 

31 124 -0.2 0.307 0.054 0.062 

31.5 126 -0.204 0.332 0.064 0.074 

32 128 -0.186 0.355 0.085 0.097 

32.5 130 -0.161 0.38 0.110 0.126 

33 132 -0.145 0.387 0.121 0.139 

33.5 134 -0.112 0.394 0.141 0.162 

34 136 -0.104 0.38 0.138 0.159 

34.5 138 -0.08 0.373 0.147 0.168 

35 140 -0.076 0.361 0.143 0.164 

35.5 142 -0.077 0.34 0.132 0.151 

36 144 -0.098 0.318 0.110 0.127 

36.5 146 -0.113 0.305 0.096 0.110 



Chapter 3–3D FEA and Verification of Base Machine   

69 

 

37 148 -0.13 0.274 0.072 0.083 

37.5 150 -0.161 0.238 0.039 0.044 

38 152 -0.191 0.214 0.012 0.013 

38.5 154 -0.221 0.187 -0.017 -0.020 

39 156 -0.252 0.159 -0.047 -0.053 

39.5 158 -0.277 0.131 -0.073 -0.084 

40 160 -0.317 0.105 -0.106 -0.122 

40.5 162 -0.355 0.048 -0.154 -0.177 

41 164 -0.379 0.02 -0.180 -0.206 

41.5 166 -0.395 -0.025 -0.210 -0.242 

42 168 -0.431 -0.034 -0.233 -0.267 

42.5 170 -0.45 -0.038 -0.244 -0.281 

43 172 -0.466 -0.048 -0.257 -0.296 

43.5 174 -0.487 -0.059 -0.273 -0.314 

44 176 -0.492 -0.006 -0.249 -0.286 

44.5 178 -0.491 0.032 -0.230 -0.264 

45 180 -0.482 0.056 -0.213 -0.245 

45.5 182 -0.448 0.097 -0.176 -0.202 

46 184 -0.423 0.143 -0.140 -0.161 

46.5 186 -0.39 0.192 -0.099 -0.114 

47 188 -0.326 0.221 -0.053 -0.060 

47.5 190 -0.269 0.257 -0.006 -0.007 

48 192 -0.204 0.282 0.039 0.045 

48.5 194 -0.159 0.29 0.066 0.075 

49 196 -0.092 0.293 0.101 0.116 

49.5 198 -0.053 0.281 0.114 0.131 

50 200 -0.026 0.269 0.122 0.140 

50.5 202 -0.022 0.252 0.115 0.132 

51 204 -0.026 0.238 0.106 0.122 

51.5 206 -0.032 0.22 0.094 0.108 

52 208 -0.055 0.194 0.070 0.080 

52.5 210 -0.07 0.171 0.051 0.058 

53 212 -0.092 0.136 0.022 0.025 

53.5 214 -0.117 0.114 -0.002 -0.002 

54 216 -0.141 0.087 -0.027 -0.031 

54.5 218 -0.159 0.064 -0.048 -0.055 

55 220 -0.183 0.04 -0.072 -0.082 

55.5 222 -0.208 0.022 -0.093 -0.107 

56 224 -0.226 0.003 -0.112 -0.128 

56.5 226 -0.257 -0.012 -0.135 -0.155 

57 228 -0.282 -0.02 -0.151 -0.174 

57.5 230 -0.306 -0.018 -0.162 -0.186 

58 232 -0.313 -0.011 -0.162 -0.186 

58.5 234 -0.312 0.011 -0.151 -0.173 
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59 236 -0.306 0.028 -0.139 -0.160 

59.5 238 -0.295 0.059 -0.118 -0.136 

60 240 -0.288 0.089 -0.100 -0.114 

60.5 242 -0.27 0.12 -0.075 -0.086 

61 244 -0.251 0.149 -0.051 -0.059 

61.5 246 -0.215 0.179 -0.018 -0.021 

62 248 -0.186 0.206 0.010 0.012 

62.5 250 -0.148 0.228 0.040 0.046 

63 252 -0.118 0.25 0.066 0.076 

63.5 254 -0.084 0.253 0.085 0.097 

64 256 -0.072 0.251 0.090 0.103 

64.5 258 -0.068 0.246 0.089 0.102 

65 260 -0.059 0.232 0.087 0.099 

65.5 262 -0.052 0.221 0.085 0.097 

66 264 -0.066 0.204 0.069 0.079 

66.5 266 -0.074 0.182 0.054 0.062 

67 268 -0.088 0.171 0.042 0.048 

67.5 270 -0.098 0.145 0.024 0.027 

68 272 -0.115 0.123 0.004 0.005 

68.5 274 -0.137 0.098 -0.020 -0.022 

69 276 -0.16 0.075 -0.043 -0.049 

69.5 278 -0.178 0.053 -0.063 -0.072 

70 280 -0.203 0.035 -0.084 -0.097 

70.5 282 -0.219 0.009 -0.105 -0.121 

71 284 -0.244 -0.04 -0.142 -0.163 

71.5 286 -0.26 -0.01 -0.135 -0.155 

72 288 -0.275 -0.014 -0.145 -0.166 

72.5 290 -0.295 -0.012 -0.154 -0.177 

73 292 -0.309 0.013 -0.148 -0.170 

73.5 294 -0.315 0.074 -0.121 -0.139 

74 296 -0.31 0.14 -0.085 -0.098 

74.5 298 -0.3 0.2 -0.050 -0.058 

75 300 -0.283 0.244 -0.020 -0.022 

75.5 302 -0.248 0.297 0.025 0.028 

76 304 -0.207 0.338 0.066 0.075 

76.5 306 -0.154 0.372 0.109 0.125 

77 308 -0.114 0.417 0.152 0.174 

77.5 310 -0.085 0.42 0.168 0.193 

78 312 -0.048 0.43 0.191 0.220 

78.5 314 -0.032 0.423 0.196 0.225 

79 316 -0.016 0.42 0.202 0.232 

79.5 318 -0.021 0.404 0.192 0.220 

80 320 -0.028 0.396 0.184 0.212 

80.5 322 -0.023 0.373 0.175 0.201 
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81 324 -0.048 0.353 0.153 0.175 

81.5 326 -0.101 0.321 0.110 0.127 

82 328 -0.111 0.282 0.086 0.098 

82.5 330 -0.137 0.263 0.063 0.072 

83 332 -0.16 0.229 0.035 0.040 

83.5 334 -0.201 0.199 -0.001 -0.001 

84 336 -0.23 0.181 -0.025 -0.028 

84.5 338 -0.243 0.153 -0.045 -0.052 

85 340 -0.265 0.116 -0.075 -0.086 

85.5 342 -0.3 0.09 -0.105 -0.121 

86 344 -0.328 0.06 -0.134 -0.154 

86.5 346 -0.35 0.048 -0.151 -0.174 

87 348 -0.382 0.019 -0.182 -0.209 

87.5 350 -0.416 -0.002 -0.209 -0.240 

88 352 -0.434 -0.18 -0.307 -0.353 

88.5 354 -0.457 -0.001 -0.229 -0.263 

89 356 -0.469 0.05 -0.210 -0.241 

89.5 358 -0.456 0.018 -0.219 -0.252 

90 360 -0.452 -0.088 -0.270 -0.311 

   

3.6.3 On-Load Torque Tests 

The on-load static torque test looks at the performance when a DC current is applied to the 

baseline machine. This characteristic is used to show the relationship between the current 

applied to the machine and the torque it produces. The same procedures are used as in no-

load tests, but in this case with applied current. However, during testing no noticeable 

temperature rise was felt on the outer case. Figure 3-16 compares 3D FEA and measured on-

load static torque with applied current over a complete electrical cycle switching period.  

The results show that torque increases as the applied current increase and the period of the 

measured  torque is similar to that of the 3D FEA , but the magnitude of the measured peak 

torque is 0.55 Nm; an 8.5% reduction as compared to 3D FEA. This reduction is due to 

mechanical error in the assembly of the prototype baseline machine. The net static torque can 

be obtained by subtracting the measured no-load static torque from the measured on-load 

static torque tests at the same mechanical and electrical position. 
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Figure 3-16: 3D FEA and Measured on-load static torque. 

 

3.7 Performance Summary 

Table 3-4 summarises the performance of baseline machine based on SMC material and 3000 

rpm by comparing the predicted 3D FEA and measured machine static performance. It is 

noted that the measured peak torque is 0.55 Nm; an 8.50% less than the predicted peak torque 

and the average no-load ripple of 39% for the measured as compared to the 41% of the 3D 

FEA. The machine has peak measured net torque of 0.48 Nm, a decrease of 2.05% as 

compared to the predicted net average torque.  

Table 3-4: Performance Summary 

Output parameters 3D FEA  Measured % Change  

Peak Torque (Nm) 0.59 0.55 8.50 

No-load torque ripple (%) 41 39 4.90 

Net peak Torque (Nm) 0.49 0.48 2.05 
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3.8 Conclusion 

In this chapter verification of a baseline machine developed at Newcastle University using 

3D FEA and experimental tests were presented. The main problems highlighted were low 

efficiency due to high losses in the machine as a result of open-slot stator winding 

configuration, low on-load torque and back EMF harmonics and therefore high torque ripple 

due to interaction between the MMF and airgap flux harmonics.  

The machine produces 8.5% less peak torque than the 3D FEA peak torque. This proximity at 

an early prototype stage is encouraging. Damage and error during the assembly and 

construction of the prototype stator may account for the reduction in torque and the accuracy 

of the torque transducer. However, there is a significant 3
rd

, 5
th

 and 7
th

 harmonics at 2.6%, 

9.3% and 3.3% respectively of the fundamental harmonic in the back EMF, which is too high 

and need to be reduce. From the 3D FEA analysis the machine exhibits efficiency of 65.5% 

this is as a result of open-slot stator construction which encourage an elevated AC winding 

loss at AC operation. 

The average flux density attained in the machine SMC core is approximately 0.7 T as shown 

in Figure 3.3 and it is clear that the material was working hard on a maximum average flux 

density of 0.7 T.  

Higher performance could not be achieve as a results of trapezium shape in the stator tooth, 

the pre-wound coils require a sharp turn to fit over the teeth and a rounder tooth corner as 

shown in Figure 3-17 will help with the coil construction, and may allow for an additional 

layer of turns, thereby allowing for more MMF and torque per amp. Moreover, changing the 

slot and poles number combination of the baseline machine will also help in reducing the 

amplitude of the significant harmonics beyond the fundamental.  

The double-sided AFM would produce higher specific torque, but in this analysis only single-

sided surface-mounted AFM is considered for simple manufacturing process and as a 

demonstrator to avoid the balancing position problem in the double-sided configuration.  

Chapter 4 presents the design improvement of the baseline machine to achieve higher 

performance by altering the main dimension of the machine described in this chapter based 

on the available dimension of the SMC prototype material. 
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Figure 3-17: Current and proposed rounded tooth stator. 

 

Trapezoidal tooth 

Rounder tooth corner 
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4.  Design and Investigations 

This chapter will present the design improvement and investigation of sensitivity of torque on 

parameters variation, which includes airgap length, magnet thickness, magnet span, slot 

width, inner/outer radius and core-back thickness of the stator and rotor. The cogging torque 

produced by baseline machine describes in Chapter 3 is very high and account for 39% of the 

machine total torque at rated current due to high torque ripple. Other problems encountered in 

the machine are the harmonics in the induced back EMF, high losses due to open-slot stator 

winding configuration and low efficiency. 

In this design, we are looking to meet or exceed the performance of the baseline machine 

reported in Chapter 3 by altering most of the machine specifications that were presented in 

Table 3-1; moreover we are limiting the size of the new machine due to available SMC 

prototype material (maximum diameter 120 mm). 

A basic analytical model was developed to speed the initial design process followed by 3D 

finite element electromagnetic simulation software (Infolytica MagNet), in which a fully 

parameterised AFM model was created, all stator and rotor dimensions and electrical input 

can be altered.  

An initial design is generated to exceed the torque produced by baseline machine in Chapter 

3, and this is then applied to an optimisation routine which alters the parameters 

automatically and assesses the results according to a set of design parameters. Optimisation 

can be done for minimal magnet mass, axial length and losses and high efficiency. 

4.1 Introduction  

The torque of AFM depends on the outer diameter and electrical loading; the outer diameter 

in this case is limited by the available SMC Somaloy prototype material developed by 

Höganäs AB of Sweden which has a maximum outer diameter of 120 mm. There are several 

methods as mentioned in Chapter 2, section 2.6.4 [72-75] which can be utilised to reduce 

cogging torque as well increase the torque of a machine.  

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1257555
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4277898
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In AFM, increasing the outer diameter can have a great effect on the torque since torque is 

proportional to the cube of outer diameter as stated in Chapter 2, equation (2.1). Increasing 

the electrical loading (by expanding the slot area) can give rise to increment in torque at the 

same time increasing the losses. Similarly, the strength of the magnets use in the machine has 

an impact on the flux in the airgap which determines the cogging torque magnitude.  

The slot and pole number combination in a machine has an effect on back EMF harmonics; a 

good combination would be selected to have low induced EMF harmonics which can 

improve the torque of the new machine. 

SMC will be utilised in both the stator and rotor for lower losses at rated speed and a rounded 

tooth corner will help with the coil construction as suggested in Chapter 3 as shown in Figure 

3-17, and may allow for an additional layer of turns, thereby allowing for more MMF and 

torque per amp. The machine will be tested as a 3-phase generator feeding a 3-phase resistive 

load bank at unity power factor using a high-speed test rig. 

4.2 Analytical Design Approach 

A basic analytical model of the AFM was used in order to speed the initial design process and 

the following assumptions were made; 

1. The airgap flux density is uniform parallel to the stator tooth tips and zero parallel to 

the slot opening. 

2. The maximum outer diameter of stator and rotor disc is 110 mm. 

3. The current density is 5A/mm
2
 and a 70% fill factor is assumed for high performance. 

4. The diameter of the copper wire was based on the number of turns calculated and 

nearest AWG/SWG.  

5. The coil cross sectional area is half of the stator cross sectional area. 

The simplified slot layout shown in Figure 4-1 was used to obtain the area of the slot, copper 

area, coil MMF, conductor area, number of turns and current in the conductor. The area of the 

slot    is given by as the product of the slot width and slot height. 

              (4.1) 

where   is the width of the slot and   is the height of the slot in millimetres. 
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Copper area     is given by the product of the slot area and slot fill factor as in equation 

(4.2). 

 

 

 

  

Figure 4-1: Simplified slot layout. 

               (4.2) 

where    is the area of the slot in mm
2
 and    is the fill factor 

The total coil MMF in the slot is obtained as the product of the copper area and current 

density using equation (4.3) below. 

               (4.3) 

where   is the current density in A/mm
2
 and assume at 5 A/mm

2
 

Similarly, the conductor area is given by equation (4.4) below. 

                (4.4) 

  

  
Slot area 

SMC rotor core-back 

Stator core-back 

Magnet 

Stator tooth 

Airgap Iron rotor core-back 
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where   is the radius of the conductor in millimetres and the number of turns   in the slot is 

obtain by dividing the copper area by conductor area as shown in equation (4.5) below. 

  
   

    
       (4.5) 

Finally, the current in the conductor      is also obtained by multiplying the conductor area 

and the current density as presented in equation (4.6) below.  

                        (4.6) 

The coil resistance of the stator winding denoted as       is calculated based on estimating 

the total length and cross sectional area of the conductor and is given in equation (4.7) below  

[116]. 

         
       

    
                                                                  (4.7) 

where      is the mean radius of armature coil,      is the cross sectional area of conductor 

and in this case   is the  number of turns/coil and     is the electrical resistivity of copper. 

The main objective of winding design is to achieve a certain level of flux density at the airgap 

with minimal losses. Slot dimension, turns number, coil diameter, machine speed, skin effect 

and current density are parameters that play vital roles in the design of coils. For simplicity 

and to achieve high fill factor, concentrated winding is used and the coil resistance of the 

stator winding can be obtained from equation (4.7) above.  

The winding factor of the fundamental harmonic which is the product of the distribution 

factor and the pitch factor can be obtained from the induced voltage equation as stated in 

[19]. In general, it can be found from the phase EMF phasor vector graph as described in 

[117] and is given as in equation (4.8) below. 

                                                                              (4.8) 

where     is the winding factor and   is the electrical frequency in Hz. 

The analytical ways of determining winding factor are also given in [118] in which 

transforming the winding from double layer to single layer can increase the winding factor.  

https://digital-library.theiet.org/content/journals/10.1049/ip-epa_20050094
http://hdl.handle.net/2440/60062
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1211284
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=1629527
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4.3 3D FEA Modelling  

FEA is a numerical method that can accurately analyse complex electromagnetic fields using 

Maxwell equations. Due to 3D geometry of AFM and that of SMC material, the machine was 

modelled using 3D FEA package Infolytica MagNet to predict the performance of the 

machine. 

This section presents the initial analysis of the machine design and results reported include 

the selection of slot and pole number combination,  meshing sensitivity on the total loss and 

3D arrow plot, H tangential and shaded plot |B| smoothed field view of the machine at full-

load current.  

A parameterised machine model was created with an odd periodic boundary condition 

applied to the half edge of the model and a field normal boundary condition is applied to the 

shaft position in the model. This reduced the time required to solve the model by half and by 

reducing the number of elements it contains as running a full model is time consuming.  

110 mm outer diameter with 25 mm slot depth, sintered magnets (N35SH), constant current 

density and round tooth are used as the baseline in this design investigation analysis. The 

reason for using 110 mm was based on the maximum availability of the prototype material 

outer diameter of 120 mm and to allow the remaining 10 mm for machining in the process of 

construction and production of the prototype machine. 

The machine has 12 tooth stator and 14 numbers of poles on the rotor which means the 

structure of the machine has a periodicity of 180 degrees. Hence, half of the machine model 

was created to reduce the computation time by half as shown in Figure 4-2. Two different 

materials were utilised in the rotor that is the SMC and a solid stainless steel, the idea of 

using the stainless steel is to enable screws to be use in attaching the shaft to the rotor as it is 

not practical to fix the shaft directly on the SMC rotor using screws. Appendix A gives the 

final main dimension and specification of the machine.  

The model was first generated using a 2D model and extruded axially to form a full 3D 

model and SMC Somaloy 700HR 3P material with electric resistivity of 0.6 kΩm at 20ºC 

was used. The typical B-H characteristic of the material is shown in Appendix C, and the data 

of the material was used to input all other information regarding the material in the software 

which includes;  
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1. Magnetic permeability. 

2. Iron loss. 

3. Electric resistivity. 

4. Permittivity. 

5. Mass density. 

 

Figure 4-2: 3D FEA half model of the machine. 

 

From the data sheet it is clear that the B-H curve of SMC is sensitive to the compaction 

process and so varies depending on the method of moulding. Neodymium Iron Boron N35SH 

magnet and copper with 100% IACS are used as materials in the magnets and conductors 

respectively.  

The machine speed is 6000 rpm, the electrical frequency, mechanical frequency and 

simulation time steps can be calculated as: 

Mechanical frequency    is given as: 

Iron rotor core-back 

Winding 

SMC stator block 

SMC rotor core-back 

Magnet 
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                (4.9) 

Mechanical angular frequency    can be obtained using equation (4.10) below. 

                                (4.10) 

The mechanical revolution time    is obtained as in equation (4.11) below. 

   
 

  
 

 

   
                      (4.11) 

The electrical frequency    for 14 pole machine (7 pole pairs) at 6000 rpm is given as: 

                                        (4.12) 

Electrical angular frequency    can be obtained using equation (4.13) below. 

                                                  (4.13) 

The electrical revolution time    is obtained as in equation (4.14) below. 

   
 

  
 

 

   
                         (4.14) 

The above values were inserted in fixed interval time step method of the transient option in 

the Infolytica MagNet software and used in the analysis of the machine.  

4.3.1 Slot and Pole Combination 

In this design, 12 stator tooth and 14 poles rotor (12S14P) is used. The slot depth is chosen to 

maintain the tooth and core-back flux densities at rated speed. Table 4-1 summarised the 

possible tooth and pole combination for a three-phase concentrated winding with twelve 

teeth. The increase in pole number affects the harmonics and allows for a thinner core-back 

and hence greater slot depth, within the same axial length. In [52], the slot and pole number 

selection for double-sided AFM that used SMC as stator core was described. 

Figure 4-3 presented the variation of airgap flux density with electrical angle in the machine 

and it is clear that the flux density attained a maximum value of 0.8 T within the machine 

airgap.  

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4025188
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Table 4-1: Possible Tooth/Pole Combination 

Pole pairs Tooth number Coil span [°]electrical 

4 12 120 

5 12 150 

7 12 210 

8 12 240 

 

The slot depth of a machine has effects on the extent of saturation in the teeth which would 

modify the slot ripple component in the airgap flux density however if the magnitude of slot 

ripple flux is too significant, it may lead to consequent torque ripple in the machine.  

The width of the slot opening varies with different positions on the airgap flux which lead to 

the main harmonic in the airgap to gradually shift from third harmonic to second harmonic 

and less affected when the slot width is the same as the gap between two permanent magnets.  

 

Figure 4-3: Airgap flux density variation with electrical angle in the machine. 
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Figure 4-4 presented the effect of number of pole pairs on the average torque and total loss in 

the machine. From 3D FEA the result shows that the lower the number of pole pairs the 

higher the average torque, 4 pole pairs have the highest torque of 3.12 Nm and 8 pole pairs 

has the lowest torque of 1.53 Nm. Moreover, the 5 pole pairs and 7 pole pairs have average 

torque of 2.77 Nm and 2.08 Nm respectively.  

This analysis is carried out with the same magnet mass, rotor core-back and overall axial 

length in the machine. The reason for chosen the 7 pole pairs is based on the total loss 

associated with each pole pairs.  

It can be seen from the bar chart of Figure 4-4 that, 4 pole pairs has the highest total loss, 

while 7 pole pairs with the lowest total loss. The total loss in 7 pole pairs represents 47%, 

29% and 35% decreased as compared to 4 pole pairs, 5 pole pairs and 8 pole pairs 

respectively.  

 

Figure 4-4: Effect of number of pole pairs on average torque and total loss. 

60 

80 

100 

120 

140 

160 

180 

200 

1.2 

1.7 

2.2 

2.7 

3.2 

4 5 7 8 

To
ta

l l
o

ss
 (

W
) 

A
ve

ra
ge

 t
o

rq
u

e
 (

N
m

) 

Number of pole pairs 

Total loss 

Ave torque 

Selected Point 



Chapter 4–Design and Investigations  

 

84 

 

4.3.2 Meshing Sensitivity 

The level of meshing size used in the machine model determines the time taken for 

computation and results accuracy, the finer the mesh size the more accurate the numerical 

results and smoother wave forms. The field inside each element is a set of polynomial 

functions with unknown coefficient and shape like tetrahedral with four vertices. The most 

valuable part of the design is to verify the sensitivity of the solution mesh and Figure 4-5 

shows the mesh view of the half model together with expanded airgap view. 

 

 

Figure 4-5: 3D FEA mesh of the machine. 
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The initial analysis is based on 3D Finite Elements solutions, which are highly sensitive to 

mesh size especially in the airgap region due to changes in the magnetic fields. For 

reasonable solution the mesh size should be within a practical limit.  

