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This thesis presents an alternative approach to the analytical design of surface-mounted axial-
 flux permanent-magnet machines. Emphasis has been placed on the design of axial-flux 
 machines with a one-rotor-two-stators configuration. The design model developed in this study 
 incorporates facilities to include both the electromagnetic design and thermal design of the 
 machine as well as to take into consideration the complexity of the permanent-magnet shapes, 
 which is a typical requirement for the design of high-performance permanent-magnet motors.  


A prototype machine with rated 5 kW output power at 300 min-1 rotation speed has been 
 designed and constructed for the purposes of ascertaining the results obtained from the 
 analytical design model. 


A comparative study of low-speed axial-flux and low-speed radial-flux permanent-magnet 
 machines is presented. The comparative study concentrates on 55 kW machines with rotation 
 speeds 150 min-1, 300 min-1 and 600 min-1 and is based on calculated designs. A novel 
 comparison method is introduced. The method takes into account the mechanical constraints of 
 the machine and enables comparison of the designed machines, with respect to the volume, 
 efficiency and cost aspects of each machine. It is shown that an axial-flux permanent-magnet 
 machine with one-rotor-two-stators configuration has generally a weaker efficiency than a 
 radial-flux permanent-magnet machine if for all designs the same electric loading, air-gap flux 
 density and current density have been applied. On the other hand, axial-flux machines are 
 usually smaller in volume, especially when compared to radial-flux machines for which the 
 length ratio (axial length of stator stack vs. air-gap diameter) is below 0.5. The comparison 
 results show also that radial-flux machines with a low number of pole pairs, p < 4, outperform 
 the corresponding axial-flux machines. 
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Nomenclature 


Roman letters 


A    Electric loading, linear current density [A/m] 


a    Number of parallel coil branches 


B    Magnetic flux density [Vs/m2] 


C    Output coefficient 


D    Diameter [m] 


d    Thickness of lamination [m] 


e, E  Induced voltage: instantaneous value, RMS value [V] 


F  Force [N], magneto motive force [A] 


f    Frequency [1/s] 


fn    Natural frequency [1/s] 


G  Mass [kg] 


g    Physical length of air-gap [m] 


h    Heat transfer coefficient [W/m2K] 


H    Magnetic field strength [A/m] 


i, I    Current: instantaneous value, RMS value [A] 


J    Current density [A/m2] 


j    Index term 


k    Coefficient 


K      Crystallographic constant 


ke    Coefficient for the induced voltage 


ki    Current waveform factor 


kP    Electric power waveform factor 


L    Inductance [Vs/A] 


l  Length [m] 


M    Mutual inductance [Vs/A] 


m    Number of phases 


N    Number of computation planes 


n    Number of harmonics 


ns    Rotation speed [min-1] 


Ns Number of winding turns in series per stator winding 


Nu  Nusselt number 


P    Active power [W] 


p    Number of pole pairs 


Pr  Prandtl Number 


Q    Number of slots 


q    Number of slots per pole and phase 


r    Radius [m] 


R    Resistance [V/A] 


Re    Reynolds number 


S    Surface area [m2] 


T  Temperature [K], Torque [Nm], Period [s] 


t  Time [s] 


Ta    Taylor number 


U    Voltage [V] 


v  Speed [m/s] 


V  Volume [m3] 


W  Energy [J] 


w    Width [m] 


wc Coil span 


y    Length [m] 



(10)Matrix/vectors 


Φ Magnetic flux 


ℜ    Reluctance 


µm    Magnetic dipole moment 


B    Magnetic flux density 


F    Magneto motive force 


G    Thermal conductivity 


H    Magnetic field strength 


J    Polarisation 


M    Magnetisation 


P  Power loss 


T    Temperature 


Greek letters 


µr    Relative permeability 


µ0    Permeability of free space [Vs/Am] 


ε    Emissivity 


α    Relative magnet width 


σ    Electrical conductivity [S/m] 


ρ    Density of material [kg/m3] 


Ω    Angular frequency [1/s] 


ω    Angular frequency [1/s] 


ξ    Winding factor 


τp    Pole pitch [m] 


ν    Cinematic viscosity [m2/s] 


υ    Poisson’s ratio 


λ    Thermal conductivity [W/mK] 


λ~    Relative permeance 


η    Efficiency 


χ    Skin depth [m] 


ℜ    Reluctance [A/Vs] 


℘    Cost [€] 


ζ    Stefan-Boltzman constant [W/m2K4] 


Θ    Magnetic voltage [A] 


Γ Modulus of elasticity [N/m2] 