The airgap of the machine was divided into four sections as done in the baseline machine 

analysis described in Chapter 3, namely; stator region, stator slip, rotor slip and rotor region. 

The stator and rotor air box extend to the airgap by 0.25 mm each on their side and virtual air 

material was used in that region and in stator slip and rotor slip, air was utilised as material.  

The reason for that is to eliminate the possibilities of field’s irregularity in the region, since 

magnetic field changes direction frequently in those regions. With this set up and mesh size 

the maximum element in the airgap was over 70,000 elements. The Figure in addition shows 

a clearly view of the expanded airgap. It can be seen that in the rotor slip and stator slip the 

meshing is denser compared to rotor airgap region and stator airgap region.  

Transient 3D with motion using Newton-Raphson is utilised in solving the model with fixed 

interval time step method, because in this method each time step is of an equal length, 

whereas in the adaptive time stepping method, MagNet finds the appropriate time step length 

for the solution.  

The rotary component; rotor slip, rotor airbox, magnets and rotor core-back in the machine 

were set as the reference paths in motion properties and rotary is used as the motion type in z-

direction with velocity driven as the source type. Speed based position was used with initial 

time of 0 ms and final time of 1.4 ms at 36000 deg/sec, speed corresponding to 6000 rpm. 

The motion centre was set to zeros in all direction with position and speed at start up. These 

specification terminologies above are related only to Infolytica MagNet software. 

A Larger mesh size was initially used, and the size was reducing until there are little changes 

in results obtained for both the flux linkages and peak torque. Since half of the machine was 

modelled, element size of 0.5 mm was applied to the airgap slip and magnet with curvature 

refinement angle of 1° due to the fact that airgap of the machine is where most energy is 

stored and field’s direction changes, while the remaining parts element size was kept at 5 

mm. in this analysis, the coils element size used was 4 mm, 1 mm and 0.3 mm mesh size. 

Figure 4-6 presents the side view of the machine half model. 
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Figure 4-6: Side view of the machine half model. 
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Figure 4-7 shows the total loss in the machine at different mesh size on the coils. The results 

show that the smaller the mesh sizes on the coils the higher the loss. The 0.3 mm mesh size 

total loss is 7.5% higher as compared to 4 mm mesh size due to the fact that larger mesh size 

underestimates the loss in the conductor layers close to airgap. 

 

 

Figure 4-7: Loss variation with mesh size. 

 

Figure 4-8 presented the 3D arrow plot, H tangential and shaded plot |B| smoothed field view 
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Figure 4-8:3D FEA field view of the machine. 
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magnet machines applications due to its high energy product with suitable magnetic and 

physical properties. For this design, N35SH sintered neodymium magnets were utilised due 

to the fact that it can withstand maximum temperature of 150
o
C with    typical of 1.210 T 

and has electric resistivity of 180 µΩcm. The length of the airgap     and the thickness of 

magnet    can be expressed as a function of stator core outer diameter    as stated in [19] 

and are given by the relationship in equation (4.15) and (4.16) below: 

                                                                                     (4.15) 

                      (4.16) 

Figure 4-9 shows the variation of airgap length for optimal average torque and peak-to-peak 

cogging torque. In this case the magnet thickness and magnet span were kept constant.  

 

 

Figure 4-9: Effect of airgap length on average torque and cogging torque. 
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It can be seen that at 1 mm magnetic airgap the average torque of the machine is 21.1% 

higher than that at 1.5 mm airgap; moreover it is 43.8%, 63.0% and 81.7% higher at 2 mm, 

2.5 mm and 3 mm respectively. The results show that as the magnetic airgap between the 

stator and rotor increases from 1 mm to 3 mm the average torque of the machine decreases.  

Similarly, for different airgap length the results show that the peak-to-peak cogging torque 

decreases as the magnetic airgap increased, and at 1 mm the peak-to-peak cogging torque is 

28%, 88.2%, 135%and 256% higher compared to 1.5 mm, 2 mm, 2.5 mm and 3 mm 

respectively. Therefore, from the analysis the machine has the maximum average torque and 

peak-to-peak cogging torque at 1 mm airgap. This configuration was chosen for the final 

design, since the cogging torque exhibits in the machine is 7.8% of the average torque. 

Figure 4-10 shows the average torque, peak-to-peak cogging torque and total loss in the 

machine when the magnet span was varied at different electrical angles by keeping the 

magnet thickness constant at 2.5 mm and magnetic airgap at 1 mm.  For optimal average 

torque in AFM the magnet span should range from 120º to 150º as reported in [75].  

 

Figure 4-10: Effect of magnet span on average torque, cogging torque and total loss. 
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When selecting the magnet span stability between the total loss and average torque in 

machine needs to be formed. It is rational to select a magnet span that gives a lower total loss 

and average torque but come up with a highly efficient machine than a higher total loss and 

average torque which can be expensive.  

It is very clear that as the magnet span increases the average torque also increases, but the 

peak-to-peak cogging torque decreases however the losses in the machine also increased. 

From 120º to 150º magnet span, the average torque increased by 11% and the total loss 

increased by 19.6%. The result also shows that 120º magnet span has the lowest loss as 

shown in Figure 4-10.  

The 130º magnet span total loss increased by 7.9%, 140º magnet span by 13.6% and 150º 

magnet span by 19.6% as compared to 120° magnet span respectively. The peak phase back 

EMF from the FEA shows that the 120° magnet span has the lowest peak back EMF of 113.5 

V, and represent a decreased by 3.3%, 5.4% and 7.6% as compared to 130° magnet span, 

140º magnet span and 150° magnet span respectively.  

The peak total loss for 120º magnet span, 130º magnet span, 140º magnet span and 150º 

magnet span are 98.18 W, 106.23 W, 111.54 W and 116.96 W respectively. While the peak 

average torque for 120º magnet span, 130º magnet span, 140º magnet span and 150º magnet 

span are 2.08 Nm, 2.25 Nm, 2.32 Nm and 2.39 Nm respectively. Furthermore, the peak-to-

peak cogging torque for 120º magnet span, 130º magnet span, 140º magnet span and 150º 

magnet span are 0.16 Nm, 0.12 Nm, 0.08 Nm and 0.05 Nm respectively. 

For cost effective and optimal overall performance of the machine, the 120º electrical degree 

magnet span was chosen for the final design due to low losses associated with it. 

Figure 4-11 shows the variations of average torque and torque per active mass of the machine 

at different magnet thickness, in which the magnet span and magnetic airgap length were kept 

constant. In this case, the magnet thickness is varied between 2 mm to 4.5 mm and the result 

shows that the maximum average torque is at 3.5 mm. The machine has the peak average 

torque at 3.5 mm magnet thickness and lowest at 2 mm magnet thickness, moreover, the 

torque per active mass of the machine is maximum and minimum at the same magnet 

thickness as the average torque. 
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At 2.5 mm thickness the machine exhibits average torque of 2.08 Nm and torque per active 

mass is 4.5% higher compared to 2 mm magnet thickness and 1.4% 2.5%, 1.92% and 0.5% 

lower as compared to the 3 mm, 3.5 mm, 4 mm and 4.5 mm magnet thickness respectively. 

But, 2.5 mm was chosen due to the cost, mechanical issue associated with surface mounted 

magnets machine and the lower total losses in the machine at that magnet thickness.  

 

 

Figure 4-11: Average torque and torque /active mass variation with magnet thickness. 
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the highest efficiency at 120º magnet span due to lower total loss associated with it. Hence 

120º magnets span was chosen for the final design.  

 

 

Figure 4-12: Output power and Loss comparison for different magnet span. 
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             (4.17) 

Similarly, the air gap flux density can be expressed in terms of MMF and permeability as 
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            (4.18) 

This flux density in the airgap will oppose the magnet remanent flux density and 

demagnetisation in the magnets will occur if this flux density in the airgap is comparable to 

that of the magnet remanent flux density. The z-component of the magnetic field in AFM 

together with the magnetic field distribution and the flux linkage in the machine are obtained 

based on a model stated in [119].  

The investigation of peak airgap flux in z-direction is carried out at different airgap length 

ranges from 1 mm to 3mm magnetic airgap, the reasons for that are based on the issues of 

mechanical clearance and maximum axial force of attraction between the stator and rotor. 

Figure 4-13 presented the B-H curve of SMC extracted from the data sheet in Appendix C. 

 

 

Figure 4-13: B-H curve of SMC prototype material. 
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Figure 4-14 shows the airgap flux variation for different airgap length. It is clear from the 

graph that at 1 mm magnetic airgap length, the machine has maximum airgap flux of 0.8 T. 

This represents an increase by 17.5%, 30%, 38.8% and 45% as compared to 1.5 mm, 2 mm, 

2.5 mm, and 3 mm airgap length respectively.  

Decreasing the airgap beyond 1 mm will result to increase in the flux and possibly the 

machine will experience some mechanical issues during assembly and running at rated speed. 

To avoid that the 1 mm magnetic airgap was used in the final design. 

 

 

Figure 4-14: Airgap flux density variation with airgap magnetic length. 
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magnet at 120ºC. Figure 4-15 shows the demagnetisation of the magnet when the rated full-

load current flows through the coils.  

It is clear that the magnets were not demagnetised when the full-current is applied as shown 

in Figure 4-15, because the operating temperature of the magnet is not exceeded, and the 

magnets are safe throughout the operation, but tends to demagnetised when the rated full-load 

current is about 1.5 times.  

This shows that increasing the current beyond the rated full-load, the magnets edges starts to 

saturate since the operating temperature of magnets begin to exceed it normal operating 

condition and the airgap flux density begins to compare with the magnet remanent flux 

density as shown in Figure 4-16.  

 

 

Figure 4-15: Magnet demagnetisation at full-load current. 
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Figure 4-16: Magnet demagnetisation at 1.5 full-load current. 
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radius or as given by equation (4.19) and this relationship is obtained by maximising the 
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             (4.19) 
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the machine. The output torque for AFM machine is given in terms of the outer diameter as 

mention in Chapter 2, equation (2.1). 

 

 

Figure 4-17: AFM stator block. 

 

Figure 4-18 presents the average torque of the machine at fixed outer radius of 55 mm and 
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This is for easy coils placement and to allow for effective air cooling in the machine during 

operation at full-load current and rated speed.  

 

 

Figure 4-18: Effect of inner to outer radius ration on average torque. 
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varied. The results show that the machine average torque increases as the slot volume is 

increased and a slot width of 5 mm was chosen for final design due to the average torque and 

total loss associated with it. The analysis stop at slot width of 5 mm as the target design 

average torque of 2.08 Nm is reached.  

 

 

Figure 4-19: Average torque variation with slot width. 
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Figure 4-20: Rectangular and Trapezoidal slots. 

 

 

Figure 4-21: Total loss comparison between rectangular slot and trapezoidal slot. 
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4.4.6 Core-Back Depth 

The thickness of core-back     is usually defined by the amount of flux it must channel. The 

flux per pole is flux density by area and can be expressed as stated in [120]. 

         
    

    
  

     
      (4.20) 

The core-back thickness can be selected based on the desired flux density in the material used 

and all the magnet flux per pole must be channelled through the core-back and Figure 4-22 

shows the average torque at different rotor core-back thickness.  

                              (4.21) 

where     is the airgap flux density,    and    are the outer and inner radius of the rotor 

respectively.       is the core-back flux and     is the thickness of the core-back. 

 

 

Figure 4-22: Effect of rotor core-back variation on average torque. 
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It is clear from Figure 4-22 that, the average torque of the machine is approximately constant 

when the rotor thickness is between 10.5 mm to 12 mm. To reduce the weight and cost of 

SMC material in the final machine, 10.5 mm was chosen as the rotor core-back of the 

machine. 

The stator core-back thickness variation for optimal average torque is shown in Figure 4-23. 

It is clear from the graph that the machine has a peak average torque when the stator core-

back thickness is 10 mm. At lower stator core-back and full-load current the machine exhibits 

lower average torque, but as the core-back is increasing the average torque also is increasing 

until the thickness of the core-back reaches 10 mm. 

It is clear from the graph in Figure 4-23 that, beyond 10 mm stator core-back thickness the 

average torque in the machine is almost constant which slightly decreases by 0.2% of the 

average torque from 10.5 mm to 12 mm stator core-back thickness.  

 

 

Figure 4-23: Effect of stator core-back variation on average torque. 
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4.5 Final Design Analysis 

This section presents the analysis of the final machine design using 3D FEA and results 

reported include the cogging torque and axial force, no-load and on-load loss, back EMF and 

harmonic analysis, on-load torque, terminal voltage, output power, efficiency and 

temperature in coils. 

From the analysis in section 4.3 and 4.4 the machine main dimensions and operating 

parameters are presented in Appendix A which are used to created a final parameterised 

machine model.  

The machine is single-sided for simplicity as reported in [17] and SMC Somaloy 700HR 3P 

is used as material to both the stator and rotor. Neodymium Iron Boron N35SH magnet and 

copper with 100% IACS are used due to their availability as materials in the magnets and 

conductors respectively.   

4.5.1 Cogging Torque and Axial Force 

One of the problems in designing AFM at 6000 rpm and above is the axial force of attraction 

between the stator and rotor, which if care is not taken will lead to the collision of the stator 

and rotor at high speed which can damage the machine. 

For the large radius machines this will require a very large core-back iron structure, because 

the force is as results of tensile Maxwell stress acting in the same direction as the orientation 

of the field as reported on [121] and is given by equation (4.22). 

  
   
 

   
          (4.22) 

where     is the flux density in the airgap and   is the area. 

Figure 4-24 gives the FEA cogging torque at rated speed and this was obtained in the 

simulation by setting torque and electromagnetic force calculation condition, under no-load 

the torque generated is the cogging torque without excitation and is caused by the tendency of 

the rotor magnets to line up with the stator teeth where the magnetic circuit has the highest 

permeance when the machine is operating under no-load condition. 

https://books.google.co.uk/books?hl=en&lr=&id=jearIV8uVPoC&oi=fnd&pg=PR7&dq=J.+F.+Gieras,+R.-J.+Wang,+and+M.+J.+Kamper,+Axial+flux+permanent+magnet+brushless+machines:+Springer+Science+%26+Business+Media,+2008.&ots=RkEMkRKjSh&sig=5BpAYnmMVW1SWBMb1uVrsAH6DwA&redir_esc=y#v=onepage&q&f=false
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Figure 4-24: Cogging torque variation with electrical angle. 

 

In [4] a method to analyse cogging torque on axial field flux-switching permanent magnet 

machine for application in wind turbine based on 3D FE model was presented. In this 

optimised design, cogging torque was small or negligible due to the slot and pole number 

combination and having rounded tooth. There is a 47% decrease in cogging torque as 

compared to the baseline machine reported in Chapter 3.  

The average axial force of the machine at different airgap length is presented in Figure 4-25. 

It was obtained from the 3D FEA. It is evident that, from 1 mm to 5 mm magnetic airgap the 

axial force decreases. Moreover, for 1 mm magnetic airgap length, it represents an increased 

by 3.8%, 7.1%, 9.6% and 11.9% as compared to 2 mm, 3 mm, 4 mm and 5 mm airgap 

respectively. At 1 mm airgap the axial force is four times that of the baseline machine 

described in Chapter 3 and this value is within the range of the available “off the shelf” steel 

metal shielded thin bearings. 
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Figure 4-25: Axial force variation with airgap length. 

 

4.5.2 Loss Evaluation 

The idea of loss calculation in a machine is to know the efficiency. The total core loss of the 

machine can be determined from the 3D FEA by using the Steinmetz equation in equation 

(4.18) as reported in [109]. 

      
       

                                 (4.23) 

where    is eddy current loss coefficient,    is hysteresis loss coefficient and   is the average 

flux density. 

These constant values are obtained from data sheet of the material as supply by Höganäs AB 

and were inserted in the 3D FEA simulation to get the core loss of the machine. This data is 

valid for the frequency and induction range.  The Infolytica MagNet software do not have an 

inbuilt data for SMC Somaloy, the typical data of prototype Somaloy as presented in 
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Appendix C were inserted into the new user materials to create a new material data for SMC 

and these includes: Magnetic permeability is nonlinear, isotropic and uses the adjusted data 

for magnetising curve, loss which uses Steinmetz Equation, resistivity or conductivity, 

permittivity which is linear – isotropic and real and the mass density of the material. All these 

information were used at 20˚C temperature. The core loss in the software is divided into two, 

the hysteresis loss and eddy current loss.  

In [8] a modelling for minimum power loss was presented, the research work focus on the 

winding design together with low cost manufacture and found that from the analysis of 

different winding design the most promising is the edge wound winding which provides the 

lowest loss at AC operation. Similarly, power loss analysis in thermal design of permanent 

magnet machines were review in [108] and found that there are different techniques available 

for power loss analysis and modelling in electrical machines which include computational 

method like FEM or CFD however experimental measurement into power loss mechanism is 

also a vital part of the research on loss derivation method. 

For a three-phase machine the stator winding copper loss in the machine can be found using 

the resistance and current or based on current density as reported  in [19] [122] and are given 

by the equation (4.24) and (4.25) below. 

            
                                                                          (4.24) 

                                                                                      (4.25) 

where    is electrical resistivity of copper conductor and     is the volume of copper 

conductor. 

Figure 4-26 shows the no-load and on-load loss comparison for the final machine design. In 

this case AC winding loss was not considered, as eddy current circulation in the coils is turn 

off in the software and the winding conductor diameter at the operating frequency is less than 

the skin depth. Since half model was used in the analysis, the results must be multiply by a 

factor of two to get the total loss. 

The loss is divided into stator hysteresis loss, stator eddy loss, stator bulk loss, magnet loss 

and coils Ohmic loss. It can be seen that, at no-load the dominant loss was stator hysteresis 

loss.  

 

https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7109881
https://ieeexplore.ieee.org/abstract/document/7296667
http://hdl.handle.net/2440/60062
https://digitalcommons.library.umaine.edu/fac_monographs/231
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Figure 4-26: No-load and on-load loss comparison. 

The on-load losses with copper conductor were obtained when excitation current was applied 

to the terminal of the machine at rated speed as reported in [123]. In this case only the 

dominant loss was considered. It can be seen from the graph that, the eddy current losses in 

the rotors of surface mounted permanent magnet machines are very small when compared to 

the eddy current losses in the stator. 

The main sources of eddy current losses in the rotor are the space harmonics due to the 

slotting effects, stator winding distribution and stator current time harmonics. A developed 

model to determine the losses as a result of spatial harmonics was presented in [124].  

Figure 4-27 shows the loss variation with speed, in this analysis AC winding loss was not 

considered due to the fact that the conductor diameter (1.4 mm) used is less than the skin 

depth (3.03 mm) at the operating frequency of 700 Hz (6000 rpm). The results show that the 

loss increases with the frequency squared and the on-load loss is higher to no-load loss by 

26% at rated speed.  
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Figure 4-27: Loss variation with speed. 

 

4.5.3 Back EMF and Harmonic Analysis 

The back EMF of the machine at different electrical angles was obtained at zero excitation 

current. Also, it is proportional to the speed of the machine, number of turns and phase flux 

linkage. From the simulated 3D FEA results, it can be found either from the coil flux linkage 

or directly from coil voltage. The magnetic field distribution and the back EMF of axial field 

machine were analysed based on a model as mention in [119]. The back EMF of the coils was 

obtained from the flux linkage based on equation (3.1), while the induced rms voltage can be 

obtained using the induced voltage equation (3.2).  

Figure 4-28 presented the three-phase induced back EMF of the machine at rated speed. The 

results show that the phases are separated by 120º electrical which confirm the 

circumferential tooth displacement between the three phase flux linkages in the machine. 

Furthermore, the induced EMF is sinusoidal in shape with little or no harmonics as required. 
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Figure 4-28: 3D FEA Back EMF at 700 Hz. 

The harmonic analysis of the back EMF was carried out using the Fast Fourier Transform 

(FFT) to get the maximum amplitude of each harmonics and the accuracy depends on the 

number of data point used, in this case 60 data point based on the time steps was used. Figure 

4-29 presented the harmonics analysis of back EMF. The combination of 12 slots and 14 

poles number have minimised most of the harmonics present in the baseline machine 

described in Chapter 3 and the significant harmonics besides the fundamental harmonic are 

the fifth, seven and eleventh harmonic, with almost all the remaining harmonics are less than 

0.5% of the fundamental harmonic. The peak back EMF fundamental harmonic is 113.4 V, 

which is required for the application. 

Figure 4-30 presented the percentage comparison of three significant harmonics of the 

baseline machine and the improved machine, it can seen that the 3
rd

 harmonic of the 

improved machine reduced by 96.2%, while the 5
th

 and 7
th

 harmonics by 97.8% and 90.9% 

respectively. 
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Figure 4-29: First eleven harmonics of Back EMF. 

 

Figure 4-30: Baseline and improved machine harmonics comparison. 
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4.5.4 On-Load Torque 

The torque of a machine is define as a force that tends to cause rotation or is a measure of the 

force that can cause the rotor of the machine to rotate about an axis. In another word is what 

causes the rotor to acquire angular acceleration in an electrical machine. The torque   on a 

conductor wire with radius   in metres is given by equation (4.26). 

                                                                                           (4.26) 

where   is the force in Newton (N) 

For a machine with slotted core and having   number of turns, the torque is given by: 

                                                                                      (4.27) 

whereas      is average airgap flux density. 

The machine average torque under loaded condition was obtained from the software. Figure 

4-31 shows the average torque at different level of current. The design requires an MMF of 

245At with 32 turns per coil. 

The average torque was obtained by varying the current from zero to full load current at a 

step of 1A and the relationships were plotted. It shows that, as the current increased the slot 

MMF also increased due to the fact that MMF in a machine slot is directly proportional to 

applied current and the number of turns. 

It is clear from the graph that from zero current to about 6A rms the relationship between the 

average torque and applied current is linear. After the applied current exceed 6A the 

relationship become non-linear and the onset saturation started.  

Figure 4-32 compared the average torque and net torque produced; the machine exhibits an 

average torque of 2.08 Nm and net torque of 2.05 Nm. In the case of net torque, the cogging 

torque is subtracted from the on-load torque and is the actual torque exhibits by the machine.  

This shows that cogging torque in this machine always opposes the main torque. However, 

cogging torque does not always oppose main torque; it oscillates with a net zero average. 
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Figure 4-31: Average torque variation with current at 700 Hz. 

 

Figure 4-32: Average and Net torque of the machine at 700 Hz. 
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4.6 Terminal Voltages, Output Power and Efficiency 

The machine performance with resistive load can be obtained from the phasor diagram as 

shown in Figure 4-33, where   is the terminal voltage,   is the current,   is the resistance and 

  is the reactance. 

 

Figure 4-33: Phasor diagram of a resistive load 

From the phasor diagram in Figure 4-33, assuming unity power factor, the performance of a 

machine with resistive load for any defined current can be determined using Pythagoras 

theorem, the terminal voltage can be expressed as given in equation (4.28), and the phase 

terminal voltage can also be found from the voltage equation given in [17].  

                     (4.28) 

For a three-phase machine the output terminal power is calculated using equation (4.29).  

                        (4.29) 

The applied mechanical power is obtained as given by equation (4.30). 

                     (4.30) 

The phase resistance of the machine can also be calculated together with the reactance as 

mention in [125] and are given by equations (4.31) and (4.32). 

  
       

     
               (4.31) 

  

  

     

V 

   

https://books.google.co.uk/books?hl=en&lr=&id=jearIV8uVPoC&oi=fnd&pg=PR7&dq=J.+F.+Gieras,+R.-J.+Wang,+and+M.+J.+Kamper,+Axial+flux+permanent+magnet+brushless+machines:+Springer+Science+%26+Business+Media,+2008.&ots=RkEMkRKjSh&sig=5BpAYnmMVW1SWBMb1uVrsAH6DwA&redir_esc=y#v=onepage&q&f=false
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              (4.32) 

where      ,                and       are the resistance of the coil, inductance of the coil, 

number of series and parallel coils respectively.  

The efficiency is a function of load torque of the machine, it should be noted that the 

efficiency was based on the output torque from the 3D FEA results and the total loss of the 

machine at rated speed. In this analysis we are looking at the importance of AC loss in 

relation to the overall performance of the machine.  

Efficiency calculation was performed in [17] and it can be obtained using the expression in 

equation (4.33).   

 

  
    

   
            (4.33) 

 

4.7 Temperature Rise  

From the thermal 3D FEA, the temperature rise in coils at full load current for 5000 seconds 

is shown in Figure 4-34.  The ambient temperature of 20˚C was set as the initial temperature 

this rises to about 48.9˚C at full load current. This analysis is serves as a benchmark for this 

demonstrator since we required a low increase in temperature in the coils. The graph shows 

that, the temperature rise in the machine coils was 28.9˚C. 

A thermal model of axial flux PM synchronous machines with SMC stator core through 3D 

Coupled electromagnetic thermal and fluid-dynamical FEA was given in [68]. The steady 

state temperature of the machine was obtained giving the typical behaviour of the winding 

with air as natural cooler and to obtain the temperature rise in the winding, a DC current of 

10A was applied to a phase of the machine for about 5000 seconds. It is shown also from the 

graph that the temperature is constant for the first 15-20 sec, after that the temperature starts 

to rise gradually until almost 3000 sec and 4000 sec, later the temperature rises stabilised and 

become constant for the remaining duration. 

https://books.google.co.uk/books?hl=en&lr=&id=jearIV8uVPoC&oi=fnd&pg=PR7&dq=J.+F.+Gieras,+R.-J.+Wang,+and+M.+J.+Kamper,+Axial+flux+permanent+magnet+brushless+machines:+Springer+Science+%26+Business+Media,+2008.&ots=RkEMkRKjSh&sig=5BpAYnmMVW1SWBMb1uVrsAH6DwA&redir_esc=y#v=onepage&q&f=false
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4623121
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Figure 4-34: Temperature rise in the coils 

4.8 Mass and Volume 

The mass and volume of each component of the machine are presented in Figure 4-35 and 

Table 4-2 respectively, it can be seen that SMC account for 55% of the total active mass of 

the machine and it is 57.8% of the total active volume of the machine. 

The machine windings represent 36% and 32.7%, the magnets account for 3% and 2.9% of 

the total active mass and volume respectively. Rotor iron core-back is 6% of the total active 

mass and 6.6% of the total active volume. 
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Figure 4-35: Mass percentage of each component 

 

Table 4-2: Volume of Components 

Component Volume (m^3) Percentage (%) 

Stator SMC 133.6E-06  46.8 

Rotor SMC 31.4E-06 11.0 

Magnets 8.4E-06 2.9 

Rotor Iron 18.9E-06 6.6 

Coils 93.1E-06 32.7 

Total SMC  165.0E-06 57.8 

Total active  285.4E-06 100 
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4.9 Performance Summary 

Table 4-3 summarised the key machine parameters obtained from the 3D FEA, which 

comprises of back EMF, phase resistance, input and output power, average torque, torque 

ripple, winding temperature rise and densities in terms of torque and power.  

Table 4-3: Performance Summary 

Parameter Value 

Peak Back EMF (V) 113.4 

Phase Resistance (Ω) 0.1789 

Frequency (Hz) 700 

Input Power (W) 1307.1 

Output Power (W) 1208.9 

Phase Current rms (A) 7.7 

Total Loss (W) 98.2 

Winding Temperature rise (˚C ) 28.9 

Average Torque (Nm) 2.08 

Torque ripple (%) 4.2 

Torque/Magnet (Nm/kg) 33.2 

Torque/Active mass (Nm/kg) 0.9 

Torque/Active volume ripple (kNm/m
3
) 4.8 

Power/Active mass (kW/kg) 0.5 

Power/Active volume (MW/m
3
) 2.8 
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4.10 Conclusion 

The sensitivity of average torque on various parameters was investigated using 3D FEA in 

this chapter and extensive simulation results were presented. It was shown that the 

combination of 12 slots and 14 poles number reduced the cogging by 47% as shown in Figure 

4-24 when compared to baseline machine described in Chapter 3 and harmonics in back EMF 

by a significant amount as shown in Figure 4-29 and 4-30.  

It is seen from the 3D FE studies that the final design has improved the overall performance 

of the machine by altering the main dimension of the baseline machine described in Chapter 

3 which resulted in 375% increase in the mass of the machine compared to the baseline 

machine moreover the peak back EMF increased by 237%. This improvement above that of 

the baseline machine is as a result of the increase in slot area which increases the copper area 

and therefore results in the reduction of loss per unit MMF. This 3D FEA based optimisation 

offer the opportunity to further improve the performance of any machine demonstrating in 

particular improvements in average torque. 

The AFM with higher number of pole than the slots number may be attractive in terms of 

torque density; in addition, the combination of low permeability SMC material together with 

strong rare earth magnets and concentrated windings allows the production of a highly 

efficient and smaller size machine.  

Lastly, this chapter has implemented a conductor diameter less than the skin depth at rated 

speed however Chapter 5 will discuss the assessment of AC winding loss in the machine with 

conductor diameter larger than the skin depth at operating frequency. 
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5. AC Winding Loss Analysis 
 

This chapter presents AC winding loss evaluation for the final machine design described in 

Chapter 4, in which the machine 3D nature using SMC are taken into consideration. The 

analysis focused in coils of open-slot configuration with rotor motion for three different 

conductor sizes. The losses of each coil are calculated separately, basic analytical model and 

3D Finite Element methods were used. Sensitivity analysis is then used to assess the losses in 

individual stranded conductor and in full model to see the effect on conductor size and 

placing the conductor close to the airgap and far from the airgap within the slot. This is 

necessary in order to justify the effect on loss of conductor position and to have a more 

efficient machine.  

5.1 Introduction 

One of the factors that affect the efficiency of machines at operating speed is AC winding 

loss this is due to the higher frequency of operation resulting in skin-depths of the same order 

of size as the typical conductor diameters [5]. Therefore, AC winding loss analysis at 

operating frequency is very important in determining the overall performance of a machine. 

At AC operation the open-slot stator winding construction encourages an elevated winding 

loss from the PM rotor as stated in [8]. This is as a result of coils exposure to more magnetic 

fields from the rotor magnets. 

The losses increase significantly when exposed to a changing magnetic field. This flux 

variation within the machine windings produces additional eddy current besides the losses in 

the core, which induced a magnetic field that tends to cancel the applied magnetic field as 

stated in [122]. If the effect is as a result of the conductor AC current within itself; it is called 

skin effect, while it is called proximity effect if it is due to a nearby conductor. This effect 

increases the     losses and reduces the overall machine efficiency as a result of a decrease 

in the effective conductor area for current flow. These effects together with slot leakage 

effect in an alternating current environment can seriously impact the performance of the 

machine. 

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7551122
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7109881
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A method for modelling high frequency losses in the rotor iron of a permanent magnet 

brushless AC machine is reported in [124] and for magnets is mention in [126]. AC winding 

losses analysis of the ironless brushless DC motor used in a flywheel energy storage system 

are presented in [5]. Method for the analysis of circulating current losses in random wound 

electrical machines is reported in [127]. Similarly, AC losses in coated conductors are 

presented in [128]-[131]. Transport AC loss are discussed in [132]-[137]. Much literature 

proposed various methods of AC winding loss analysis which are limited and have not 

considered 3D nature of the AFM using SMC.  

5.1.1 Skin Effect 

Skin effect is the tendency of an alternating electric current to become distributed within a 

conductor so that the current density is largest near the surface of the conductor and decreases 

with greater depth in the conductor. The current flows mainly at the “skin” of the conductor 

as shown in Figure 5-1, between the outer surface and a level called the skin depth.  The skin 

effect causes the effective resistance of the conductor to increase at higher frequencies where 

the skin depth is smaller, thus reducing the effective cross-section of the conductor. The skin 

effect is due to opposing eddy currents induced by the changing magnetic field resulting from 

the alternating current. 

 

Figure 5-1: The skin depth in a circular conductor. 

https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=887213
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=4025417
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7551122
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7420717
https://www.researchgate.net/profile/Enric_Pardo/publication/231014707_AC_losses_in_coated_conductors/links/0912f50bddb7bd7ceb000000/AC-losses-in-coated-conductors.pdf
https://iopscience.iop.org/article/10.1088/0953-2048/24/4/045005/meta
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=1439962
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5635352
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The skin depth   depends on the electrical properties of the material, and the frequency   of 

the current through the conductor [138]. Therefore, the skin depth   is given by equation 

(5.1). 

   
 

        
          (5.1) 

where ρ and   are resistivity and relative permeability of the conductor respectively and   is 

the permeability of the free space (4π × 10
-7

 H/m). The maximum mechanical speed of the 

machine is 6000 rpm, the electrical frequency (14 poles) is 700 Hz and the skin depth is 3.03 

mm. 

5.1.2 Proximity Effect  

In a conductor carrying alternating current, if currents are flowing through one or more other 

nearby conductors, such as within a closely wound coil of wire, the distribution of current 

within the first conductor will be constrained to smaller regions. The resulting current 

crowding is termed the proximity effect. Figure 5-2 presented the magnitude of current 

density in the windings of a slot. 

  

Figure 5-2: Magnitude of current density in the windings of a slot. 
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This effect results in an increase in the effective resistance of the circuit in which the 

conductors are placed with increase in the frequency. The alternating flux in a conductor is 

caused by the current of the other nearby conductor and produces a circulating current or 

eddy current in the conductor which results an apparent increase in the resistance of the 

conductor and; thus, more power losses in the windings.  

Proximity effect dominates in a multi-layer conductor and is important when larger conductor 

diameter sizes greater than 100 mm
2
 is used [123]. It also depends on the following factors 

like conductor’s material and diameter, frequency of operation and conductor structure. In 

this analysis only skin effect is taken into consideration, as for the 3.2 mm conductor 

diameter we have only one layer of conductors in the slot. 

5.1.3 Slot Leakage Effect 

In an electrical machine, when the main magnetic circuit is saturated the flux in the slot can 

flow out of the main magnetic path and pass through the conductors causing more power 

losses in the conductors closer to airgap because of a higher uneven AC resistance created by 

the higher slot flux leakage and a higher changing magnetic field. Furthermore, the principle 

of slot leakage inductance will be discussed in Chapter 6. 

5.2 Eddy Current Loss in Stranded Conductor 

To calculate eddy current loss in a machine, it is advisable to incorporate an easy eddy 

current loss calculation technique in the design optimisation procedure, such as the analytical 

solution of the eddy current loss in a single conductor situated in a transverse alternating field 

[139].  

Figure 5-3 presented the coils arrangement to carry out eddy current loss checks on stranded 

conductors with rotor motion (rotation) and at different position within the slot and the eddy 

current loss model assumes a stranded conductor of diameter   and radial length  . To model 

the cross sectional area of the conductor, the eddy current can be assumed to flow in 

concentric circular paths within this cross section with varying magnetic flux density of peak 

value   and angular frequency  .The eddy current loss or joule loss   in single conductor 

can be calculated from equation (5.2) as stated in [139]. 

https://books.google.com.ng/books?hl=en&lr=&id=p3KHPUhaOaUC&oi=fnd&pg=PR15&dq=M.+K.+Kazimierczuk,+%E2%80%9CHigh+Frequency+Magnetic+Components%E2%80%9D+John+Wiley+%26+Sons,+Ltd.+2nd+Edition,+2014.&ots=nie4eM5rAx&sig=lcwIXcwu_E4o2ZmLWtVtMgsiZZw&redir_esc=y#v
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=1325291
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=1325291
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Figure 5-3: Coils arrangement for eddy current loss analysis on stranded conductor. 

 

 

    
      

   
        (5.2) 

where   is the conductor diameter,    is the peak flux density,   is the resistivity of conductor 

and    is the conductor volume.  

Since:  

             (5.3) 

where   is the frequency and conductor volume    is given by equation (5.4). 

                       
   

 
     (5.4) 

where   is the radial conductor length sitting in the field and ‘2’ accounts for each side of the 

coil.  

Substituting equations (5.3) and (5.4) into equation (5.2), then eddy current loss in stranded 

conductor            is obtained as equation (5.5). 

            
         

   
     (5.5) 

Active length 
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In a slotted stator AFM, the flux density waveform in the air gap has an appreciable third and 

fifth special harmonic content [140]. The air-gap magnetic field exhibits a variable 3D nature. 

It can be seen also from equation (5.5) that the eddy losses are proportional to    and it was 

also observed that the amplitude of the field varies greatly with airgap position. Eddy current 

loss in the individual conductors depends upon their positions in the airgap. The conductor 

nearer the face of the magnet experiences higher flux density, and therefore, has larger 

induced eddy current loss, since              
  [141]. 

5.2.1 Methodology 

3D FEA using JMAG software was used in this analysis due to the complexity in the design 

of the coils and the advantages it has over Infolytica MagNet software as stated in Chapter 1, 

section 1.3, page 5 and 6. The peak value of the flux density obtained using the probe feature 

at the centre of each strand at a mean radius is used in equation (5.5) to get the eddy current 

loss on individual conductor within the slot analytically.  

The rotor effects were considered in the analysis and the study was conducted on a 0.85 mm, 

1.4 mm and 3.2 mm conductor diameter. As shown in Figure 5-4, Eddy current loss occurs 

outside the active region and in this case, a 0.85mm conductor diameter positioned 1.5 mm 

from the airgap within the slot is used. The radial length of coils within the slot area is 

considered as the active length of the coils. To simplify the analysis, extra losses from flux 

leakage and higher harmonics are not considered. Only the top 6 layers of the coils close to 

airgap at 1.5 mm are shown in the Figure 5-4. 

In order for the 3D FEA model to accurately calculate the losses, it must be of a high enough 

resolution and with elements smaller than one-third skin depth at operating frequency to 

ensure correct modeling of current distribution near the conductor surface. At the operating 

frequency, and taking into consideration the material properties, the skin depth is 3.03 mm. 

For accurate modeling, it requires a mesh with a circumferential resolution of at least twenty 

nodes per pole.   

Due to the periodic nature of the machine, there was no need for a full twelve tooth finite 

element model; rather a single tooth of the machine with odd boundary condition to minimize 

simulation time was implemented, since there is provision for conversion in the software to 

account for the remaining tooth of the machine. Conductors are set as solid to allow eddy 
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current circulation due to skin effect and current was applied to the model with conductor 

resistivity of 1.9e-08Ωm. The reason for using this type of conductor is their availability in 

market. 

This analysis is based on numerical checked experimented to help explain and separate the 

proximity to slot and proximity to other conductors AC winding losses. Current was set to 

zero and then the coils were move back into the slot to isolate the rotor proximity effect. At 

the moment now it has only the skin effect. 

 

Figure 5-4: Eddy current loss occurs outside the active region at 700 Hz. 

5.3 Analysis of Conductor Diameter and Slot Position 

In this section, the influence of conductor diameter and frequency on AC winding loss are 

analysed along with the effect of conductor position within the slot. To consider the effect of 

diameter, three models with different diameter conductor were used; 6 turns of 0.85 mm 

diameter conductor, 2 turns of 1.4 mm diameter conductor and a single turn of 3.2 mm 

diameter conductor positioned  at 1.5 mm, 12 mm and 24 mm from the airgap. Analysis was 

carried out at 700 Hz. In each case of the analysis, all other parameters are kept constants 

except the conductor position.  

The analytical loss is based on equation (5.5) above and the peak value of the flux density 

used were obtained using probe feature from the 3D FEA, while the FEA loss is based on the 

results obtained directly from the 3D FEA model. The reason for using 6 turns, 3 turns and a 

single turn for 0.85 mm, 1.4 mm and 3.2 mm diameter conductor respectively is, in the full 
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tive 
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model, the machine has six layers of conductors with 0.85 mm diameter conductors, three 

layers of conductor with 1.4 mm diameter conductor and a single layer of conductor with 3.2 

mm diameter conductor.  

Figure 5-5, Figure 5.6 and Figure 5-7 presents the bar chart comparison of analytical loss and 

FEA loss at 1.5 mm, 12 mm and 24 mm from the airgap respectively. The results show that 

with an increase in the conductor diameter, the loss increases significantly. Moreover, for a 

3.2 mm diameter conductor positioned 1.5 mm from the airgap the FEA calculated loss 

increased by 7.5% as compare to the analytical loss. Similarly, at 12 mm from the airgap, the 

loss increased by 2.7%. 

 

Figure 5-5: Analytical and FEA loss comparison at 1.5 mm from the air gap at 700 Hz. 

For 1.4 mm diameter conductor the FEA loss increased by 4.5% and 10.1% at 1.5 mm and 12 

mm from airgap respectively. The FEA loss of 0.85 mm diameter conductor increased by 

5.5% at 1.5 mm from the airgap and by 1.7% at 12 mm from airgap. This may be due to the 

fact that in analytical loss analysis extra losses from flux leakage and higher harmonics are 

not considered and as the diameter increases, the skin-effect become more significant. 
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Figure 5-6: Analytical and FEA loss comparison at 12 mm from the air gap at 700 Hz. 

The analysis also checks on placing the conductors at the bottom of the slot (far away from 

the airgap) as shown in Figure 5-7. For the 3.2 mm diameter conductor the peak FEA loss is 

156.5 mW, an increase of 9.3% as compared to the analytical loss at 700 Hz. In the case of 

1.4 mm and 0.85 mm diameter conductor, the peak FEA loss is 101.8 mW and 23.8 mW; an 

increase of 9.3% and 1.7% respectively. 

From the above analysis and discussion, it is evidence that conductor diameter (size) and 

position in a slot has effect on the magnitude of the eddy current loss in a machine. 

The frequency was doubled to 1400 Hz to see the effect of AC winding loss and Figure 5-8 

shows the comparison between the analytical and FEA loss. In this case the coils are 

positioned only at 1.5 mm from the airgap. 

The results shows that the FEA loss for 0.85 mm diameter conductor increased by 4.6% as 

compared to the analytical loss, while it increased by 7.1% for 1.4 mm diameter conductor 

and for the 3.2 mm diameter conductor the FEA loss to analtyical loss increased by 8.8%. 
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Figure 5-7: Analytical and FEA loss comparison at 24 mm from the airgap at 700 Hz. 

It can be seen that frequency of operation in an electrical machine as an effect on the 

magnitude of eddy current loss, since eddy current loss is directly proportional to the square 

of frequency as stated in equation (5.5) above. 

From the bar charts (Figure 5-5, Figure 5-6, Figure 5-7 and Figure 5-8) it can be seen that the 

losses increase as the conductor diameter increases. Similarly, as the frequency is doubled for 

3.2 mm diameter conductor the losses increased significantly due to skin effect and open-slot 

stator winding configuration which encourage an elevated AC winding loss at AC operation.  

It is also observed that, in the case of using diameter conductor greater than skin depth the 

current tends to flow toward the surface of the conductor and the inner part of the wire do not 

actually participate in current conduction. The inner part of the conductor serve as a coolant 

by absorbing most of the heat generated in the surface of the conductor during operation. As 

the frequency increase, the conductor effective resistance increases due to the decreased in 

the effective cross-sectional area for the AC current flow and the power loss also increased.  
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Figure 5-8: Analytical and FEA loss comparison at 1400 Hz and 1.5mm from air gap. 

 

5.4 Alternative Method of Calculating AC Winding Loss; Analytical 

Expression for Rac/Rdc 

It is well established that the presence of a magnetic field within a conductor produces eddy 

current which tends to cancel the applied field [142].   

In this section, comparison of         ratio in FEA and analytic model would be presented. 

According to [142], equation (5.6) is used for thin conductors, while equation (5.7) for thick 

conductor.  
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where    = slot height, δ = skin depth,   = conductor diameter. 

Equation (5.6) and equation (5.7) are valid for this type of machine topology depending if the 

eddy currents are resistance limited linear relationship or inductance limited which may be 

non-linear due to the area changing with frequency.   

Table 5-1 presented the AC to DC loss ratio based on FEA calculation from the 3D FEA 

software. It was obtained from the total FEA AC loss and total FEA DC loss, the average turn 

length of 3.2 mm conductor diameter is 2.3 % and 1.1% higher when compared to 0.85 mm 

and 1.4 mm conductor diameter respectively.  

 

Table 5-1: FEA calculation based on loss ratio 

Conductor diameter (mm) 0.85 1.4 3.2 

Average turn length (mm) 87.5 88.5 89.5 

Radial conductor length (mm) 23 23 23 

Radial length/end-winding ratio 0.49 0.51 0.54 

Sum AC and DC (FEA) (W) 79.60 199.23 306.50 

Total loss (FEA) (W) 78.49 197.85 304.39 

AC/DC loss ratio 1.54 2.53 9.31 

 

Table 5-2 presented the analytical calculation based on equation (5.5). The analytic 

expression for loss seems to match quite well with the FEA.  

 

Table 5-2: Analytical calculation 

Conductor diameter (mm) 0.85 1.4 3.2 

Slot depth (mm) 25 25 25 

skin depth (mm) 3.03 3.03 3.03 

Conductor diameter/skin depth ratio 0.28 0.46 1.06 

        1.59 2.62 9.42 
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5.5 Full 3D FEA of AC Winding Loss 

This section will discuss in detail the full 3D FEA of coils AC loss; attention will be given to 

the influence of conductor diameter, current and operating frequency on AC winding loss. 

The same methodology used on stranded conductors within slot is applied on a full coil 

model and three different size of conductor diameter were utilised in the analysis. The 

investigation were carried out on 88 number of turn of 0.85 mm conductor diameter, 32 

number of turn of 1.4 mm conductor diameter and 6 number of turn of 3.2 mm conductor 

diameter in addition the rotor effects (rotor motion) were considered in all the analysis. For 

the 0.85 mm conductor diameter, the machine has 6 layers of coil, 2 layers of coils for 1.4 

mm conductor diameter and a single layer for 3.2 mm conductor diameter. 

Figure 5-9 shows the model with finer mesh on single tooth coils of 0.85 mm conductor 

diameter with 88 number of turn and other parts of the machine have larger mesh size. 

 

 

Figure 5-9: Finer mesh on single tooth coil of 88 turn, 0.85 mm conductor at 700 Hz. 

Finer mesh on coils
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Mesh size on coil does affect loss calculation, because larger mesh size underestimates loss in 

layers near teeth. The mesh size should be in similar order to conductor diameter to 

accurately model the winding loss. 