Subscripts 


σ    Leakage 


σPM    Permanent magnet leakage 


a  Armature 


act    Active 


AF    Axial-flux 


agap    Air-gap 


ave    Average 


ax    Axial 


b  Bearing 


C    Carter’s 


c    Coersivity 


cen    Centrifugal 


ci    Intrinsic coersivity 



(11)cog    Cogging torque 


con    Convection 


cond    Conduction 


cross    Cross sectional 


Cu    Copper 


D    Diameter 


d  Direct axis 


def    Deflection 


dif    Differential 


ex    Excess loss 


eff    Effective 


em  Electromagnetic 


end    End-winding 


ext    External 


f    Friction 


Fe  Iron 


h  Hydraulic 


hys    Hysteresis loss 


i    Index term 


in    Internal 


input    Input 


l    Length 


m  Mean 


M    Motor 


max    Maximum 


md    Direct axis magnetizing 


mq    Quadrature axis magnetizing 


n    Natural 


opt    Optimal 


out    Outer 


output    Output 


p  Pole 


ph    Phase 


PM    Permanent Magnet 


q    Quadrature axis 


r  Remanence 


rad    Radiation 


rel    Relative 


RF    Radial-flux 


rms    Root mean square 


rotor    Rotor 


s  Stator 


sat    Saturation 


slot    Slot 


str    Stray load loss 


sup    Support 


sur    Surface 


t    Tooth 


T    Torque 


th    Thermal 


tot    Total 


trap    Trapezoidal 


tt    Tooth tip 


w  Wire 



(12)wet    Wetted 


y  Yoke 


zz    Zigzag 


Acronyms 


2D    Two-dimensional 


3D    Three-dimensional 


ABB    Asea Brown Boveri 


AF    Axial-flux 


AFIPM    Axial-Flux Interior rotor Permanent Magnet  


AFPM   Axial-Flux Permanent Magnet 


AlNiCo    Aluminium-Nickel-Cobalt 


B    Boron 


BBC    Brown Boveri Company 


CDMC    Carelian Drives and Motor Centre, 


Co  Cobalt 


DC    Direct Current 


DTC    Direct Torque Control 


EMF    Electro Motive Force 


Fe  Iron 


FEA    Finite Element Analysis 


FEM    Finite Element Method 


IM    Induction Motor 


Nd    Neodymium 


Ni    Nickel 


PM    Permanent Magnet 


PMSM    Permanent-magnet Synchronous Motor 


RF    Radial-flux 


RFPM    Radial-flux Permanent Magnet 


RMS    Root Mean Square 


Si    Silicon 


Sm    Samarium 


SMC    Soft Magnetic Composite 


V    Vanadium
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1. Introduction 


This study concentrates on axial-flux machines with one rotor – two stators configuration. This 
 particular axial-flux machine configuration proves to be the most adequate structure for the 
 considered low-speed high-torque industrial applications. The reason for that is that, firstly, 
 fixing of the stators may be arranged reasonably easily. Secondly, an electrical machine 
 equipped with two stators is capable of operating (with some precautions) even though one of 
 its stators is electrically disconnected and finally, an axial loading of bearings is small due to 
 the internal rotor configuration. 


Electrical machines have been designed, constructed and improved by several engineer 
 generations. Yet, electrical machines have been under constant development and improvement. 


The primary reason for such an interest is the fact that the power electronics have been 
 developed and new, better suitable construction materials have been found. The possibility to 
 feed the motor via a frequency converter opens new perspectives in the machine designing since 
 the line frequency (50 Hz or 60 Hz) is no more a limiting factor for the selection of the machine 
 pole pair number. Using new materials, such as soft magnetic composites and high performance 
 permanent magnets, renders possible the improvement of the machine construction and thus the 
 improvement of the machine performance characteristics. Secondly, the trend of development is 
 to build integrated systems in which the electrical machine is not necessarily a stand-alone 
 machine typically connected via a shaft and gearbox to the controlled unit, Fig. 1.1 (a); 


preferably, it is an integrated part of the overall system according to Fig. 1.1 (b). Consequently, 
 in direct drive applications the torque quality aspects are becoming an increasingly important 
 subject of design since the power transmission chain does not absorb torque fluctuations in a 
 similar manner as it does if gearboxes are used between the electrical machine and the 
 controlled unit. Thus, the designer will meet the demanding task to minimize the cogging torque 
 as well as the pulsations in the electromagnetic torque of the machine without loosing too much 
 in the other performance of the machine.  