When having two or more conductor strands in parallel there is a possibility of current 

recirculation within the parallel conductor. In this analysis the area of conductor with in the 

slot, the MMF and current density were kept constant and being preserved to be able to carry 

out comparison among the three different conductor diameter. 

Figure 5-10 present the machine windings magnetic field strength contour plot of 0.85 mm 

conductor diameter with 88 number of turn at operating frequency. It has maximum value of 

944.3 kA/m and minimum value of 12.2 A/m. To isolate the rotor proximity effect, the 

current was set to zero and then the coils were moved back into the slot at the moment it has 

only the skin effect.  

 

 

Figure 5-10: Magnetic field strength contour plot of 88 turn, 0.85 mm conductor at 700 Hz. 
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It can be seen from Figure 5-10 that winding layers close to airgap of the machine are more 

exposure to strong magnetic field strength compared to those that are far from the airgap. 

This also shows that, they have more power loss to those at the middle and bottom of the 

stator slots. 

Current density contour plot of the machine windings is given in Figure 5-11, with maximum 

value of 205 MA/m
2
 and minimum value of 34.3 kA/m

2 
and from the contour plot, it is clear 

that the machine windings are not saturated at full-load current. Winding layers close to 

airgap experience more current density when compared to those winding layers at the middle 

and bottom of the stator slot. 

 

 

Figure 5-11: Current density contour plot of 88 turn, 0.85 mm conductor at 700 Hz. 

 

Figure 5-12 shows the magnetic flux density contour plot of the machine, with maximum and 

minimum value of 2.0 T and 0.1 mT respectively. It can be seen from the contour plot that 

the SMC stator tooth edges tends to saturate and any other parts of the machine do not show 

any sign of saturation. The magnetic flux density is strong in machine windings and layers 
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close to the airgap and decreases in strength as it go down to the middle and bottom of the 

stator slot. 

 

 

Figure 5-12: Magnetic flux density contour plot of 88 turn, 0.85 mm conductor at 700 Hz. 

 

Figure 5-13 shows the variation of coil loss with different mesh size of 4 mm, 1 mm and 0.3 

mm mesh for 0.85 mm diameter conductor. It can be seen from the graph that, the loss 

decreased from the peak value at layer close to the airgap to almost zero at layer far from the 

airgap.  

The result shows, as expected, that the turns exposed to more airgap leakage do have more 

AC loss and those further away experience less AC loss. That is to say turns close to airgap 

experience more flux when compared to those far away from the airgap. It is clear from the 

analysis that, AC winding loss can be reduced in a machine by placing the conductors further 

away from the air gap, however at the expense of a much-reduced slot fill factor.   
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Figure 5-13: Loss variation at different winding layers of 0.85 mm conductor diameter. 

 

All the 3D FEA solution are carried out in transient magnetic on a single tooth with full 

model conversion set to 12 on periodic boundary based on the number of stator teeth in the 

machine. Figure 5-14 presented the coils arrangement in the stator slot which shows the first 

and the second layer of coils wound on the stator tooth, that is those close to the stator tooth, 

while Figure 5-15 shows the current in the two near coils (the first and the second layer) for 

0.85 mm diameter conductor at 5 A/mm
2
, series connection and 700 Hz. 

Similarly, Figure 5-16presented the coils arrangement in the stator slot which shows the fifth 

and the sixth layer of coils, that is those two coils far from the stator tooth and Figure 5-17 

shows the current in the two far coils (the fifth and the sixth layer) for 0.85 mm diameter 

conductor at 5 A/mm
2
, series connection and 700 Hz.  
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Figure 5-14: The first and second layer of coils of 0.85 mm conductor diameter 

 

Figure 5-15: Current in the first and second layer of coils. 
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Figure 5-16: The fifth and sixth layer of coils of 0.85 mm conductor diameter. 

 

Figure 5-17: Current in the fifth and sixth layer of coils. 
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It can be seen from the waveform of two near coils (first and second layer) as shown in 

Figure 5-15 that, the currents have little difference in amplitude between the inner coil and 

outer coil. But in Figure 5-17, it is clear that the currents have difference in amplitude and the 

waveform shape between the fifth (inner) coil and sixth (outer) coil.  

For 0.85 mm diameter conductor, six concentric layers of coils are modelled and are 

connected in series to examine the effect of circulating currents within the coil at 700 Hz, 

4.02A/strand (rms) (5A/mm
2
), copper temp was set to 150ºC to accurately calculate the loss 

in the model. Similarly, for 3.2 mm and 1.4 mm diameter conductor, a single coil and double 

coils are modelled.  

The result show the difference in loss between the first layer of coils and the second layer of 

coils which may be due to the high resistivity of the copper conductor at 150ºC which tends 

to decrease eddy current loss of the second layer of coils. Figure 5-18 and Figure 5-19 

presented the joule loss in two near coils (first layer and second layer) and the two far coils 

(fifth layer and sixth layer) of 0.85 mm diameter conductor. In the former, that is the two near 

coils close to the stator tooth, the first layer coil has the peak loss of 14.5 W, while the second 

layer coil has the peak loss of 18.2 W, a difference of 3.7 W between the two coils. 
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Figure 5-18: Joule loss in the first and second layer of coils. 

 

Figure 5-19: Joule loss in the fifth and sixth layer of coils. 

In the far coils from the stator tooth, the joule loss from the waveform shows that the fifth 

layer (inner) and sixth layer (outer) coils have the peak loss of 14.3 W and 24.5 W 

respectively, a difference of 10.2 W between the coils. Proximity effect is always the most 

prevalent in the outer most coils of an electrical machine due to their exposure to a greater 

magnetic field gradient by nearby coils from adjacent stator tooth.  

The effect of operating frequency for a full model winding was examined with different 

conductor diameters and Figure 5-20 shows the AC winding losses of different conductor 

diameter at different speed. It is shown that as the frequency increase, the AC winding loss 

increases due to skin effect on the conductor.  

From the graph it is clear that as the diameter of conductor increasing, the AC winding loss 

increases as a result of the losses induced by the excitation field as the power of four based on 

equation (5.5). 
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Figure 5-20: Influence of speed on AC winding losses 

 

Figure 5-21 compared the sum of analytical AC and DC loss with the total 3D FEA loss from 

the detail model, it is clear that the sum of AC loss and DC loss agree with the detailed 3D 

FEA model with high accuracy.  

The result shows that the 3D FEA total loss of 0.85 mm conductor diameter decreased by 

1.4% as compared to sum of AC and DC loss. Similarly, for 1.4 mm and 3.2 mm conductor 

diameter the total FEA loss to sum of AC and DC decreased both by approximately 0.7%.   
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Figure 5-21: Comparison of AC+DC loss and Total 3D FEA loss. 

 

At full load speed, the efficiency of the machine were obtained based on equation (4.33) and 

decreased when AC winding loss is included. Figure 5-22 compared the efficiency of the 

machine with different conductor diameter and the results show that as the conductor 

diameter increase the effect of AC winding loss due to skin effect and open-slot stator 

winding configuration is significant and the efficiency decrease.  

It shows that the efficiency of the machine with larger conductor diameter of 3.2 mm 

decreased by 10.8% as compared to 0.85 mm diameter conductor and decreased by 6.2% 

when compared to 1.4 mm diameter conductor. 
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Figure 5-22: Efficiency with AC winding loss. 

 

5.6 Current Density Distribution  

The current density distribution of a cross section of winding coils is shown in Figure 5-23. It 

is clear from the figures that with the diameter increasing, the skin-effect becomes more 

significant. There is difference in the current in the inner and outer conductors. This is as a 

result of larger resistance of the outer coil due to the longer circumference. At 700Hz the 

inner coil current has a peak value of 3.73Arms and 4.78Arms in the outer coil. The contour 

plot has a maximum value of current density 208 MA/m
2
 and minimum value of 56 KA/m

2
. 

Skin effects is responsible for AC current and cause it to distribute a proportion equal to 

66.7% within a layer one skin depth thick around the surface of the conductor [143]. 

However, in a double arrangement the current distributions are more complex due to 

proximity effects as a result of adjacent magnetic field and leakage on a turn.  
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Figure 5-23: Cross sectional view of current distribution within the conductor of 32 turns with 2 layers. 

 

5.7 AC to DC Ratio 

When a winding is energised at DC or low frequency, in which the skin depth is larger than 

the conductor diameter, the current density is uniform. However, when the frequency is high, 

the current density is not uniform, and the AC winding resistance is higher than the DC 

resistance due to skin and proximity effects and the ratio of AC to DC power loss is given by 

equation (5.8) as reported in [123] and assuming      
  =    

  

   

   
 

       
 

      
  

       
 

       
  

   

   
       (5.8) 

where     is the AC power loss,    is the DC power loss,     is the AC resistance,     is 

the DC resistance,     
  is the rms current and    

  is the DC current. 

Hence, eddy current increases the AC winding loss over the DC copper loss by a factor of    

At DC the factor   is 1, this rises with increase in frequency and conductor diameter size.  

 

 

https://books.google.com.ng/books?hl=en&lr=&id=p3KHPUhaOaUC&oi=fnd&pg=PR15&dq=M.+K.+Kazimierczuk,+%E2%80%9CHigh+Frequency+Magnetic+Components%E2%80%9D+John+Wiley+%26+Sons,+Ltd.+2nd+Edition,+2014.&ots=nie4eM5rAx&sig=lcwIXcwu_E4o2ZmLWtVtMgsiZZw&redir_esc=y#v
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5.8 Conclusion 

AC winding loss of open-slotted AFM has been analysed and presented in this chapter. The 

effect of conductor diameter and position in the slot, operating frequency and element mesh 

size on coils which relates to solution accuracy only has been discussed. Analytical and 3D 

FEA method for the AC winding loss were given. 

It was examined that the AC winding loss increased with increasing the conductor diameter 

due to the skin effect. Three conductor diameters were modelled and investigated at operating 

frequency; it was found that the peak AC winding loss for 3.2 mm conductor diameter was 

410% and 110% higher as compared to 0.85 mm conductor diameter and 1.4 mm conductor 

diameter respectively. The 3D FEA of the machine have shown that the eddy-current losses 

induced in the stator winding as a result of the time-changing field from the rotation of the 

PM rotor assembly are the dominant component of the winding loss at the AC operation. This 

is caused by the open-slot stator winding construction, which encourages an elevated winding 

loss from the PM rotor. 

Eddy current loss is proportional to square of frequency and fourth power of conductor 

diameter, a property which can be used to simplify further loss analysis. Sensitivity analysis 

has been used to accurately determine the AC winding loss. The sum of the analytical AC 

loss and DC loss has been compared to the total 3D FEA loss from the detail model and a 

close agreement found. The result shows that the 3D FEA total loss of 0.85 mm conductor 

diameter decreased by 1.4% as compared to sum of analytical AC and DC loss. Similarly, for 

3.2 mm conductor diameter and 1.4 mm conductor diameter, the total FEA loss to sum of AC 

and DC decreased both by 0.7%. 

The efficiency of the machine with 3.2 mm conductor diameter decreased by 10.8% and 

6.2% as compared to 0.85 mm diameter conductor and 1.4 mm conductor diameter 

respectively. To implement a bigger conductor diameter in the winding design for easy pre-

wound on a former before sliding onto the stator tooth and termination, there is a need for a 

technique to reduce the AC winding loss at operating frequency. Chapter 6 explores a simple 

method of AC winding loss reduction in open-slotted AFM that relied on different single 

steel lamination sheet for shielding stray flux. 
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6. AC Winding Loss Reduction 

 

The outcome from the AC winding loss analysis carried out in Chapter 5 shows that the 

efficiency of the machine at rated speed with conductor diameter larger than the skin depth is 

low; In addition, it demonstrated quantifiably the need for protection against AC losses in this 

type of machine topology.  

This chapter introduces techniques that can be used to improve the overall performance of 

AFM with open-slotted configuration described and analysed in Chapter 4 and 5 using a 

single steel lamination sheet, by reducing the eddy-current losses induced in the stator 

winding as a result of the time-changing field from the rotation of the PM rotor assembly, and 

the effect of higher frequency of operation resulting in skin-depths of the same order of size 

as the typical conductor diameters.  

This approach is easy to implement for this machine topology with conductor diameter larger 

than skin depth together with easy termination and does not require the use of more complex 

twisted and expensive Litz type conductors. The techniques were first simulated using 3D 

Finite Element methods software; results and comparisons are presented in this chapter. 

Ten different steel lamination sheet and two designs segmented and non-segmented were 

investigated and are described in table 6-1 together with some of the properties of steel 

lamination sheet used in the analysis which include: thickness, conductivity, loss and relative 

permeability at 1.5 T, resistivity and the material hardness. 
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Table 6-1: Steel lamination sheet properties description. 

Label Description Thickness 

(mm) 

Conductivity 

(MS/m) 

Loss at 

1.5T 

(W/kg) 

µr at 

1.5T 

Resistivity 

(µΩcm) 

Hardness 

HV5 

L1 without 

steel 

lamination 

NA NA NA NA NA NA 

L2 Segmented 

M235-35A 

0.35 1.70 2.25 610 59 220 

L3 Non-

segmented 

M235-35A 

0.35 1.70 2.25 610 59 220 

L4 Segmented 

M270-35A 

0.35 1.81 2.47 700 52 215 

L5 Non-

segmented 

M270-35A 

0.35 1.81 2.47 700 52 215 

L6 Segmented 

M300-35A 

0.35 2.0 2.62 830 50 185 

L7 Non-

segmented 

M300-35A 

0.35 2.0 2.62 830 50 185 

L8 Segmented 

N020 

0.20 1.9 2.16 530 59 210 

L9 Non-

segmented 

N020 

0.20 1.9 2.16 530 59 210 

L10 Segmented 

M270-35A, 

torque as L1 

0.35 1.81 2.47 700 52 215 
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6.1 Introduction 

It is seen in Chapter 5 that, AC winding loss analysis with bigger conductor diameter has 

more losses when compared to smaller conductor diameters and the efficiency of the machine 

with larger conductor diameter decreases due to enhanced AC winding loss at operating 

frequency. A method of AC winding loss reduction in a single-sided open-slot AFM using 

SMC and steel lamination to shield the coils from stray fields will be discuss. AFM is 

suitable for application where compact design and high efficiency are required as stated in [7] 

and [14]. A lot of research has been done to minimise AC winding loss in electrical 

machines.  

AC loss reduction in superconducting coils was investigated [144]-[148]. Similarly, AC 

copper losses reduction of the ironless brushless DC machine was reported in [5]. Litz wires 

with twisted transposed strands to reduce circulating currents were presented in [149] and 

[126]. But, Litz wire is too expensive which can increase the cost of production, in addition it 

has unequal current density distribution, bad thermal behaviour and large DC resistance as 

compared to a solid conductor.  

Skin and proximity effect under high frequency operation will significantly result in more 

copper loss in an electrical machine. The latter is more complex and difficult to estimate 

when compared to the former. The majority of literature has not considered the proximity 

effect; however at high frequency the magnitude of the loss due to proximity effect cannot be 

disregarded.  

This clearly shows that when the excitation frequency increases, the machine winding AC 

resistance will increase considerably, resulting to a large amount of winding loss. The 

proximity effect is predominant in a multi-layer wire. Litz wire can be use in order to handle 

the increased winding loss due to proximity as for skin effect the correct wire gauge should 

be use for the intended frequency of operation.  

Litz wires are usually made for exceptional high frequency applications and are manufactured 

using hundreds of small diameter twist strands divided into many bundles and the bundles are 

also transposed along the length. This type of wire is too expensive for most applications. In 

[150] a cost-effective method to reduce proximity effect using transposed wire bundles was 

presented and its dissimilarity with Litz wire is the number of transposed strands and bundles 

https://lutpub.lut.fi/handle/10024/31185
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1058105
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=6353533
https://iopscience.iop.org/article/10.1088/0953-2048/24/7/075001/meta
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7551122
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=725618
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=4025417
https://ieeexplore.ieee.org/abstract/document/6063983
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is much smaller. The analysis was carried out on Litz wire, transposed and untransposed 

wire. They conclude that the loss in an untransposed wire increases rapidly as the frequency 

of operation is becoming higher and the level of transposition also affects the proximity 

effect.  

The shape of the conductors used play a vital role reducing proximity loss in a machine as 

presented in [126]. They found that an appropriate conductor positioning in the slot and 

minimising the height of the conductors in radial direction can reduced the proximity loss 

effectively.  

In [151] the performance of untwisted solid strand windings and Litz wire were analysis and 

compared. The result shows that Litz wire which is more expensive decreased the AC 

winding loss significantly but has a lower fill factor when compared to solid conductor. They 

also found that copper loss can be limited to 150% to those of Litz wire by placing the 

conductors far from the airgap and covering only half of the slot at the expense of low fill 

factor. Similarly, they proposed alternative approach by using several strands in parallel and 

this limit the copper loss to 193% of the ideal Litz wire which is more appealing for a better 

fill factor and lower thermal capacity in a machine.  

In actual engineering application, some balance is needed on the selection of conductor type. 

Litz wire can be utilised to reduce a winding loss due to high frequency, if cost is not a 

problem. The issue of low fill factor and high thermal resistivity should be in mine when 

using the Litz wire. 

The size of end-winding in machine has an influence on the total power loss at AC operation. 

In [152] the influence of an end-winding size on proximity losses in a high-speed PM 

synchronous motor was reported. In the analysis, they investigated the end-winding 

arrangements in the machine using different conductor profile sizes and shapes and found 

that the end-winding in this particular machine donates winding loss significantly and equate 

to an average of 26% for the total winding loss.  

An optimal twisting criterion that allows the reduction of the AC winding losses due to 

parasitic circulating currents in machines having tooth-wound coils was proposed in [153]. 

This technique was based on a single transposition of the parallel-connected strands and is 

cost-effective and replacement to Litz wire. However, they found that there is reduction in the 

machine DC winding loss and increased in the fill factor. 

https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=4025417
https://ieeexplore.ieee.org/abstract/document/6556273
https://ieeexplore.ieee.org/abstract/document/7394026/
https://ieeexplore.ieee.org/abstract/document/7058388
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Winding design for minimum power loss in application to fixed-speed PM generator was 

reported in [8] using an edge wound preformed concentrated winding design which used 

rectangular copper conductors profiled. Moreover, this type of winding arrangement allows 

for an automated coil forming process that can lower manufacturing and assembly cost 

together with the total power loss in the machine as compared to alternative low cost 

conductor arrangement. But, this type of conductor arrangement cannot be implemented in 

AFM.  

A lot of research has proposed various techniques on offsetting proximity effect in an 

electrical machine, this could be pole shaping, having deeper slots and utilising Litz wire. All 

these techniques are limited and too expensive, that is to say they can’t be implemented 

cheaply as in an AFM using a single steel lamination sheet.  

6.2 AC Winding Loss Reduction 

In this section, an approach for AC winding loss reduction using different single steel 

lamination sheet for flux diversion is presented. The steel lamination sheets on trial are 

M235-35A, M270-35A, M300-35A and N020 with conductivity of 1.70 MS/m [154], 1.81 

MS/m [155], 2.0 MS/m [1] and 1.9 MS/m [156] respectively.  

The reason for using these types of steel laminations with 0.35 mm and 0.2 mm thicknesses is 

their availability and they are cost effective. The laminations were cuts based on the inner and 

outer diameter of the machine with opening for the teeth. It is placed 0.5mm from the top of 

coil to shield the stray flux.  

Two designs were proposed and used in the analysis that is the segmented and the full CAD 

diagram is as shown in Figure 6-1 and non-segmented steel lamination sheet full diagram is 

as shown in Figure 6-2.  

The segmented design is not a true segmented that is to say, it is not 100% segmented due to 

mechanical design and to meet a simply mechanical minimum requirement to avoid problems 

of fixing during the machine assembly. There is no or little leakage eddy current through it 

when compared to non-segmented design. 

The novelty of this research work is that, this technique has not been tried before on AFM 

and the magnetic shield can be made from a single steel lamination sheet whereas it is hard to 

https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7109881
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=6502702
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=4799929
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5393231
https://perso.uclouvain.be/ernest.matagne/ELEC2311/T2006/ThinNOFP.pdf
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imagine a single steel lamination sheet making all the slot wedges in radial flux machines. 

This partially results from wanting to slip the coils onto the tooth.  

 

 

Figure 6-1: CAD diagram of segmented steel lamination sheet. 

 

This steel lamination sheet covers both the coils in the slot openings and end windings to 

control the machine slot leakage inductance and to achieve less AC winding loss and high 

efficiency. The idea of using the non-segmented design is to allow eddy current circulation 

on the steel lamination sheet, while the segmented design is to prevent the circulation of eddy 

current.  
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Figure 6-2: CAD diagram of non-segmented steel lamination sheet. 

 

6.3 The Principals of Slot Leakage Inductance 

To make the AFM work very well under full load current with steel lamination sheet for AC 

winding loss reduction, there is a need of a phase inductance design approach by altering the 

machine inductance created by the real leakage flux. The total current in the slot is obtained 

by the product of the number of conductors in the slot and the current flowing through them. 

The reduction in the AC winding loss, total loss and slightly decrease in average torque and 

back EMF in the machine due to the introduction of magnetic shielding is as results of 

changes in the slot leakage inductance of the machine. Hence, there is a need to discuss the 

slot leakage inductance.  

The phase inductance of surface mounted machine comprises of the slot leakage inductance, 

synchronous inductance, harmonic inductance and end leakage inductance, at higher speeds 
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when the phase resistance is less than the   , the characteristic current     of the machine is 

given by equation (6.1) as stated in [157]. 

    
   

 
                                                  (6.1) 

where     is the rms magnetic flux linkage of the PMs and   is the inductance. 

Assuming the condition for optimal leakage inductance in an SPM machine occurs when the 

machine. 

              (6.2) 

where     is the rated current. 

The different steel lamination sheet controls the machine inductance and is a design 

parameter for AC winding loss reduction in the machine. The slot leakage inductance is 

investigated with the diagram in Figure 6-3.  

 

Figure 6-3: Slot leakage inductance with steel lamination sheet for shielding. 
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The slot leakage inductance     can be obtained based on the inductance, co-energy and steel 

lamination sheet dimension using equation (6.3) as stated in [122]. This inductance is 

relatively small due to the number of turns in the slot.  

 

       
       

   
 

              
    

  
      (6.3) 

where     is axial length,    is lamination thickness,    is slot width of slot,    is slot height 

and   is number of turns. 

The             
 given in (6.3) is relative magnetic permeability of the wedge of different 

steel lamination sheet as stated early. The first term given in the equation considers the 

effective permeance of the coil is two–third of the normal permeance of the slot due to 

winding occupation.  

The second terms take the lamination sheet permeability into account. With the steel 

lamination sheet wedge design, the AC winding loss reduction was possible as the machine 

slot leakage inductance can be altered by using different type of steel lamination sheet wedge 

dimensions:    and    for the given axial length   . 

6.4 3D Finite Element Analysis 

This section presents the 3D finite element analysis to examine the airgap magnetic fields, 

losses in the machine and this approach is highly attractive due to its accuracy and nature of 

the machine. But for speed and simplicity one-tooth of the machine was utilised in the 

analysis.  

The current density contour plots and the magnetic flux density contour plots of the proposed 

segmented steel lamination sheet design are obtained. Figure 6-4 shows the current density 

contour plots on the steel lamination sheet with rotor motion. It can be seen that, the steel 

lamination sheet tends to saturate at the tooth edges due to increased flux penetration. The 

maximum and minimum value of current density is 82.7 MA/mm
2
 and 7.8 kA/mm

2
 

respectively.  

This analysis treats the steel lamination sheet in the tangential direction rather than in the 

axial direction and assumes that the magnetic flux entering the coils from the magnet will see 

the steel lamination sheet first before the coils and then the core-back, flux will tend to move 

https://digitalcommons.library.umaine.edu/fac_monographs/231
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towards the region of lowest reluctance path by travelling in the lamination surface facing the 

airgap. 

This sets up eddy current in the steel lamination sheet which is not circulating as a result of 

breaks on the lamination (segmented design). When the lamination surface becomes saturated 

the flux is forced into the other surface of the lamination and reaches the coils. This process 

also occurs near the edges of the tooth where stray flux tends to penetrate the coils from the 

axial direction. 

 

Figure 6-4: Current density contour plots for steel lamination sheet. 

 

This analysis tends to underestimate the saturation level in the steel lamination sheet and any 

flux entering the coils from the lamination will set up eddy current in lamination that is not 

present in the coils. This process tends to shield the coils from the high flux densities from 

the magnet due to open-slot stator winding construction in a way that is not available to the 

coils, which try to increase the level of saturation on the lamination surface at the edge of the 

tooth as shown in Figure 6-4.  
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Figure 6-5 shows a visual illustration of the magnetic flux density contour plots with rotor 

motion in which the steel lamination sheet tends to saturate at the surface due to increased 

flux penetration and shielding effect. The steel lamination sheet has the maximum and 

minimum value of magnetic flux density of 2.1 T and 0.0001 T respectively. 

 

Figure 6-5: Magnetic flux density contour plots for steel lamination sheet 

The above two figures capture the current density and magnetic flux density contour plots in 

the steel lamination sheet and in both cases the fields are from the movement of the rotor. The 

steel lamination sheets are more saturated in the magnetic flux density contour plot.   

For the latter, a non-magnetic conductive material is utilized as a slot wedge in the slot 

opening of a machine to generate eddy currents within the material to oppose the main field 

from the rotation of permanent magnet rotor assembly.  

This mechanism has additional loss generated within the material which may result in poor 

overall performance of the machine and extracting the heat generated is another challenge. 

Therefore, this technique of shielding is not necessary when compared to the former in this 

type of machine topology. The first approach proved to be more effective especially when 
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higher efficiency and torque density are required.  

6.5 FEA Loss Comparison 

3D Finite element analysis of the AFM was conducted to investigate the performance of the 

machine without and with steel lamination sheet placed on top of the coils to shield it from 

stray fields. The mesh size on the steel lamination sheet is equal to one-third of the skin depth 

to accurately model the AC winding loss.  

The diameter of conductor (3.2 mm) used in this analysis is larger than the skin depth at the 

operating frequency. For effectiveness of this method, it must work within the saturation limit 

of the steel lamination sheet as reported in [144].The bar chart of Figure 6-6 presented the 3D 

FEA comparison of machine without and with steel lamination sheet.  

 

Figure 6-6: 3D FEA loss comparison at 700Hz. 

The initial 3D FEA study shows that, the AC winding loss is reduced for machines with 

segmented design and increased for machines with non-segmented design steel lamination 

sheet. L2, L4, L6 and L8 reduced the AC winding loss as compared to L1 by 41.2%, 46.8%, 
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48.7% and 46.2% respectively. Introducing the steel lamination sheet has a minor reduction 

on induced EMF. Likewise, the cost of AC winding loss reduction is a commensurate minor 

reduction in torque due to the slight increase in slot leakage inductance due to the present of a 

steel lamination sheet.  

In the case of L10, the current was increased by 3.5% to compensate the reduction in torque 

and the analysis was conducted only on L4 and found that AC winding loss reduced by 

47.1% as shown in Figure 6-6. The non-segmented design in which eddy current is allowed 

to circulate in the steel lamination sheet, the AC winding loss reduced by 33.0%, 34.4%, 

38.6% and 37.1% for L3, L5, L7 and L9 respectively. This is due to the extra losses in the 

steel lamination as a result of eddy current circulation.  

The total machine loss decreases by 23.9%, 27.1%, 31.7% and 22.5% for L2, L4, L6 and L8 

respectively. Similarly, for L10, the total loss reduced by 23.7%. But the total loss as 

compared to L1 increased by 12.7%, 31.5%, 3.0% and 13.6% for L3, L5, L7 and L9 

respectively. 

It is evident that L3, L5, L7 and L9 have the higher total loss as compared to L1, L2, L4, L6, 

L8 and L10. Furthermore, L5 has the highest total loss as a result of more losses on the 

lamination sheet, and L6 with the lowest total loss in the machine. This is evident again that 

the higher the conductivity of the steel lamination sheets the more power loss on the steel 

lamination sheet and less AC winding loss in the machine. 

The L3, L5, L7 and L9 have additional losses from the steel lamination sheet due to eddy 

current circulation. The result from the 3D FEA shows that L5 have more additional losses as 

compared to L3, L7 and L9.  

Open-slot stator winding influence AC winding loss in a machine due to field from the 

rotating permanent magnets on the rotor assembly as stated in [8]. Figure 6-7 presents the 

predicted 3D FEA of winding loss component at full-load current and different speed 

operations. In this case only L1, L2, L4, L6, L8 and L10 are compared. 

Figure 6-8 shows the bar chart comparison of the predicted 3D FEA of winding loss at full-

load current and at different speed of operation. In this case both the AC winding loss and DC 

winding loss are presented. It is clear that AC winding losses are dominant at AC operation 

frequency. 

https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=7109881
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Figure 6-7: 3D FEA AC winding loss at different speed. 

 

It can be seen that, at lower speed up to 2000 rpm DC winding loss are the dominant in the 

machine as compared to AC winding loss, as the frequency of operation increases the AC 

winding loss become significant. This is due to the higher frequency of operation resulting in 

skin-depths of the same order of size as the typical conductor diameters and the effect of 

time-changing field from the rotation of the permanent magnet rotor assembly which is 

caused by open-slot stator winding configuration as reported in [8].  

At 1000 rpm the AC winding loss represents 20.8%, 13.0%, 12.3%, 11.9%, 12.0% and 11.5% 

for L1, L2, L4, L6, L8 and L10 respectively. Similarly, at rated speed AC winding loss 

represents 90.4%, 84.4%, 83.4%, 82.9%, 83.1 and 82.4% for L1, L2, L4, L6, L8 and L10 

respectively. 
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Figure 6-8: 3D FEA winding loss component at different speed. 

 

6.5.1 Airgap Flux Density 

Figure 6-9 shows the airgap flux density profile comparison without and with steel 

lamination sheet using 3D FEA in the z-direction    at midpoint of airgap and average 

radius. In this case only the segmented designs were compared and the airgap flux densities 

were presented with variation to mechanical angle. 

The L1 has the peak value of 0.8 T. This peak value increased by 30.4%, 23.1%, 31.0% and 

25.9% for L2, L4, L6 and L8 respectively, in L10 the peak value of airgap density increased 

by 33.0%. Apart from the L10, L6 has the highest peak value as compared to L1, L2, L4 and 

L8. 

The analysis were carried out on-load condition and it can be seen that the flux density of all 

machines with steel lamination sheet has increased due to the effect of shielding as a results 

of flux divert on lamination sheet.   
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Figure 6-9: 3D FEA airgap flux density     comparison at mean radius at 700Hz. 

 

6.5.2 Cogging Torque and Axial Force 

The influence of steel lamination sheet on cogging torque has been investigated in this 

section; it has been shown that placing it on top of the coils for shielding it from stray fields 

can help to reduce the cogging torque in the machine. Cogging torque is produced when the 

winding of the machine is open circuit and as a result of the rotor’s tendency to align with 

stator poles to reduce reluctance. 

Cogging torque can be investigated by focusing on the magnetic interaction between the coil 

and the magnets which means that cogging torque can be determined by airgap flux in the 

magnetic circuit with the rotating displacement as stated in [28].  

It was observed in Figure 6-10 that the 0.168 Nm peak-to-peak cogging torque of L1 

decreased by 58.9%, 57.7%, 55.4%, 60.1% and 60.1% for machine design with L2, L4, L6, 
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L8 and L10 respectively due to reluctance of saliency. This shows that the open-slot stator 

winding construction and placing a steel lamination sheet for flux shielding works well and 

fulfils the purpose for which it was designed. 

 

 

Figure 6-10: 3D FEA comparison of cogging torque waveform at 700Hz. 

 

Figure 6-11 presented the axial force 3D FEA comparison among the segmented steel 

lamination sheet. It is observed in designs with steel lamination sheet that, L6 has the lowest 

axial force of attraction between stator disc and rotor disc and L10 with the highest axial 

force. 

From the bar chart, it is clear that L1 provides the highest axial force of attraction of 792 N. 

The axial force of L2, L4, L6 and L8 decreased by 2.2%, 2.2%, 2.5% and 2.4% respectively 

as compared to L1 and L10 reduced by 0.2% when compared to L1. 
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Figure 6-11: 3D FEA comparison of axial force at 700Hz. 

 

6.5.3 Efficiency 

Efficiency is a major factor in the usefulness of a machine and is the fraction or percentage of 

the output divided by the input, which according to the conservation of energy law, the total 

output energy or work must be equal to the total input energy [28]. 

The efficiency was derived based on the output power and the total loss in the machine. 

Figure 6-12 presented the bar chart 3D FEA efficiency comparison of the machine design 

without and with steel lamination sheet for AC winding loss reduction, in this case only the 

segmented designs were compared. 

The efficiency of L1 was 80.5%, this improved by using a flux shielding technique in the 

machine. As compared to L1, the efficiency increased by 11.3%, 11.2%, 11.8%, and 10.6% 

for L2, L4, L6 and L8 respectively. Meanwhile, for matched torque L10 the efficiency has 

increased by 3.9%. 
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This is a low cost efficiency improvement in the machine and it can be scaled up and applied 

to many machines of the same topology as AFM. 

 

 

Figure 6-12: 3D FEA Efficiency comparison at 700Hz. 

 

Introducing the steel lamination sheet as a technique for AC winding loss reduction as stated 

earlier has a minor reduction on torque and induced back EMF due to the slight increase in 

slot leakage inductance.  

There is a slight decrease in the back EMF as shown in Figure 6-13, this decrease is as a 

result of changes in the slot leakage inductance of the machine. It can be seen from Figure 6-

13, the positive peak of the L4 has some distortions which might be due to saturation at a 

particular point on steel lamination sheet.  

L1 has the peak phase back EMF of 22.7V, this peak phase back EMF decreased by 3.5%, 

1.2%, 3.6%, 2.4% and 3.5% for L2, L4, L6, L8 and L10 respectively.  
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Figure 6-13: 3D FEA back EMF comparison at 700Hz. 

 

Figure 6-14 presented the harmonic analysis of the back EMF and it uses 60 data point 

sample in the analysis and found the only significant harmonic beyond the fundamental is the 

3
rd

 harmonic as shown in the enlarge graph inside Figure 6-14, which represents 4.4%, 4.3%, 

4.5%, 2.4% and 4.5% of the fundamental harmonic for L2, L4, L6, L8 and L10 respectively.  

The 5
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 harmonics are less than 2% of the fundamental harmonic, while the 

remaining harmonics that is the 2
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, 7
th

, 8
th

 and 10
th

 are less than 1% when compared 

to the fundamental harmonic. 

The decrease in the back EMF due to changes in the slot leakage inductance also leads to 

reduction in the machine on-load torque as shown in Figure 6-15. It can be seen that the 3D 

finite element analysis torque of L1 is 2.08 Nm and this torque reduced by 5.3% 5.8%, 5.8 

and 2.4% for L2, L4, L6 and L8 respectively.  
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Figure 6-14: Harmonics of the back EMF. 

 

Looking at the conductivity improvement of the performance of each steel lamination sheet 

used verses the reduction in torque of the machine, it is clear that the higher the value of 

material conductivity the more the reduction in the torque of the machine as shown in Figure 

6-15.  

Moreover, the smaller the thickness of the material used as magnetic shielding the lesser the 

reduction in the torque of the machine. It can be seen that L8 with 0.2 mm thickness has the 

lowest torque reduction when compared to L2, L4 and L6. The material thickness of those 

steel lamination sheets is 0.35 mm.   

To obtain a best performance machine balance need to be reached on selecting the material 

conductivity and thickness together with the mechanical minimum to avoid fixing issues 

during the prototype machine final assembly. 
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Figure 6-15: 3D FEA Torque comparison at 700Hz. 

 

 

6.6 Performance Summary 

In this section, various steel lamination sheet and designs were presented and the segmented 

designs were selected based on a good compromise between the AC winding loss reduction 

and reduction in the back EMF and torque of the machine. Table 6-2 summarized the 

performance comparison of the machine without and with steel lamination sheet.  

The efficiency increased by 11.3%, 11.2%, 11.8%, 10.6% and 3.9% for L2, L4, L6, L8 and 

L10 respectively. But the average torque decreased by 5.3% 5.8%, 5.8 and 2.4% for L2, L4, 

L6 and L8 respectively. From the above analysis it can be seen that L6 has the best overall 

performance as compared to other type of steel lamination sheet. 
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Table 6-2: Performance Summary 

Outputs L1 L2 L4 L6 L8 L10 Units 

Speed 6000 6000 6000 6000 6000 6000 rpm 

Torque 2.08 1.97 1.96 1.96 2.03 2.08 Nm 

Power 1256.64 1234.54 1231.50 1229.14 1275.49 1256.64 W 

Efficiency 80.50 91.79 91.66 92.34 91.09 84.40 % 

 

 

6.7 Conclusion 

Various steel lamination sheets were investigated in this chapter and it was shown that this 

technique of placing a single steel lamination sheet on top of coils for shielding stray field 

can be used to reduce the AC winding loss for this particular machine topology by a 

significant amount. This method of AC winding loss reduction using slot wedges is novel for 

AFM and does not require conductor alteration as in twisted wires. 

The efficiency increased by 11.3%, 11.2%, 11.8%, 10.6% and 3.9% for L2, L4, L6, L8 and 

L10 respectively as compared to L1. But the average torque compared to L1 decreased by 

5.3% 5.8%, 5.8 and 2.4% for L2, L4, L6 and L8 respectively. Similarly, the peak phase back 

EMF decreased by 3.5%, 1.2%, 3.6%, 2.4% and 3.5% for L2, L4, L6, L8 and L10 

respectively when compared to L1. The only significant harmonic beyond the fundamental is 

the 3
rd

 harmonic, which represents 4.4%, 4.3%, 4.5%, 2.4% and 4.5% of the fundamental 

harmonic for L2, L4, L6, L8 and L10 respectively. 

It is seen from the 3D FE studies that the combination of this technique with conductor 

diameter larger than the skin depth at operating frequency can be used to reduce AC winding 

loss greatly, especially when the single steel lamination sheet has high conductivity. From the 

performance summary, it was observed that the machine with L6 has better overall 

performance as compared to other types of steel lamination sheet.   

Lastly, these techniques have shown the possibility of using a magnetic material to reduce 

AC winding loss due to open-slot stator winding configuration as a results of the eddy-current 

losses induced in the stator winding by the time-changing field from the rotation of the PM 

rotor assembly and the effect of higher frequency of operation resulting in skin-depths of the 
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same order of size as the typical conductor diameters, while keeping the back EMF and 

torque within acceptable value and keeping the number of components to be made and 

assembled the same. These techniques were made, and prototype machines were built. The 

construction of various components of these machines is shown in Chapter 8, while the 

measured test results are presented in Chapter 9. 

This low cost efficiency improvement can be scaled and applied to many machines of the 

same topologies. 
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7. Academic Study on Winding 

Loss Reduction 
 

This chapter presents the academic investigation into the mechanism of loss reduction by 

examining the separate effects using idealised materials (high reluctance / zero conductivity 

and vice versa). Basically, there are two mechanisms for shielding – guiding the field way 

from the coils (magnetically permeable) or generating eddy currents which oppose field 

(electrically resistive).  

7.1 Shielding Mechanisms  

In an open-slot stator machine, the slot harmonics can be put down using manufacturing 

adjustments like skewing the slots, expanding the airgap, reducing the pitch of the winding 

and either using magnetically or electrically conducting slot wedges. Most of these 

adjustments are unsteady with other need of the machine especially high efficiency and 

torque. Consequently, the slot harmonic and AC winding loss cannot be removed completely.  

In AFM the possible way to minimise those effects is by the used of steel lamination sheet to 

shield or to suppress the leakage flux from reaching the windings. Recognising the stator slot 

opening and the parameters of steel lamination sheet is very important to increasing the 

overall performance of the machine. This method of using magnetic shielding to redirect the 

excess leakage flux from entering the open-slot stator winding of AFM proved to be more 

efficient and reliable. 

In [158] the impact of the stator slot opening onto the behaviour of the magnetic flux density 

in the airgap, changes in the torque and harmonic components of the magnetic flux density 

identification were investigated. It is found that 3.5 mm stator slot opening presented the best 

results and the torque increased by about 4.9% when compared with the baseline machine 

design.  

3D FEA was used to examine the circumferential, axial and comprehensive grooves in high 

speed permanent magnet brushless machines as reported in [159] and found that both 

circumferential and axial grooves on the metal retaining sleeve, and so the rotor energy loss 

https://ieeexplore.ieee.org/abstract/document/6264411
https://ieeexplore.ieee.org/abstract/document/6559162
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can be reduced. They concluded that the circumferential grooving proved to be the most 

effective and simple to implement to reduce the rotor eddy current loss with disadvantage of 

little negative influence on the sleeve mechanical strength or rotor dynamic balance. These 

techniques are limited to the rotor of a radial flux machine. 

The two mechanisms for shielding are magnetically permeable by guiding the field way from 

the coils and electrically resistive by generating eddy currents which oppose the field. In the 

former a magnetic material is used for shielding the leakage flux reaching the coils thereby 

preventing the coils exposure to more alternating flux from the permanent magnet rotor 

assembly. Moreover, it has the disadvantage of altering the slot leakage inductance in a 

machine.  

In the latter a non-magnetic conductive material (copper) is usually utilized generating eddy 

currents which oppose the main magnetic field, this type of shielding is not necessary 

because of additional loss generated by the non-magnetic material moreover it is very 

difficult to analysis the magnetic filed in the machine airgap, also it is very difficult to 

produced a highly efficient machine using the electrically resistive technique due to its excess 

eddy current generation.  

Even though shielding is essential for the normal operation of electrical machines and to 

avoid the local heating within the machine.  Investigations of the parameters effects such as 

permeability, conductivity and thickness of shielding material would be carried out on flux 

linkages in the coils, back EMF and harmonic, no-load and on-load total loss, cogging torque 

and axial force of attraction between the stator disc and rotor disc, on-load torque and two 

different types of slot design (rectangular and trapezoidal) in this chapter. Figure 7-1 shows a 

simple diagram to demonstrate the effect of magnetically permeable and electrically resistive 

shielding.   

To examine the shielding effect due to magnetically permeable and electrically resistive, the 

machine is represented in 2D as shown in Figure 7-1 which tends to ignore the machine 

curvature to obtain the vector potential and magnetic linear current density distribution from 

the magnet and the surface of the steel lamination sheet placed in the airgap as presented in 

Chapter 6. 
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Figure 7-1: The effect of magnetically permeable and electrically resistive shielding. 

The x-axis and y-axis represent the peripheral and axial direction respectively. It also 

assumed that the radial direction of the machine has infinite permeability with stator and rotor 

having infinitely permeable boundaries to reduce the magnetic energy loss and enhance the 

flux density in the airgap. In addition to that, it provides the principals of slot leakage 

inductance of the machine as discussed in Chapter 6. 

In this mechanism, the analysis assumes that the lamination sheet has a harmonic distribution 

in the format as stated in [15] in the airgap. Since the magnetic vector potential in AFM has z-

component in the airgap, the lamination sheet have vector potential at any point in the airgap 

and magnetic flux density as stated in [15] and [122]. The derivation of this vector potential 

above the steel lamination sheet is shown in the appendix B by solving Laplace’s equation at 

both the steel lamination sheet surface and the current sheet and is used in getting the airgap 

potential. The current density contour plots and the magnetic flux density contour plots of the 

proposed segmented steel lamination sheet design are obtained as shown in Figure 6-4 and 

Figure 6-5 respectively in Chapter 6 above. 

It is clear from those figures that the shielding sheets are not saturated assuming that the 

magnetic characteristic of the material are linear. In the case of magnetic shielding eddy 

current is not considered while in electrically resistive shielding eddy current is considered and 

the mesh size on shielding material is equal to one-third of the skin depth in order to 
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accurately analyse the eddy current in the region. It also indicates that at frequency of 

operation the magnetic shielding is more effectual than the electrically resistive shielding 

which produces the eddy current to oppose the main magnetic field. 

Figure 7-2 and Figure 7-3 illustrate the typical permeability and conductivity consequences on 

the shielding coefficient   at any point within the shielding steel lamination sheet and is 

defined by as stated in [94]. 

                     (7.1) 

where     and    are the maximum flux densities at any point without shielding steel 

lamination sheet and with shielding steel lamination sheet respectively. 

 

Figure 7-2: Effect of permeability on shielding properties. 

 

It can be seen from Figure 7-2 that as the relative permeability of shielding material increases 

the shielding coefficient also becomes larger. This is due to the facts that the free space 
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permeability is extremely low in the machine. M235-35A, M270-35A, M300-35A and N020 

have shielding coefficient of 2.2, 3.4, 4.8 and 6.4 respectively.  

It can hence be concluded that a shielding magnetic material with low relative permeability 

will most likely has a low shielding coefficient and those with high relative permeability have 

high shielding coefficient. In this case M235-35A has the lowest relative permeability and 

shielding coefficient however N020 with highest relative permeability present the highest 

shielding coefficient. 

The effect of conductivity on shielding characteristics of a magnetic material was presented 

in Figure 7-3. It is clear from the graph that the lower the conductivity of a magnetic material 

used the higher the shielding coefficient.  M235-35A, M270-35A, M300-35A and N020 have 

shielding coefficient of 5.3, 4.7, 2.5 and 1.3 respectively due to the effect of conductivity on 

shielding characteristics of a magnetic material. 

 

Figure 7-3: Effect of conductivity on shielding properties. 
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The shielding feature of the flux in an electrically shielding becomes undesirable when the 

conductivity of the material is big as shown in Figure 7-3. Due to the opposing magnetic flux 

produced by the eddy currents the main flux try not to pass through the magnetic material and 

reaches the coils using the outermost path.  

When the thickness of the shielding material is increased, the quality of shielding is better and 

worsens when the thickness is decreased, however decreased with conductivity becomes 

excessively huge. It can be seen from Figure 7-2 and 7-3 above that the shielding 

characteristic is influenced by the permeability, conductivity and even the thickness of the 

magnetic material utilised.  

7.2 Material Conductivity and Thickness 

The analysis and comparison presented in Chapter 6 assumed the material have a value for 

the conductivity and resistivity. These enforced limitation without considering whether it 

would be optimal for the final machine design. 