The controlled unit


Electric Motor, 
 e.g. induction 


motor Gear The frame of  


the controlled unit 


Stator of axial-flux 
 machine 


Rotor of axial-flux 
 machine 


(a) (b) 
 Fig. 1.1. (a) Conventional electric drive system: The controlled unit is driven by the induction motor via a 


gear. (b) Integrated system in which the axial-flux machine may be fixed directly inside the frame 
 structures of the controlled unit. The rotor of the electric machine is located on the same shaft as the 
 controlled unit. 


   


The development of the permanent-magnet synchronous machine has been fast since the 
invention of the high-performance Neodymium-Iron-Boron (Nd-Fe-B) permanent magnet 
material in 1983. Especially low-speed and variable speed industrial applications are recognized 
to be a potential application area for such permanent-magnet machines. In several industrial 
applications induction machines with step-down gearboxes are used in order to obtain the 
desired rotational speed for the driven machinery. Connecting the electrical motor to the device 



(14)without a gearbox reduces the maintenance costs as well as the space requirements and 
 improves the reliability of the system. The desired high-performance low-speed direct drive can 
 be achieved by using permanent-magnet machines and new control methods such as the direct 
 torque control (DTC) or other high performance vector control methods. Permanent-magnet 
 machines are well suitable for low-speed applications since their performance, e.g. efficiency 
 and power factor, does not depend on the rotation speed to the same extent as it is the case for 
 induction machines, Fig. 1.2. 


0 500 1000 1500


0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1


 n [min-1]


Efficiency, Power factor


Efficiency: PMSM
 Power factor: PMSM
 Efficiency: IM
 Power factor: IM


Fig. 1.2. Comparison of efficiencies and power factors of 55 kW, 1500 min-1 induction and surface-
 mounted permanent-magnet motor as a function of rotation speed. Curves calculated based on constant 
 torque and flux approach. The IM rotor absolute slip producing the nominal torque is about 20 min-1. 


In integrated systems, an important demand is to select the most suitable electrical machine for 
a particular application. Traditionally, it has been used almost exclusively machines of the 
radial-flux type. Due to the development of the permanent magnet materials, for some particular 
applications, using radial-flux machines seem to be no more the most adequate solution. If the 
machine axial length is limited by the application demands or if it appears to be possible to 
integrate the rotor directly into the driven machinery, the electrical machine based on the axial-
flux topology may be a competitive or even a better choice. Compared to radial-flux machines, 
axial-flux machines have been manufactured and also less used. Therefore, it is obvious that the 
process of designing and manufacturing axial-flux machines is still developing. For radial-flux 
machines, the process of manufacturing is well established since it could be optimised through 
the enormous amount of induction machines that has been manufactured during the latest 
century. The radial-flux permanent-magnet motor can be manufactured based on the same 
process of manufacturing the induction machine since the required machines parts for both 
machine types are basically the same. The manufacturing of axial-flux machines requires a 
different type of production equipment, which demands expensive investments as a result of 
which the unit price remains high if only a small amount of machines is manufactured. Thus, it 
must be sought for driving forces that provide the motivation and encouragement that increases 
the use and construction of axial-flux machines. Such driving forces may arise from the 
difference of the machine performance or material costs, or directly from the geometrical 
restrictions set by the particular application requirements. 



(15)1.1.  Motivation and target of the work 


It is the industry’s interest to build reliable, high-performance electrical machines at the lowest 
 cost possible. Constraints restricting the business are the efficiency, cooling and mechanical 
 properties of the machines. If industry is offered an opportunity to choose between two 
 alternative electrical machines, which have the same performance, e.g. efficiency, but of which 
 one can be built at a lower manufacturing cost, it is obvious that the latter, cheaper design will 
 be preferred. An important tool needed for decision-making is then a performance comparison 
 between the considered electrical machines. A theoretical comparison between similar 
 machines types can be done reasonably but comparison between the different machine 
 topologies is a cumbersome task since there exist many variables and it is difficult to decide 
 which variables should be kept as constants and which may vary. In order to establish a reliable 
 comparison, a sufficient amount of different machine designs has to be considered. In this 
 thesis, a comparison between axial-flux and radial-flux permanent-magnet machines is given. 