It is therefore advised that an examination be carried out into the mechanism of AC winding 

loss reduction by investigation of the separate effects using idealised materials (with 

conductivity and resistivity and vice versa), along with deliberation of the correct design for 

optimal overall performance.  

To show the effect of material conductivity and steel lamination thickness on loss reduction 

for different lamination sheet, Figure 7-4 shows the comparison of conductivities and 

thicknesses for the different steel lamination sheet used in the analysis. 
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Figure 7-4: Material conductivity and thickness. 

The choice to use a steel lamination sheet (M235-35A, M270-35A, M300-35A and N020) for 

loss reduction in the machine is due to its cost-effectiveness and availability in the market, 

and they could easily be machined as a single steel lamination sheet in the workshop. The use 

of a single steel lamination sheet for shielding leakage flux can be seen as an efficient and 

reliable way to improve the performance of this type of machine topology. 

 

7.3 Flux Linkage 

This section presents the comparison of the coils peak flux linkage per phase without and 

with conductivity on the magnetic material. The design without steel lamination sheet L1 has 

the highest peak no-load flux linkage per phase when compared to others design with 

segmented and non-segmented steel lamination sheet. The segmented designs have much 

better flux linkage per phase than the non-segmented designs counterparts as shown in Figure 

7-5. The segmented L8 has the highest peak flux per phase of 2.51 mWb and L3, L5 and L7 
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 Figure 7-5: Peak flux linkage per phase without conductivity. 

 

The analysis of peak flux per phase with conductivity shows that L1, L2, L4, L6, L8 and L10 

have the highest peak value of approximately 0.80 mWb, however L3, L5, L7 and L9 have 

the lowest peak value of 0.79 mWb per each phase as shown in Figure 7-6. 

This shows that the steel lamination sheet must have conductivity to enable proper flux 

linkage from the field generated due to rotation of rotor assembly to stator winding located at 

slot. 

It is also clear from the graph that all non-segmented steel lamination sheet designs have 

lower peak flux linkage per phase when compared to L1 and segmented steel lamination 

sheet, this may be as a result of eddy current circulation within the steel lamination which 

affect the amount of flux linkages. 
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Figure 7-6: Peak flux linkage per phase with conductivity. 

 

7.4 Back EMF and Harmonic Analysis 

Figure 7-7 shows the comparison of the peak Back EMF for machine without steel lamination 
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Figure 7-7: Peak back EMF. 

 

The peak back EMF comparison with a value of conductivity on steel lamination sheet shows 

some similarities in terms of peak back EMF to those with zero conductivity, this indicates 

that conductivity on steel lamination sheet used as a magnetic shielding has no effect on the 

back EMF of the machines. 

The harmonic analysis shows that the method of using steel lamination sheet is the best way 
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Figure 7-8: Harmonics of the back EMF. 

 

7.5 No-Load and On-Load Total Loss 
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segmented design in which there is a cut to stop the eddy current circulation or limited it 

within a shorter path, while the non-segmented design allows eddy current circulation in it.  

The eddy current induced in the lamination has a vital role in the total loss of the steel 

lamination and the overall performance of the machine. Figure 7-9 shows the comparison of 

the total no-load loss in each of the machine without steel lamination and with steel 
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Figure 7-9: No-Load total loss. 

 

As seen in the bar chart of Figure 7-9, the total loss with zero conductivity on steel lamination 

sheet decreases by 6.3% to 10.5% for L2 to L9 as compared to L1 and decreases by 4% for 

L10 when compared to L1. The non-segmented designs L3, L5, L7 and L9 with conductivity 

on steel lamination sheet have the highest no-load loss which increased by 8.0% to 9.2% as 

compared to L1, but for the segmented designs L2, L4, L6, L8 and L10 the no-load loss 

decreases by 2.9% to 4.5% when compared to L1. 

Figure 7-10 shows the comparison of the on-load total loss in each of the machine without 

steel lamination and with steel lamination. The main reasons for the reduction of total loss in 

machine with segmented steel lamination as compared to non-segmented steel lamination and 

that without steel lamination are shielding effect of the stray flux on the lamination plane as 

well as the effect of cut to disallow eddy current circulations. 
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Figure 7-10: On-Load total loss. 

 

The effect of the steel lamination thickness was considered and shows that by changing 
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above. It’s clear from the bar chart that L6 provides the lowest total loss with and without 
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Figure 7-11: AC winding loss. 

 

7.6 Cogging Torque and Axial Force 
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Figure 7-12: Cogging torque. 

 

For L2, L3, L4, L5, L6, L7 and L9, there is little difference in magnitude of peak-to-peak 

cogging torque between machines without and with conductivity as show in Figure 7-12. 

These might be as a result of the rate at which heat or magnetic flux passes through the steel 

lamination sheet. 
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conductivity has the lowest axial force of attraction between stator and rotor and L10 with the 

highest axial force. 

From the analysis, it is also clear that L1 provides the highest axial force of attraction of 792 

N while L9 provides the lowest axial force; however there is disparity between designs 

without and with conductivity for L6 and L7 which may be as a result of high conductivity on 

this particular type of steel lamination sheet. 

 

Figure 7-13: Axial force of attraction between stator and rotor disc. 
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material for loss reduction must have a higher conductivity to allow more magnetic flux 

passing through it. 

Moreover, the reduction on torque is due to the material conductivity, L6 has the highest 

material conductivity and the highest torque reduction when compare with the rest of design. 

From the analysis it is indeed however clear that material with higher conductivity result in 

more torque reduction compared to material with lower conductivity. 

    

 

Figure 7-14: On-load Torque comparison. 

  

Figure 7-15 and Figure 7-16 shows the percentage comparison without and with material 

conductivity of flux linkage, back EMF, no-load loss and on-load loss, peak cogging torque, 

axial force and on-load torque for L2 to L10 with respect to percentage of L1. 
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Figure 7-15: Percentage comparison of different parameters without conductivity. 

 

It can be seen from the FEA studies that using steel lamination without conductivity on it can 

reduce the on-load loss and peak-to-peak cogging torque as shown in Figure 7-15 greatly, 

when non-segmented lamination were utilised. The peak cogging torque of L3, L5, L7 and 

L9 reduced to 25% of the L1. Moreover, the axial force, no-load loss and torque also reduced 

slightly for L2 to L10 as compared to L1. 

Segmented design also depict a low cogging torque, but slightly higher when compared to 

non-segmented design steel lamination sheet. The peak flux linkages in the entire machines 

are approximately the same however the back EMF of L2 to L9 reduces by less than 3% of 

L1 and L10. 

The analysis in which the steel lamination sheet conductivity is applied, the peak flux linkage 

of L2, L4, L6, L8 and L10 are the same as L1 however slightly decreases by less than 1% for 

L3, L5, L7 and L9 as compared to L1. 
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Figure 7-16: Percentage comparison of different parameters with conductivity. 

 

The peak back EMF and axial force of attraction between the stator and rotor disc in all 

machines seems quite consistent, the no-load loss when compared to L1 increased for L3, L5, 

L7 and L9 by up to 9% and decreased by up to 29% for L2, L4, L6, L8 and L10. 

The on-load loss on segmented design L2, L4, L6, L8 and L10 decreased by up to 32% 

depending on the type of steel lamination sheet used and increased by up to 32% on non-

segmented design L3, L5, L7 and L9. The peak cogging torque of L3, L5, L7 and L9 reduced 

to 25% of the L1 however they are slightly higher when compared to non-segmented design 

and torque reduced slightly for L2 to L9 as compared to L1. In this case the cogging torque 

has similar pattern to those shown in Figure 7-15 above. 
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7.8 Slot Design 

The slot design used in the analysis of the final machines in Chapter 6 is rectangular in shape, 

for optimal slot shape design there is a need to look at other types of slot shape. In this 

section comparison between the rectangular and trapezoidal slot shape will be presented in 

terms of the total losses in the machine. 

As reported in Chapter 4 changing the slot area shape from rectangular to trapezoidal, the 

effective total length of the conductors in the slot increased and the total loss in the machine 

is higher. Figure 7-17 shows the no-load total loss comparison with zero conductivity on steel 

lamination sheet. 

 

Figure 7-17: No-Load total loss without conductivity. 

It is clear from the analysis that at no-load and with high reluctance on steel lamination sheet 

the total loss in trapezoidal slot increases from 15.7% to 17.6% depending on the type of steel 

lamination. In L1 the increased is 15.6%.  
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Figure 7-18 shows the total loss comparison at no-load but with low reluctance on the steel 

lamination sheet, in this case L10 with trapezoidal slot has the highest total loss and increases 

by 17.8% as compared to that with rectangular slot, moreover L6 has the lowest total loss 

which increases by of 16.5%. 

 

Figure 7-18: No-Load total loss with conductivity  

The on-load comparison of the total loss with zero conductivity on steel lamination sheet is 

shown in Figure 7-19. The bar chart shows that for L1, L2, L4, L6, L8 and L10, the 

trapezoidal slot increased by 17.6% as compared to rectangular slot, similarly for L3, L5, L7 

and L9 the increased is 17.9%. 

These show that the machine without steel lamination sheet and those with segmented design 

have alike increase in the total loss. In addition to that, the percentage of increase in total loss 

is also the same for the non-segmented design steel lamination sheet. 

70 

75 

80 

85 

90 

95 

100 

105 

110 

115 

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 

N
o

-L
o

ad
 L

o
ss

 (
W

) 

Rectangular 

Trapezoidal 



Chapter 7–Academic Study on AC Winding Loss Reduction   

 

191 

 

 

Figure 7-19: On-Load total loss without conductivity. 

 

With steel lamination sheet having conductivity, the increase in total loss varies from L1 to 

L10 as shown in Figure 7-20. For L1 the total loss increased by 26% when the slot changes 

from rectangular to trapezoidal and the on-load total loss of trapezoidal  slot reduces by 

26.5%, 26.8%, 26.6%, 26.9%, 25.7 and 26.1% for L2, L3, L4, L5, L6 and L7 respectively 

when compared to rectangular slot.  

The segmented design L8 has a total on-load loss increase of 26.2% and for the non-

segmented design L9, the increase was 26.3%. For the segmented design steel lamination 

sheet L10 the total on-load loss increase is unalike the remaining machine with steel 

lamination sheet as it has the same percentage as the machine without steel lamination sheet 

L1.  
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Figure 7-20: On-Load total loss with conductivity. 
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7.9 Conclusion 

In this chapter, academic investigation into the mechanism of loss reduction by investigation 

of the separate effects using idealised materials (high reluctance / zero resistivity and vice 

versa) were presented. Various analyses were presented on the effect of steel lamination sheet 

without and with conductivity and thickness on flux linkage, back EMF and harmonic, no-

load loss and on-load loss, cogging torque and axial force, on-load torque and on two 

different slot design (rectangular/trapezoidal). 

It is seen from the FEA studies that using magnetic material like steel lamination sheet with 

conductivity and low reluctance together with rectangular slot shape can reduce the total loss 

of the machine, it is also found that the higher the conductivity of that material the more the 

AC loss reduction. Segmented steel lamination sheet L6 provide the highest loss reduction as 

compared to others type of lamination sheet utilised in the analysis.  

It is clear from the analysis carried out on this chapter that the characteristic of magnetic 

permeable shielding is superior to that of electrically resistive shielding, moreover the 

shielding property is determine by the permeability, conductivity and thickness of the 

magnetic material used for the shielding of AC fields.  

Finally, these techniques have shown us the possibilities of reducing the overall loss of an 

AFM by a reasonable amount while maintaining the back EMF and torque within a 

reasonable value. The selections of the steel lamination sheet together with thicknesses are all 

novel methods used in this thesis however the non-segmented steel lamination sheet would be 

discarded as they produced more lamination losses compared to segmented steel lamination 

sheet. Chapter 8 presents the prototype construction of segmented designs. 
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8. Prototype Construction 

8.1 Introduction 

This chapter details the mechanical design, production and assembling of the prototype 

machine. The machine is constructed from a prototyping SMC to take into account the 3D 

flux movement through the core-backs of AFM and can be machine in the workshop directly 

without losing most of its properties. A single machine with four different steel lamination 

sheets was manufactured and each lamination sheet was used to suppress the AC winding 

loss. In total six different machine designs were tested and described as following: 

 

Table 8-1: Steel lamination sheet description. 

Label Description 

L1 Machine without steel lamination sheet 

L2 Machine with segmented M235-35A steel lamination sheet 

L4 Machine with segmented M270-35A steel lamination sheet 

L6 Machine with segmented M300-35A steel lamination sheet 

L8 Machine with segmented N020 steel lamination sheet 

L10 Machine with segmented M270-35A steel lamination sheet in 

which MMF adjusted to get the same torque as L1 

The inner radius, outer radius and thickness dimension of each steel lamination and all other 

components within the machine are kept constant except N020 that has 0.2 mm thickness so 

that the comparison is valid. The non-segmented designs were discarded due to the high loss 

in the steel lamination sheet as results of eddy current circulation as stated in Chapter 6 and 

Chapter 7. The stator block of the machine is made up of the tooth and core-back from the 

pressed SMC and has 12 stator teeth. The coils are pre-wound on a former and slide onto the 

tooth. The rotor is made from pressed SMC and consists of 14 pole magnets from 

Neodymium grade N35SH and the idea of using solid steel at the back of rotor SMC is to fix 
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the shaft using screws, which is not possible to use screws on SMC. In total three SMC 

Somaloy blocks were used in manufacturing the prototype machine. The various components 

of the machine are enclosed within the aluminium casing. Figure 8-1 presented the completed 

machine assembly without the aluminium hub case and Figure 8-2 shows one of the 

segmented steel lamination sheets used during the prototype assembly. 

 

 

 

Figure 8-1: CAD model of the prototype machine assembled 
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Figure 8-2: Segmented steel lamination sheet 

 

8.2 Stator Block Construction 

The stator tooth and core-back were design as a single block by using the available prototype 

material, which has a diameter of 120 mm and thickness of 20 mm. The outer and inner 

diameters of the stator are 110 mm and 64 mm respectively. Figure 8-3 shows a sample of 

SMC prototype material with 120 mm outer diameter and 20 mm thickness. The data sheet of 

SMC prototype material Somaloy is presented in Appendix C. 

The thickness of the stator core is 10 mm and the tooth height and width are 25 mm and 5 

mm respectively, which enables more Ampere turns in the machine. To get it as a single 

block two prototype SMC were heated and merged together in the mechanical workshop to 

have the thickness of 40 mm, which allows for machining and a 30 degrees tooth span was 

used to have a 12 tooth in the machine. The two SMC prototype materials were join together 

using Permabond adhesive ES 562 (heat cure) and machined to obtain the stator block using 

the CNC milling machine and the lathe machine.  
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Figure 8-3: A sample of SMC prototype material. 

After machining the stator block with the above dimension, a stator block was produced, this 

consist the stator teeth and stator core-back. Figure 8-4 presented the complete stator block of 

the machine made from the prototype material.  

All the machine components except the plastic bobbin were manufactured using CNC and 

lathe machines in the mechanical workshop to avoid temperature rise which may affect and 

damage some properties of the SMC Somaloy, 3D printer was not used in the manufacturing 

of these components, but it is good for prototyping of machine component provided 

temperature is kept low.  

The casing were manufactured from aluminium and in one of the aluminium case side cover, 

a 2 mm depth groove was made with the same dimension as the stator core to enable the 

stator block fix into it. To make the joint rigidity Permabond adhesive ES 562 was used to 

enable heat transfer from the stator block in to the outside surroundings environment. This 

adhesive can withstand higher temperatures (130˚C to 160˚C) for brief periods (such as for 
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paint baking and wave soldering processes) providing the joint is not unduly stressed. The 

minimum temperature the cured adhesive can be exposed to was - 40°C depending on the 

materials being bonded as stated in the data sheet in Appendix E. 

 

Figure 8-4: Complete stator block with one end cap. 

8.3 Stator Winding 

Three different diameter conductors were used in the 3D FEA design of the machine namely; 

0.85 mm, 1.4 mm and 3.2 mm. The 1.4mm diameter conductor was used for the optimised 

design and the remaining two together with 1.4 mm diameter conductor were used for AC 

winding loss analysis. The reason for using different windings is to ascertain the effect of 

conductor diameter on AC winding loss. Concentrated windings were used in the design.  

The windings were pre-wound on a plastic bobbin to achieve high fill factor and slide onto 

the SMC tooth of the machine, except the 3.2 mm conductor in which a Nomax thermal 

insulation paper 304 mm x 200 mm x 0.13 mm was used instead of plastic bobbin to achieve 

high fill factor. This material offers a high dielectric strength, mechanical toughness, 

flexibility and resilience. In addition, it can withstand a maximum operating temperature of 

greater than 300˚C. The data sheet of thermal insulation paper is presented in Appendix F.  
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The bobbins were made using F123 series 3D printers from stratasys as presented in 

Appendix I. It has the tensile strength ultimate and compressive strength ultimate of 20.7 

MPa and 2.6 MPa in XZ orientation respectively as shown in appendix I. Moreover, the 

material offers the capacity to quickly produce complex shapes and parts. 

The duration to produce a bobbin is one and the half hours and the thermal performance of 

each bobbin range from -42˚C to 176˚C. Lastly, an insulation tape was used to cover the coils 

on the bobbin. Figure 8-5 presents the 1.4 mm diameter conductor wound on plastic bobbin 

and Figure 8-6 gives the 3.2 mm diameter conductor wound on thermal insulation paper. 

 

Figure 8-5: 1.4 mm conductor wound on plastic bobbin. 

8.4 Shaft Design and Construction 

The shaft of the machine was made from the AMINOX ASI; Proprietary (1.4404 ASTM 

A479 316L) stainless steel rod.  The shaft has a length of 116 mm as shown in Figure 8-7 and 

it presents the final non-magnetic shaft for the AFM machine. The data sheet is presented in 

Appendix G and the lathe machine was used in the manufacturing of the prototype shaft. 
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Figure 8-6: 3.2 mm conductor wound on thermal insulation paper. 

 

Figure 8-7: The final non-magnetic shaft of the prototype machine. 
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8.5 The Permanent Magnets 

The magnets used in the design were NdFeB N35SH arc magnet, dimensions as per drawing 

shown in Figure 8-8, Nickel coated and magnetised in axial direction. To minimise the flux 

leakage at the ends of magnets, the magnet span of 120 degree electrical was used for 

maximum performance and cost effective. 3D FEA simulation was used to ascertain different 

magnet span and thickness under the operating conditions as presented in Chapter 4. 

The magnets are surface mounted with 0.5 mm inserted on the rotor SMC plate to make them 

rigidly fitted and to avoid shaking during operation. Moreover, during the fixing of the 

magnets so many issues were encountered and a solution was proposed. Appendix D 

presented the data sheet of N35SH magnets from Arnold magnetic. The magnets are mounted 

on surface of rotor core-back and a Permabond adhesive ES 562 (heat cure) was used to fix 

the magnets onto rotor SMC core-back surface and heated for about one hour at 150˚C.  It is 

a single-part epoxy adhesive which flows like solder when heated during curing with 

excellent adhesion to metal surfaces and composites and high bond strength allows it to 

replace mechanical fastening, soldering or brazing, its low viscosity is such that it self-levels 

[160]. 

 

Figure 8-8: CAD diagram of N35SH magnet 

https://www.permabond.com/wp-content/uploads/2016/04/ES562_TDS.pdf
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It should be noted that before using the adhesive the surfaces need to be clean, dry and 

grease-free. In this case since the magnets are fixed on soft magnetic composite, emery cloth 

was used to clean the surface to remove any oxide layer formed during machining process.  

The flux pattern in the machine is from the N - pole of the magnet through the airgap to stator 

core-back to the opposing S - pole magnet before turning 51.43 degrees mechanical, 

circumferentially within the rotor disc by one pole pitch and completes the path as shown in 

Figure 8-9, it also presents the 14 poles magnets on the surface of the rotor plate and the non-

magnetic stainless steel shaft together with rotor iron core-backs.  

 

 

Figure 8-9: Flux pattern concept in the machine 

One of the disadvantages of axial flux machine is the large force of attraction between the 

stator and rotor; care should be taken in fixing the magnets on the rotor surface to avoid 

damage. As a result of that a groove of 0.5 mm were formed on the SMC rotor disc with the 

same dimension as the magnets with two holes not through of 2 mm diameter and depth to 

allow the adhesive there to rigidly hold the magnets.  
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The North and South poles of the magnets were identified using a pole detector. The detector 

has a pointer head and screen to display the result. The pointer head was brought close to 

both sides of the magnets to identify the North and South pole of each magnet used. After 

putting the adhesive on the channels created the seven North Pole magnets were first fixed 

and held for some time, later the same procedure is followed for the remaining seven South 

Pole magnets and finally heated in the cure speed oven for 60 minutes at 150˚C. A similar 

process was done in the fixing of SMC rotor core-back and stainless steel rotor core-back 

together.  

8.6 Rotor Construction 

This section will present the design and construction of SMC rotor core-back and the 

stainless-steel rotor core-back for the final 110 mm machine. In addition, it describes the 

bearings used in the machine at the end cap of the aluminium case to hold the rotors and 

stainless steel shaft and to maintain 1 mm magnetic airgap between the stator and rotor. 

8.6.1 Rotor Core-back 

The rotor core-back was made of soft magnetic composite material as in the stator block 

design. The SMC rotor core-back has an outer and inner diameter of 110 mm and 64 mm 

respectively as shown in Figure 8-9. The rotor core-backs were fixed with the shaft as one 

component since both of them form part of the rotation in the machine.  

A 4 mm thickness AMINOX AS1 (1.4404 ASTM A479 316L) round bar stainless steel was 

used at the back of the rotor core-back SMC, since it is not advisable to use screw on SMC 

material. The stainless steel rotor core-back with outer diameter of 110 mm and the same 

inner diameter as the stainless steel shaft as shown in Figure 8-9 was cut with 1 mm groove 

base for the SMC rotor core-back to be fitted into as shown in the CAD drawing in Appendix 

K. 

8.6.2 Bearings 

Two “off the shelf” W619002Z Stainless Steel Metal Shielded Thin bearings as shown in 

Figure 8-10 were used at the end cap of the aluminium case to hold the rotor and shaft and to 

allow for smooth rotation of the rotating part and to maintain a constant magnetic airgap of 1 

mm between the stator part and rotating rotor part. 
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Figure 8-10: “Off the shelf” stainless steel metal shielded bearing. 

8.7 Case Construction 

This section described the process of making the case of the machine. The case is made from 

AW6082-T6511; BS EN755 (H30TF) Aluminium alloy 200 mm diameter round bar and 150 

mm thickness. The overall weight of the machine has reduced by the use of aluminium 

casing. Appendix H presented the data sheet of aluminium AW6082-T6511 alloy. 

8.7.1 Aluminium End Cap 

This sub-section described the design and construction of the two aluminium end caps for the 

casing of the machine. It has the outer diameter of 146 mm and thickness of 10 mm as shown 

in Figure 8-11. In this case two were produced with the same dimension. 

8.7.2 Aluminium Main Casing 

The main aluminium case for the final prototype design as shown in Figure 8-11 was 

produced to case the machine. It has the outer diameter as the end cap of 146 mm and 55 mm 

thickness. In this case the final main aluminium case together with one of the end caps is 

presented as shown in the Figure 8-11. 
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Figure 8-11: Final aluminium case hub with one end cap 

 

The final machine assembly with a single steel lamination sheet on top of the coils for AC 

winding loss reduction is shown in Figure 8-12, in which four different types of steel 

lamination were manufactured and used in the prototype machine for experimental 

measurements. 

The steel lamination sheets were mounting on top of the coils with Nomax insulation paper in 

between them and a mixture of Permabond ES562 and normal glue with ratio of 10% to 90% 

was used in placing and holding each of the steel laminations sheets above the winding coils.  

The main problem encountered during fixing the steel lamination sheets for AC winding loss 

reduction was how to make it very rigidly and the used of the this mixture of Permabond 

ES562 (10%) and normal glue (90%) proved to be strong enough to hold different steel 

lamination sheets up to 6000 rpm. The overall prototype manufacturing and assembly was 

simple and cost-effective and this shows that an AFM can be constructed using what are 

possibly to be mass production method. 

Aluminium end cap Aluminium case hub 



Chapter 8– Prototype Construction     

 

206 

 

 

Figure 8-12: Steel lamination sheet placed on top of the coils. 

8.8 Mega Ohm Test 

The Mega Ohm test was carried out to measure electrical resistance of the coil insulation by 

supplying high voltage across the coil. SKF static motor analyser (Baker AWAIV-4kV) was 

used as shown in Figure 8-13. The following procedures were used to carry out the test. Test 

lead 1 is connected to one terminal of the coil, Test lead 2 is connected to the other terminal 

of the coil and the Ground lead is connected to the SMC core. The tests were run based on 

lead 1 and lead 2.  

For the 12 slot 14 pole AFM with 1.4 mm diameter conductor, the phase voltage in the stator 

winding is 113.4 V less than 1000 V. For 3.2 mm diameter conductor with 6 turns, the phase 

voltage in the stator winding is 22.7 V less than 1000 V. The Mega Ohm test was carried out 

at 500 V and the Mega Ohm status was overall pass with 500V, the Resistance is 114784 

MΩ. 
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Surge test was also carried out on the coils to diagnose failing or damaged insulation as an 

integral part of the comprehensive maintenance for machines. This testing is done to detect 

the burn out of machine as a result of phase to phase shorting. Scientifically, surge testing is 

done to discharging a capacitor of high voltage into coil. The outcomes are generally a pulse 

at lower frequencies.  

If a rapidly increasing current is applied to a coil, a voltage will be generated across the coil 

by principle of induction. The voltage across the coil is given by 

   
  

  
                    (7.1) 

where   is the terminal voltage across the coil,   is the coil’s inductance and the rate of 

change of current pulse is 
  

  
. 

In this case the surge test was conducted on each coil with 1010 peak voltage and the overall 

status is passed. 

 

Figure 8-13: SKF static motor analyser (Baker AWAIV-4kV). 



Chapter 8– Prototype Construction     

 

208 

 

8.9 Final Assembly 

This section gives the final assembly of the machine without the case. Figure 8-14 shows an 

exploded view of unmounted machine assembly. The stator block which contain the coils and 

rotor block that carry the magnets are separately assemble and aligned in the lathe machine as 

shown in Figure 8-15.  

The rotor is slowly inserted into the stator which is held in the jaws of a lathe and the rotor is 

held in a tailstock and gradually moved into the stator. The rotor finally aligns itself into the 

stator and the shaft fits in the two ends bearing and rotated to fit the screw holes in the stator 

main hub. Appendix K presented the CAD drawing for each part of the machine and final 

assembly. 

 

 

Figure 8-14: CAD version of machine assembly showing an exploded view of components 
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Figure 8-15: Final assembly of the prototype machine 

 

8.10 Block Diagram of the Experimental Test Setup 

Figure 8-16 presented the experimental tests measurement setup used in the laboratory. The 

torque and speed control drive are connected to the prototype machine via torque and speed 

transducer and the three-phase output of the machine is connected directly to a three-phase 

resistive load and power analyser. This is to minimise the loss in the cables during testing and 

to obtain all the reading at the terminal of the machine by displaying on the digital 

oscilloscope which is connected to the power analyser, however there is a link between the 

torque and speed transducer and the power analyser for reading the torque and speed at any 

particular point during the tests. Lastly, the temperature reading unit is connected directly to 

the coils of the machine. 

Lathe machine Jaw 

Final Prototype 

Assembly 



Chapter 8– Prototype Construction     

 

210 

 

 

Figure 8-16: Block diagram of the experimental tests set up. 

 

8.11 Conclusion 

This chapter described the mechanical design, Mega Ohms and surge tests of coils, individual 

prototype component construction and assembly of the machine together with the block 

diagram of the equipment set up for the experimental tests. 

Diverse levels of achievement were accomplished in the construction of the different parts of 

this prototype machine. The construction process of the stator block and rotor core-back 

using SMC Somaloy prototype material was found to be successful. The stator block was 

manufacture and machined as a single block, which avoid the difficulties involved in steel 

lamination stamped. 

An ordinary process which could be used for mass production was utilised to manufacture the 

rotor stainless steel shaft using the lathe machine. The winding of the copper coils on a 

plastic bobbin and Nomax insulation paper were also successful, the process uses a former 

and the coils were slide onto stator teeth and a fill factor of 70% was achieved.  
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The magnets were simply fixed to the SMC rotor core-back using a Permabond ES562 heat 

cure however the steel lamination sheets were fixed on top of the coil with insulation paper in 

between using a mixture of the adhesive ES 562 and normal glue. The main problem 

encountered during the prototype assembly was fixing the steel lamination sheets for AC 

winding loss reduction.  

The overall prototype manufacturing was simple and cost-effective and this chapter has 

shown that an AFM can be constructed using what are possibly to be mass production 

method. 
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9. Experimental Results 

This chapter describes the testing of the AFM discussed in Chapters 4-8 and validating the 

idea of introducing a single steel lamination sheet for AC winding loss reduction due to open-

slot stator winding construction. A range of measurements were taken using the high speed 

dynamic test rig under no-load and loaded conditions. This testing can be divided into; 

winding resistance, back EMF, on-load torque, output power, terminal voltage, total loss, AC 

winding loss, efficiency and temperature rise. Four different steel lamination sheets were 

used with segmented design for testing due to availability and commonly used and table 9-1 

presented their description.   

Table 9-1: Steel lamination sheet description. 

Label Description 

L1 Machine without steel lamination sheet 

L2 Machine with segmented M235-35A steel lamination sheet 

L4 Machine with segmented M270-35A steel lamination sheet 

L6 Machine with segmented M300-35A steel lamination sheet 

L8 Machine with segmented N020 steel lamination sheet 

L10 Machine with segmented M270-35A steel lamination sheet in 

which MMF adjusted to get the same torque as L1 

One prototype machine was built and two different conductor diameters (1.4 mm and 3.2 

mm) were used. The idea of using the two is that at operating frequency the skin depth is 3.03 

mm, which is greater than 1.4 mm and less than 3.2 mm. The first measurements were carried 

out using the 1.4 mm conductor diameter, in which the coils were pre-wound on a plastic 

bobbin and slid onto the tooth. Moreover, for the second measurements the machine was 

disconnected and disassembled in the mechanical workshop by separating the stator block 

and the rotor disc containing the magnets. The plastic bobbin in which the coils were wound 

were removed using a lathe machine and the 3.2 mm conductor diameter wound on a thermal 
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insulation material Nomax paper 304 mm x 200 mm x 0.13 mm were slid onto the stator 

tooth with insulation tape covering the coils. The machine was assembled again and mounted 

on the experimental tests rig for the second stage of experimental tests to be carried out.  

9.1 Test Rig 

The test rig is shown in Figure 9-1 and equipped with high precision instruments for accurate 

data reading as shown in Figure 9-2. The machine is connected to the dynamic drive via a 

torque transducer and the three phases of the machine are connected in star. The drive used 

was three phase control techniques with rated voltage of 400V and tolerance of ±10%.The 

maximum rated current is 25A with ambient temperature of less than 30˚C. 

The test rig uses a drive motor (prime mover) to rotate the test machine at a precise speed. 

The torque measurement is with torque transducer TM HS 306/111 with rated torque of 5 Nm 

and maximum speed of 50000 rpm. The power signals are acquired using the high precise 

digital power meter WT1600 Yokogawa, with power accuracy of ±0.02% and high precise 

Tektronix digital oscilloscope DPO 3014.  

 

Figure 9-1: Dynamic test rig 

Prime mover Torque and speed transducer 
Encoder 

Drive 
Prototype machine 
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Figure 9-2: Equipment set up 

 

9.2 Winding Resistance 

The phase winding resistance was measured using two different methods to evaluate the 

quality of joints after soldering. The first method was using RLC meter to measure the 

resistance directly across the terminal of each phase of the machine. While in the second 

method, a constant DC current was passed through a phase and the voltage measured as close 

as possible to the machine terminals.  

Table 9-2 compared the calculated and measured winding resistance. The measured 

resistance of 1.4 mm conductor diameter increased by 1.7% and 3.4% for method 1 and 

method 2 respectively as compare to calculated resistance, while for the 3.2 mm conductor 

diameter an increment of 0.002 Ω for method 2. This may be as a result of additional 

resistance of the soldered joints and winding the coil on a separate plastic bobbin and 

insulation paper with extra length before sliding onto the tooth manually.   

 

Temperature Reading unit 
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Table 9-2: Measured phase resistance verses projected phase resistance 

Phase resistance  

(Ω) 

Calculated Measured  

method 1 

Measured  

method 2 

% 

change 

1.4 mm wire 0.1789 0.1820 0.1849 1.6% 

3.2 mm wire 0.0066 0.0066 0.0086 3.0% 

 

9.3 Back EMF Measurement and Harmonic Analysis 

This section will present the Back EMF measurement of the prototype machine to verify the 

performance of the magnets and the stator magnetic circuit. In this case, the machine is tested 

under no-load condition. Both the digital oscilloscope and power analyser are connected 

directly to the terminals of the machine to avoid voltage drop via the power analyser. 

9.3.1 Prototype Machine with 1.4 mm Conductor Diameter 

The back EMF was measured at open circuit, with the electrical load disconnected. The 

actual three phase voltage waveform is sinusoidal in shape as shown in Figure 9-3 and are 

captured using the oscilloscope described above, with all harmonic distortion of less than 

0.5% of the fundamental. Appendix J presented the screenshot from the oscilloscope of the 

measured back EMF. These tests were performed to verify the 3D FEA prediction presented 

in Chapter 4. The results showed agreement giving confidence in the use of the prototype 

machine to carry out AC winding loss with conductor diameter greater than skin depth at the 

operating frequency. 

It is clear from Figure 9-3 that the three phase voltage waveforms are equally distributed and 

are separated by 120˚electrical; this shows that the phases of the machine are balanced. The 

experiment was performed at different speeds stepping up to the full load speed and 

measurements were taken and recorded. 

The measured peak back EMF in all the three phase of the prototype machine was 114V and 

the 3D FEA peak back EMF was 113.4V. There is an increment of 0.5% between the 3D 

FEA and the measured which may be as a result of slight decrease in the airgap due to final 

mechanical assembly of the component of the prototype machine. 



Chapter 9–Experimental Results  

 

216 

 

 

Figure 9-3: Measured back EMF for 1.4 mm conductor diameter at 700Hz. 

 

The back EMF test was carried out three times to confirm the accuracy of the measurement 

and Figure 9-4 presents the back EMF harmonic analysis. The slot and pole number 

combination and rounded tooth has minimised most of the harmonics present in the baseline 

machine reported in Chapter 3. 

The significant harmonics besides the fundamental harmonic are the third, fifth, seventh, 

ninth and eleventh harmonic, with almost all the remaining harmonics are less than 0.5% of 

the fundamental harmonic and the fundamental measured harmonic is 114V as shown in the 

spectrum. 

The measured third, fifth, seven, ninth and eleventh harmonic are 86.5%, 75%, 66.7%, 87.6% 

and 87.7% lower than the 3D FEA harmonic. This shows that there is a reduction of 66.7% to 

87.7% in these harmonics between the measured and 3D FEA. 
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Figure 9-4: Harmonics of the back EMF with 1.4 mm conductor diameter. 

 

However, this reduces the cogging torque of the machine by 55.6%. The measured back EMF 

is 0.5% higher than the projected 3D FEA. These differences in the magnitude are most likely 

being the errors in machining and assembly of the final prototype machine components which 

leads to a slight decreased in the airgap of less than 2%.  

The shape of waveforms of the measured back EMF is similar when compare with the 

projected 3D FEA. The back EMF recorded at different speed has a linear relationship as 

shown in Figure 9-5. The gradient of the graph shows that an open circuit back EMF of 19V 

per phase per 1000 rpm. 

This also proved that the back EMF of an electrical machine is proportional to the speed and 

increasing the speed of the machine leads to an increment in the back EMF. Likewise, 

decreasing the machine speed would results in reduction of the peak value of back EMF. 
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Figure 9-5: Measured and projected peak EMF. 

 

9.3.2 Prototype Machine with 3.2 mm Conductor Diameter 

It was observed from the 3D FEA that increasing the size of conductor diameter decreases the 

number of turns in the machine. This section presented the back EMF measurements for 3.2 

mm conductor diameter as shown in Figure 9-6.  The phase voltages are sinusoidal in shape 

with harmonic distortion of less than 1% of the fundamental harmonic. The reason for that is 

the slot and poles number combination of 12 slot and 14 pole number, these percentage 

reductions in the harmonics are big enough to reduce the machine vibrations and give a very 

smooth overall performance.  

The decrease in the peak value of voltage per phase is as a result of the decrease in the 

number of turns in machine slot due to an increase in the conductor diameter. This reduction 

on the number of turns commensurate the cost of 80.1% reduction in the induced back EMF 

in the machine as well as increasing the electrical loading in the slot. 
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Figure 9-6: Measured back EMF for 3.2 mm conductor diameter at 700Hz. 

 

The idea of using a bigger conductor is to carry out the AC winding loss analysis and 

measurements and for winding the coil on a former before manual insertion onto the tooth in 

addition to see the effect of open-slot stator winding construction. In the previous section 

9.3.1 and at operating frequency, the conductor diameter is less than the skin depth and the 

effect of AC winding loss was not included. This leads to the choice of conductor diameter 

greater than the skin depth to ascertain the skin effect. 

Figure 9-7 presents the comparison of the harmonic analysis of 3D FEA and measured back 

EMF. The analysis shows that the third harmonic is most significant and the measured third 

harmonic is 11% lower than the 3D FEA, similarly the measured fifth, seventh, ninth and 

eleventh harmonics are 36%, 12%, 33% and 37% lower than the 3D FEA harmonics 

respectively. 
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Figure 9-7: Harmonics of the back EMF with 3.2 mm conductor diameter. 

 

9.3.3 Back EMF and Harmonic Analysis with Steel Lamination Sheet 

A set of tests similar to those performed in section 9.3.2 on prototype machine with 3.2 mm 

conductor diameter were repeated. But in this case a single steel lamination sheet is placed on 

top of the stator block to cover both the coils and end windings as shown in Figure 8-12.  

The main idea of doing that is to minimize AC winding loss by using shielding effect. The 

experimental measurements were conducted using load current and for each experiment we 

varied the load resistors to get the maximum power require and this is what we mean by load 

current.  

Figure 9-8 compares the phase peak induced back EMF for the 3.2 mm conductor diameter 

with a single steel lamination sheet for AC winding loss reduction. In this case only the 

segmented designs were compared, since the non-segmented designs were discarded due to 

extra losses on lamination sheets. The back EMF was measured at operating point of 700Hz. 

0 

5 

10 

15 

20 

25 

1 2 3 4 5 6 7 8 9 10 11 

V
o

lt
ag

e
 (

V
) 

Back EMF Harmonic 

3D FEA 

Measured 



Chapter 9–Experimental Results  

 

221 

 

It shows that, peak back EMF reduces by 5.5%, 1.0%, 3.5% and 2.5% for L2, L4, L6 and L8 

respectively as compared to L1. Similarly, it reduces by 3.4% for L10 as compared to L1; in 

this case we deliberately increase the MMF which in turns increases the torque to be the same 

as L1 in order to demonstrate the AC winding loss reduction technique. 

Moreover, in these measurements the back EMF waveform are similar to those in section 

9.3.2 above and thicker as compared to that in L1, this is as a result of saturation and flux 

shielding on the surface of steel lamination sheet.  

 

Figure 9-8: Measured back EMF with Lamination sheets at 700Hz. 

The peak back EMF of all the prototype machines tested and 3D FEA without and with a 

single steel lamination sheet are summarized in Figure 9-9. They are all presented as per unit 

of the 3D FEA L1 machine. It is clear that L2 produced the lowest measured back EMF, a 7% 

decrease while the highest measured back EMF is produced by L4, an increment of 2.3% 

compared to L1.  
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A broad observation can be made from the analysis that putting the a single steel lamination 

sheet on top of coils affect the induced back EMF and these depends on the material 

conductivity and thickness.  

 

Figure 9-9: Peak back EMF with and without steel lamination sheet comparison at 700Hz. 

Figure 9-10 presented the harmonic analysis of the back EMF of the machine with a single 

steel lamination sheets and the result shows that the only considerable harmonic besides the 

fundamental is the third harmonic.  

The third harmonic of L1, L2, L4, L6, L8 and L10 drop by 95.2%, 95.6%, 95.7%, 95.5%, 

97.5% and 95.6% when compared with the fundamental harmonic respectively and all others 

harmonic are less than 0.5% of the fundamental harmonic. 

It is also clear from the analysis that, introduction of a single steel lamination sheet on top of 

the AFM coils for AC winding loss reduction using shielding effect has minimised the fifth, 

seventh, ninth and eleventh harmonics to approximately less than 0.5% of the fundamental 

harmonic of the prototype machine as shown in Figure 9-10.  
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Figure 9-10: Harmonics of the back EMF with and without steel lamination sheet. 

 

9.4 On-Load Torque 

The on-load torque of the prototype machine on tests was measured at operating frequency of 

700 Hz. Three phase resistive loads were connected to the prototype machine terminal and 

the resistance was adjusted to attain the maximum current in the circuit and maximum power, 

this is what is also called load current.  

During the testing there was no noticeable temperature rise on the machine case. Readings 

were taking at step of 1A to the full load current. Figure 9-11 gives the comparison of the 3D 

FEA and measured average torque against the applied rms current of the machine at operating 

point of 700 Hz with 1.4 mm conductor diameter and without steel lamination sheet. 

It can be seen that the average torque of the machine rises as the applied rms current is 

increased, at current less than 4A the relationship of the of graph is approximately linear, but 

as the current exceed 4A the graph behave as non-linear.  
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Figure 9-11: Measured average torque variation with rms current. 

 

Figure 9-12 compared the on-load torque of the machine without and with steel lamination 

sheet. The results from the 3D FEA allowed cogging torque to be subtracted from the total 

torque of the prototype machine; the remaining torque is the net torque of the machine due to 

the current excitation only. But, in the case of measured torque, the net torque is the 

combination of both excitation and non-excitation of current due to the facts that 

measurements are not necessarily taken in the same position.  

The measured on-load torque was found to be 2.08 Nm for L1 which reduce by 5.3%, 5.8%, 

5.8% and 2.4% for L2, L4, L6 and L8 respectively. Similarly, for L10 the electrical current 

was gradually increased to obtain the same torque as L1. During the process, the casing 

temperature is normal but after the required torque was attained, it was noticed the casing 

temperature began to rise and the experiment was stopped to avoid damage to the coils of the 

prototype machine. 
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Figure 9-12: On-Load torque comparison at 700Hz. 

 

9.5 Output Power and Terminal Voltage Measurements 

This section presents the performance measurement (power and terminal voltage of the 

prototype machine). The experimental set up is the same as the previous and all tests were 

carried out at operating point of 700Hz.  

The resistance of the three phase resistive loads connected to the prototype machine terminal 

were adjusted to get the maximum current and maximum power; this is what is also called 

load current. Moreover, this also dictates the electrical output power, while the mechanical 

input power is kept constant.  

From the phasor diagram in Figure 4-33, assuming unity power factor, the performance of a 

machine with resistive load for any defined current can be determined using Pythagoras 

theorem. For a three-phase machine the terminal power is given by equation (9.1). 
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where ‘3’ in equation (9.1) account for the three phase of the machine and the applied 

mechanical power which is held constant is given by equation (9.2). 

             (9.2) 

Similarly, the terminal voltage can be obtained from equation (9.1), for the design without 

steel lamination sheet; the input power is given as in equation (9.3). 

                    (9.3) 

Figure 9-13 compared the projected 3D FEA and measured terminal voltage of prototype 

machine with 1.4 mm conductor diameter wire. The terminal voltage is maximum when the 

current is zero and is equal to the back EMF, as the current is increasing the terminal voltage 

of the machine decreases due to the resistance of the coils and that of the resistive load. The 

measured terminal voltage is 0.99% less than the projected voltage at open circuit (zero 

current). However, at full load current it is 1% less than the projected value. 

 

Figure 9-13: Terminal voltage for 1.4 mm conductor diameter. 
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Figure 9-14 presented the comparison of the output power against the phase current for the 

same machine with 1.4 mm conductor diameter wire. It is clear from the graph that the output 

power of the machine increases as the current is increases up to the maximum value of 

current.  

The measured output power of the prototype machine is zero when the phase current is zero. 

However, as the three phase resistive loads were varied, current started to flow and the 

maximum current were attained when the value of load resistance is low. The value of the 

measured output power at full load current is 2.8% less than the projected value. This is due 

to the fact that projected 3D FEA does not include windage and bearing losses. 

Moreover, the output power variation with current from 1A to 4A is uniform. But, as the 

current increases above 4A the variation is not uniform (non-linear) this may be as a result of 

changes in the speed and the slot leakage inductance of the machine. 

 

 

Figure 9-14: Output power verses phase current. 
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Figure 9-15 compared the projected 3D FEA and measured output power of the prototype 

machine with 3.2 mm conductor diameter, for L1 and designs with segmented steel 

lamination sheet for AC winding loss reduction in the machine. 

In this case the output power was measured at full load current for L1 and recorded. 

Furthermore, the same measurement procedure was repeated for each steel lamination sheet 

and the output powers were recorded. For L2 the measured power is 2.8% less than the 3D 

FEA power. Moreover, it is 2.8% less than the 3D FEA for L4 and L6. 

 

Figure 9-15: Output power comparison at 700Hz. 
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The no-load losses are usually generated whenever a machine is running at open circuit; the 

losses comprise of the following losses: 

1. The stator and rotor hysteresis loss. 

2. The copper (skin and proximity) and magnet eddy current loss. 

3. Friction and windage loss. 

In some machines, the winding losses may be part of the no-load loss and are in fact the 

proximity loss in the conductors. But in this case the loss can be ignored, with the 

introduction of a single steel lamination sheet as a slot and end winding wedge the no-load 

winding loss reaching the coils is expected to decrease due to flux diversion on the surface of 

steel lamination sheet.  

Figure 9-16 shows the no-load comparison of projected 3D FEA and measured loss. From the 

bar chart it is clear that the measured no-load loss in all the prototype machines are higher to 

3D FEA, in addition to that the measured no-load loss and 3D FEA loss have similar 

correlation. At operating point of 700 Hz the measured no-load loss increased by 

approximately 14.2% for all the designs when compared to 3D FEA. 

 

Figure 9-16: No-Load Loss at 700Hz. 
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The on-load loss of a machine comprises of the following losses: 

1. No-load losses. 

2. Joule loss. 

3. AC winding loss. 

In this case, a resistive load is connected to the three-phase terminal of the prototype machine 

to enable current flow when the machine is driven as a generator as it is done in section 9.5 

above. Moreover, the applied mechanical power is given by equation (9.2) and (9.3) above, 

while the output power is given by equation (9.1) above.  

This implies that the total loss in the machine for 1.4 mm conductor diameter can be obtained 

by equation (9.4). 

                        (9.4) 

For 3.2 mm conductor diameter the effect of AC winding loss was taken into consideration 

and the measured total loss of the machine at 700Hz is given by equation (9.5). 

                         (9.5) 

Also, from the 3D FEA the total DC loss is obtained as shown in equation (9.6). 

                          (9.6) 

Therefore, the total loss of the machine with different steel lamination sheet were also 

measured and found that L1 increased by 3% when compared with the 3D FEA and L8, 

produces the highest total loss. L2 decreased by 23.9% compared to L1. Similarly, L4 and L6 

increase by 27.1% and 31.7% respectively as compared to L1, and L10 increase by 23.7%.  

A small conclusion can be derived from the above analysis that L6 seem to reduce the total 

loss more by 31.7% as a result of higher loss/kg on the steel lamination sheet as shown in 

Figure 9-17. It is clear from the bar chart that, there is close correlation between the 3D FEA 

loss and measured loss for the entire different steel lamination sheet used, and that get up to 

3% difference at the operating point of 700 Hz. This may be as a result of accuracy deficit in 

the part of FE model in projecting the losses in a machine.  
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This increase in the measured total loss of the machine has led to a decrease in the output 

power as presented in Figure 9-15. It is clear in Figure 9-17 that magnetic materials (single 

steel lamination sheet) can be implemented to control the airgap magnetic flux in a machine 

to minimize AC winding loss. Moreover, it was found that L6 with single steel lamination 

sheet M300-35A has the overall better performance as compared to L1, L2, L4, L8 and L10.  

It is clear from the above analysis that the measured total loss in the entire prototype 

machines tested was higher than the 3D FEA total loss this is due to the fact that 3D FEA 

total loss does not take into account the windage and bearing losses.  

 

Figure 9-17: 3D FEA and Measured total loss comparison at 700Hz. 
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The measured total loss comprises both the AC winding loss and the iron loss. 3D FEA was 

carried out and iron loss has been found. As stated in [24], the total AC winding loss of 

machine is obtained from the total measured loss by subtracting the FEA DC iron loss as 

expressed by equation (9.7). 
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                                               (9.7) 

Figure 9-18 shows the comparison of the 3D FEA and measured AC winding loss of the 

machine without and with different steel lamination sheet for 3.2 mm conductor diameter. 

This also shows the maximum AC winding loss produced by each design of the prototype 

machine. 

L2 produces the highest AC winding loss; a 40.1% decrease compared to L1 and L6 produces 

the lowest AC winding loss a 48.0% decrease as compared to L1. It can be seen from Figure 

9-18 that L6 with the lowest AC winding loss and total loss as presented above achieved best 

performance as compared to others designs with single steel lamination sheet.  

This is because of the higher loss/kg on the steel lamination sheet and the isotropic and 

thermal properties of SMC, and the ability to produce the 3D flux paths that are ideal for this 

machine topology.   

 

Figure 9-18: AC winding loss comparison at 700Hz. 
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9.8 Efficiency of the Machine 

This section presents the efficiency analysis of the prototype machine; attention would be 

given to all sources of loss in the machine. The efficiency of a machine can be obtained based 

on the previous measurement of total loss and derived power of machine carried out at the 

operating point of 700Hz.  

A good cost-effective machine design must take advantages of the inherent performance 

properties of the material used in the design and construction. In this case soft magnetic 

composite was utilised together with a single steel lamination sheet for AC winding loss 

reduction.  

The efficiency of a machine is inversely proportional to the total power losses. These losses 

have been categorised in the previous section 9.6 and 9.7 above. 

The electrical efficiency of the machine can be measured using the relationship in equation 

(9.8). 

           
    

   
           (9.8) 

Figure 9-19 presents the efficiency variation with speed for L1 machine; in this case AC 

winding loss was take into consideration, while Figure 9-20 compared the 3D FEA and 

measured efficiency of the machine for different design without and with steel lamination 

sheet. It is clear from Figure 9-19 that the efficiency keeps changing before 2000 rpm and 

almost constant for the remaining speed.  

The efficiency of L1 with AC winding loss included decreases by 2.4% as compared to 3D 

FEA value. However, the efficiency for L2, L4, L6, L8 and L10 were found to be 89.1%, 

88.9%, 89.6%, 88.4% and 81.8% respectively. 

The result shows that the highest loss reduction occurs with L6 due to higher conductivity in 

that steel lamination sheet, moreover the more power loss on the steel  lamination sheet the 

less total AC winding loss in the machine and better overall performance. The smaller the 

thickness of the steel lamination sheet used the smaller the power loss per kg on it and result 

in the efficiency of the machine to be lower, similarly the larger the thickness of a single 

lamination sheet slot wedge the bigger the loss/kg in the lamination sheet and the better the 

efficiency of the machine. 
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Figure 9-19: Efficiency variation of L1 with speed. 

 

Figure 9-20: Efficiency comparison for 3D FEA and measured at 700Hz. 
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Figure 9-21 presents the percentage comparison of different parameters at operating point of 

700 Hz with respect to L1.The parameters are back EMF, on-load torque, output power, no-

load loss, on-load loss, AC winding loss and efficiency. It can be seen from the bar chart that 

using a single steel lamination sheet with conductivity on it have effect on those parameters 

in some cases their value drop greatly while others increase.  

The peak back EMF of L2, L4, L6, L8 and L10 reduced by 2.2%, 2.3%, 2.4%, 2.3% and 

0.1% respectively as compared to L1. On-load torque drops by 5.6% for L2, 5.7% for L4, 

6.0% for L6 and 2.5% for L8. Similarly the output power reduces by 1.8% for L2, 2.0% for 

L4, 2.2% for L6, but increased by 1.5% for L8. The no-load loss decreases by 4.1%, 3.5%, 

4.5%, 4.7% and 3.0% for L2, L4, L6, L8 and L10. The on-load loss reduces by 23.8%, 

28.4%, 31.1%, 22.6 and 22.1% for L2, L4, L6, L8 and L10 respectively.  

 

 

Figure 9-21: Percentage comparison of different parameters at 700Hz. 

 

0 

20 

40 

60 

80 

100 

120 

L1 L2 L4 L6 L8 L10 

P
e

rc
e

n
ta

ge
 o

f 
L1

 

Back EMF 

Torque 

Output Power 

No-Load Loss 

On-Load Loss 

AC Winding Loss 

Efficiency  



Chapter 9–Experimental Results  

 

236 

 

All segmented design tested also depict a very low AC winding loss, L6 produced the highest 

AC winding loss reduction of 48.0% and L2 produced the lowest reduction of 40.4% as 

compared to L1. These greatly drop in AC winding loss improve the overall performance of 

prototype machines. It is clear from bar chart in Figure 9-21 that L6 produced the highest 

efficiency, an increase of 14.7% as compared to L1 and the efficiency of L2 increase by 

14.0%, L4 by 13.9% and L8 by 13.2%. L10 has the lowest efficiency of 4.8% when 

compared to L1. 

From all the tests and analysis above, it is clear that L6 with a single steel lamination sheet 

M300-35A presents the best overall performance compared to others.  

9.9 Temperature Rise in Coils 

To obtain an economic utilization of the materials and safe operation of an electrical 

machine, it is necessary to predict with reasonable accuracy the temperature rise of the 

internal parts, especially the coils and magnets. The steady state temperature of the machine 

was obtained giving the typical behaviour of the winding with air as natural cooler and Figure 

9-22 presented the temperature rise in the prototype machine loaded coils.   

The temperature rise in the machine was monitored using thermocouple K type located in the 

winding, since from the FEA simulation the rise in temperature with 1.4 mm conductor 

diameter is approximately 53˚C and that of 3.2 mm conductor diameters is approximately 

49˚C.  

To get the temperature rise in the winding, a DC current of 10A was applied to a phase of the 

machine for 5000 seconds. The winding temperature rise was monitored at 30 second 

intervals and the peak rise in temperatures are plotted as shown in Figure 9-22 for the two 

different windings, the 1.4 mm conductor diameter and 3.2 mm conductor diameter. 

It is shown from the graph that the temperature is constant from 0-200 seconds, after that the 

temperature starts to rise gradually until almost 2500 seconds and 2600 seconds for 1.4 mm 

and 3.2 mm conductor diameter respectively. Then the temperature rises stabilised and 

become constant for the remaining duration.  

The maximum measured rise in temperature is 52.6˚C and 48.8˚C for 1.4 mm and 3.2 mm 

conductor diameters respectively. The measured temperature rises in the machine with 1.4 

mm conductor diameter decreased by 0.4˚C as compared to 3D FEA. Similarly, the 
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temperature rises reduced by 0.2˚C for the machine with 3.2 mm conductor diameter. 

Moreover, during experiment testing no noticeable temperature rise was felt on the outer 

case. 

 

Figure 9-22: Measured temperature rise in the loaded coil. 

 

9.10 Conclusion 

This chapter evaluated the electromagnetic characteristics of the prototype machines using 
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Derived performance was also carried out to include the output power and efficiency of the 

machine. Back EMF and torque are the main two aspects of evaluating the performance of a 

machine. The former is associated the performance of permanent magnet with relation to 

rotating speed, and the torque is related to the current applied.  

Eddy current losses in a machine are directly proportional to the squared of frequency and to 

achieve a high efficiency in the machine, it is very important to reduce the higher frequency 

content within the machine to obtain lower losses.  

The initial 3D FEA described in Chapter 3 showed that the machine had significant 

harmonics content in the back EMF. Adjusting the dimension of machine describe in Chapter 

3 by using rounded tooth, modifying the rotor design lead to the design of machine in chapter 

4 and 5. The 3D FEA showed that most of the harmonic present in L1 disappears due to slot 

and pole number combination, moreover the machine had higher AC winding loss due to 

open-slot stator winding configuration which affect the overall performance, causing the 

efficiency to be relatively lower than expected.  

Introduction of a single steel lamination sheet for AC winding loss reduction using shielding 

effect as described in Chapter 6 and 7 were techniques tested in this chapter. It is evident that 

the novelty of this research work is that a shield techniques made from a single steel 

lamination sheet can be used to reduce the AC winding loss of an AFM, which is hard to 

imagine a single lamination sheet making all the slot wedges in a radial flux machine. In the 

other hand reduces the total loss thereby improving the overall performance of the machine, 

while having a minor reduction on the peak back EMF and torque.  

It was seen from the above experimental tests and analysis that, the best machine is the L6; in 

which the AC winding loss reduced by 48.0%, back EMF by 3.5%, torque by 5.8%, total loss 

by 31.7%, output power by 2.8% and efficiency has increased by 10.3%. 
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10. Conclusions and Further Work 

10.1 Introduction 

This thesis has proposed and demonstrated a cheap and simple flux shield capable of 

delivering a 48.0% reduction in AC winding losses and 31.7% reduction in the machine total 

loss. Moreover, the main aim of this thesis was to develop a highly efficient AFM by 

enhancing the existing AFM to reduce the back EMF harmonics and AC winding loss. 

Techniques such as combination of slot and pole number, rounded tooth and modifying the 

rotor design and introduction of a single steel lamination sheet were applied to reduce the 

back EMF harmonic and excess AC winding loss in the machine due to open-slot stator 

winding construction, which encourages an elevated winding loss from the rotation of PM 

rotor assembly. 

3D FEA investigations were carried out to find out the best and optimal design which was 

then developed and manufactured using soft magnetic composite and tested. The prototype 

machines were tested to confirm the above techniques. A single steel lamination sheet was 

used to shield the coils from stray fields which is easy to implement for this type of machine 

topology and does not require the use of more complex twisted and Litz type conductors has 

reduce the AC winding loss significantly.  

It was shown that this technique improves the overall machine performance through 3D FEA 

and experimental tests to minimize both copper windings AC loss and steel lamination eddy 

current losses. It has been shown that L6 with segmented steel lamination sheet M300-35A 

has the best efficiency and overall performance. 

The results from the projected 3D FEA and experimental tests shows that this approach has 

answer the research question stated in Chapter 1 by reducing the AC winding loss in the 

machine through harnessing the shielding effect of the steel lamination sheet and the overall 

performance of the machine has increased. 
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10.2 Research Conclusions 

The three phase AFM is composed of a stator block and a rotor disc. The stator block consists 

of the tooth and stator core-back, while the rotor disc has magnets fixed to it. The windings 

on the stator are separated by 120º electrical to complete the phase arrangement. 

The thesis begins with the research background information, challenges of open-slot stator 

winding configuration, objective of the thesis, research contributions to knowledge 

furtherance and thesis outline were presented together with the list of published work from 

the research work. 

Literature and technology reviews of the research work done so far relating to this thesis were 

carried out. It has three main objectives which include; ensuring that the research work 

carried out in this project is new and not being done before. Secondly, to give a summary of 

the work done by other researchers in these field of study and finally, the evaluation of the 

previous work and see away to further knowledge in the course of this research work.  

It also reviewed the effect of utilising SMC in electrical machines design and using magnetic 

slot wedge for AC winding loss reduction which proved to be efficient for radial flux 

machine together with loss mechanisms in electrical machines. In a radial machine it is hard 

to imagine a single steel lamination sheet making all the slot wedges. This partially results 

from wanting to slip the coils onto the tooth. Lastly, it reviewed the AFM topologies 

A prototype machine that was built with SMC and tested in Newcastle University was used 

as a baseline, the main aim was to investigate the benefit of using SMC as a core material and 

evaluate the performance of the machine, including; back EMF, cogging torque, axial force, 

losses and on-load torque using 3D FEA. The initial 3D FEA showed that the slot and pole 

number combination resulted in significant third, fifth and seventh harmonics in the back 

EMF and low efficiency of 65%. Trapezium teeth were used which lead to low fill factor in 

the machine.  

In order to validate the 3D FEA, the prototype machine is tested, and its performance 

compared with these predictions at no-load and loaded condition. The experimental tests 

conducted shows that the machine exhibits 4% less torque than the 3D FEA target torque. 

Furthermore, there is a need to improve the machine overall performance.   
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To improve the performance of the baseline machine to meet or exceed the target torque, a 

new machine was designed by altering the dimension of the baseline machine. The slot 

number of the baseline machine was kept and the pole number was changed.  

3D FEA was conducted on the improved machine and the available SMC prototype material 

was utilised which showed that there is a reduction in the amount of magnet used by 25% as 

compared to the baseline machine, this lead to decrease in the machine total loss and 

temperature in the magnets moreover the machine was extended to Chapter 5 to assess the 

AC winding loss. This calculation is very important in determining the efficiency and overall 

performance of the machine.  

A simple technique of AC winding loss reduction were explored and these method relies on a 

single steel lamination sheet placed on top of the coils to cover both the slots and end 

windings by shielding flux reaching the coils and altering the slot leakage inductance of the 

machine. Different steel lamination sheets and two designs (segmented and non-segmented) 

were used and found that segmented design L6 with steel lamination sheet M300-35A 

provides the best performance that reduced the total loss of the machine by approximately 

32% of the original value and AC winding loss by 48.0%.  

This method exhibits some disadvantages which include; additional Ohmic loss on the steel 

lamination sheet, decreased in the torque, output power and back EMF of the machine. This 

technique of AC winding loss reduction can be implemented in this type of machine 

topology; hence prototype was constructed and assembled as described in Chapter 8.  

The analysis in Chapter 6, consider only a magnetic material with conductivity and the results 

from the study may not be the optimal performance however these leads to academic 

investigation into the two mechanisms (magnetically permeable, guiding the field way from 

the coils and electrically resistive, by generating eddy currents to oppose the main field) of 

loss reduction using magnetic shielding (a single steel lamination sheet) by examining the 

separate effects of using idealised materials (high reluctance / zero conductivity and vice 

versa) as demonstrated in Chapter 7.  

The different single steel lamination dimensions were all identical and based on the stator and 

rotor dimension. This ensured that the technique to reduce AC winding loss and improve the 

performance was compared fairly. From the 3D FEA study, it was found that the machines 

design with segmented steel lamination sheet have less total loss due to non-circulation of 
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eddy current and therefore only the segmented designs were produced for prototype testing. 

The prototypes were tested for their back EMF, torque on-loaded condition, total loss and 

derived AC winding loss and efficiency. These results for each machine L2, L4, L6, L8 and 

L10 were compared against the L1 and using a single laminated shield of 0.35 mm thickness 

has been shown to reduce AC winding loss in the machine by 48.0% for a 5.8% reduction in 

torque. 

Lastly, the thesis provides the results for the electromagnetic characteristics testing carried 

out on the prototype machine without steel lamination sheet and with different steel 

lamination sheet. A total of six machines were tested, it was concluded that the machine L6 

with a single steel lamination sheet M300-35A provided the base design and better overall 

performance.  

The AC winding loss reduced by 48.0%, back EMF by 3.5%, torque by 5.8%, total loss by 

31.7%, output power by 2.8% and efficiency has increased by 10.3%. The temperature in the 

coils of the machine were monitored and recorded for almost 5000 seconds. The rises in 

temperature were 52.6˚C and 48.8˚C for 1.4 mm and 3.2 mm conductor diameter 

respectively. These tested were carried out without steel lamination sheet and during 

experiment test no noticeable temperature rise was felt with hand on the outer case of the 

machine at full load speed and current. 

This PhD work produced AFM using SMC and a single steel lamination sheet to reduce the 

AC winding loss due to open-slot stator winding construction and the higher frequency of 

operation, various steel lamination sheet and two design techniques (segmented and non-

segmented) were utilised to improve the performance. A prototype machine was built which 

ultimately stemmed in 6 machines being tested without and with steel lamination sheet to 

confirm these techniques and finally one optimum design reduced the AC winding loss by 

48.0%, total loss in the machine by 31.7% and increased the efficiency by 10.3%. 

10.3 Further Work 

The research work covered in thesis concentrated on design techniques only on single-sided 

AFM to reduce the AC winding loss due to the open-slot stator construction which encourage 

an elevated AC loss at AC operation however the research work could be extended in five 

main areas. 
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1. Extending the single-sided design to double-sided configuration, with either two 

rotors and one stator or two stators and one rotor for more output power and torque 

density. In addition to that, multistage configuration could be used for fault tolerant 

application and to see the effectiveness of this simple novel technique for AC winding 

loss reduction using a single steel lamination sheet for shielding effect. 

2. Structural analysis of the AFM needs to be carryout to have a good prediction of the 

rotor plate deflections which may be caused by the magnet forces, the deformation 

that occurred during assembly is not well understood and should be the subject of 

further modelling work. 

3. Investigating the use of other design features cut into the single steel lamination sheet 

to further reduce losses induced in the lamination sheet. 

4. Investigation on the use of different speed (changing frequency) together with power 

factor and load current to ascertain the effect of magnetic shielding on AC winding 

loss and machine total loss.   

5. Investigation on the potential effect of this shield in terms of annual energy 

consumption if it is adopted in a domestic household item. 
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Appendix A – Main Dimensions and Specification 

Stator outer diameter 110 mm 

Stator inner diameter 64 mm 

Axial length 48 mm 

Slot depth 25 mm 

Slot width 5 mm 

Magnet thickness 2.5 mm 

Airgap length 1 mm 

Magnet span 120 degrees electrical  

Stator core-back thickness 10 mm 

Rotor core-back thickness 12 mm 

Operating speed 6000 rpm 

Fill factor 70 % 

Core material SOMALOY 1000_5P 

Diameter of copper wire 1.4 mm and 3.2 mm 

Number of turns 32 

Permanent Magnets N35SH 
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Appendix B – Mathematical Derivations 

Derivation of the vector potential from a current sheet 

Figure B-1 is used demonstrate the 2D mathematical model of the machine model to obtain 

the magnetic field in the airgap. 

 

Figure B-1: Current sheet model. 

Y represents the region in which air, lamination sheet and magnet are placed. Based on the 

assumption stated in Chapter 7 and the magnetic property of the region is given by the 

relationship between the magnetic field intensity,  (in A/m), and flux density,  (in Tesla), as 

                 (B.1) 

where    is the permeability of free space with a value of 4π ×10
−7

 H/m,   the relative 

permeability of Permanent magnets,          the residual magnetization vector in A/m, 

and     the remanence. 

The governing equations of magnetic field are the Laplace’s equation. These are used to 

obtain the general solution of magnetic field using current sheet model. 

            (B.2) 

It can be proved that for any vector, the divergence of its curl is always equal to zero. Thus, 

we can have a magnetic vector potential, so that  

                                   (B.3) 

But  

Y 

Lamination sheet  

y 

x 

Current sheet                 
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This implies that,  

               (B.4) 

The Laplace’s equation is given by  

                   (B.5) 

Substituting equation (B.4) into equation (B.5) 

                (B.6) 

where  (A/m
2
) is current density in the field and assume to be zero. Therefore, the Laplace’s 

equation is obtained as 

              (B.7) 

But, to obtain the relationship with current density, the combination of Maxwell’s equation 

and equation (B.2) was used  

                      (B.8) 

                (B.9) 

General solution to Laplace’s equation 

In AFM the magnetic vector potential has z-component only, that is to say it is infinite in that 

direction, the vector potential and magnetic field at the surface of the lamination are found by 

solving the Laplace’s equation above. This implies that 
   

   
   becomes 

   

   
 

   

   
           (B.10) 

Using separation of variables, we assume that  

                   (B.11) 

Substituting in the Laplace equation it gives 
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                          (B.12) 

Equation (B.13) can be written as  

  

    
  

  

    
         (B.13) 

                     (B.14)  

                     (B.15)  

For          

                     (B.16) 

Introducing trial solution satisfy the above equation  

                             (B.17) 

For          

                 (B.18) 

Similarly, for          

                       (B.19) 

This implies  

  
   

 
  where  , the wavelength is two times the pole pitch. 

                          (B.20) 

                       (B.21) 

Implies that  

                                (B.22) 

                          (B.23) 

          
 
                        (B.24) 
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                     (B.25) 

          
 

 
    

 
                         

 

 
  (B.26) 

But  

                and              
  

 
  

  
  

 
 
  

                   
 

 
             

 

 
        (B.27) 

       
     

        
 

  

  

     
     

  
 

       

       
              

 
      (B.28) 

Based on the boundary conditions the airgap magnetic potential in which the steel lamination 

sheet is placed has a general solution in form of equation (B.28). 
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Appendix C – Somaloy Typical Data 
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Appendix D – Arnold Magnetic N35SH Data Sheet 
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Appendix E – Permabond ES 562 Data Sheet 
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Appendix F – Thermal Insulating Data Sheet 
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Appendix G – 316 Stainless Steel Data Sheet 
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Appendix H – Aluminium Alloy 6082 Data Sheet 
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Appendix J – Back EMF Screenshots from Oscilloscope. 
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