The research work was encouraged to start by the ABB companies. The motivation for the 
 research work is to attain two, basically independent purposes:  


1.  The first objective of the work is to develop a suitable analytical design method and a 
 corresponding design tool for the preliminary design of surface-mounted axial-flux 
 permanent-magnet machines. The motivation for this work is supported by the fact that 
 the 3D finite element analysis is very time consuming to perform and is not very 
 practical to be applied in the preliminary machine design phase. Furthermore, 
 investigations of the literature on the subject reveal that the analytical design of surface-
 mounted axial-flux permanent-magnet machines is not yet well established. In textbooks 
 or in relevant papers the design of axial-flux machines is usually carried out on the 
 average radius of the stator, which may lead to significant inaccuracy in performing the 
 design if the magnet shape is complex or the flux density variation in the iron parts 
 varies strongly with respect to the radius. In this thesis, an analytical method to perform 
 the design of axial-flux machines, even for complex magnet structures, is introduced.  


2.  The second objective of the work is to complete a performance and constructional 
 comparison between the low-speed radial-flux and axial-flux permanent-magnet 
 machines. Comparison was done based on the existent ABB permanent-magnet machine 
 family (ABB, 2004). ABB motors are designed for industrial applications in the speed 
 range of 120 – 600 min-1 and covering a power range of 17 kW up to 2500 kW. 


The work for the developing of an analytical design tool was carried out in an early stage of this 
 study and the tool was improved in the course of the thesis project. The latest, significant 
 improvement was the addition of a thermal model, which was included to be part of iterative 
 procedure of designing axial-flux permanent-magnet machines. The proposed design tool is 
 kept relatively simple and it is not developed to replace the finite element analysis (FEA) in 
 machine designing. Thereby, some simplifications are accepted and included in the computation 
 model, e.g. the reluctance networks used are kept simple on purpose. Furthermore, the 
 optimisation of different designs is not considered in the analytical design procedure. 


The thesis includes two main parts, treating respectively the two above-mentioned objectives of 
the research work. The first part includes a review of the discussed permanent-magnet machines 
and used materials, as well as design considerations related to the analytical modelling of axial- 
flux surface-mounted permanent-magnet machines. The constructed prototype machine and the 
measurement results obtained from the prototype machine are also introduced in this part. In the 
second part of the work a relevant theory needed for drawing the comparison is provided and 
the results of the comparison are reported. The comparison part is further divided into two parts 
including structural aspects and a performance comparison. The mechanical studies provide 
some necessary practical design limitations, which are used as mechanical design constraints in 
the performance comparison. 



(16)1.2.  Scientific contribution of the work and relevant publications 
 The scientific contributions are: 


1.  An analytical design procedure is developed for the purpose of designing axial-flux 
 surface-mounted permanent-magnet machines. The developed computation method 
 employs quasi-3D computation and is combined with the thermal model. 


2.  A structural comparative study on radial-flux and axial-flux permanent-magnet 
 machine topologies is done. The two-stator-one-rotor axial-flux construction is 
 considered. 


3.  Results of an extended performance analysis between low-speed radial-flux and axial-
 flux permanent-magnet machines are presented. The performance comparison part is 
 extended in this work to cover the practical mechanical constraints. 


Furthermore, in the discussion on the constructed prototype machine and measurement results 
 some aspects are treated, which may be considered to offer new and useful scientific 
 information on the performance characteristics of the studied axial-flux permanent-magnet 
 machine structure. 


The most relevant publications related to the thesis are: 


1.  A. Parviainen, M. Niemelä, J. Pyrhönen. “Modeling Axial-flux Permanent-Magnet 
 Machines”. IEEE Transaction on Industry Applications. Vol. 40, No. 5, 2004, pp. 


1333-1340. 


2.  A. Parviainen, M. Niemelä, J. Pyrhönen. “Design of Axial-flux Permanent Magnet 
 Machines: Thermal Analysis”. In Proceedings of International Conference on 
 Electrical Machines, ICEM’04, Cracow, Poland, 5-8 September 2004, on CD-ROM. 


3.  Parviainen, M. Niemelä, J. Pyrhönen “Analytical, 2D FEM and 3D FEM modelling of 
 PM axial-flux machines”, In Proceedings of 10th European Conference on Power 
 Electronics and Applications, EPE’03, Toulouse, France, 1-4 September 2003, on CD-
 ROM. 


4.  A. Parviainen, M. Niemelä, J. Pyrhönen, “A Novel Axial-flux Permanent Magnet 
 Machine to Laboratory Use”, In Proceedings of 11th International Symposium on 
 Electromagnetic Fields in Electrical Engineering, Maribor, Slovenia, 18-20 September 
 2003, pp. 277-280. (Accepted to be published in Kluwer monograph: Computer 
 Modeling in Electromagnetics) 


5.  A. Parviainen, J. Pyrhönen, M. Niemelä, “Axial-flux Interior Permanent Magnet 
 Synchronous Motor with Sinusoidally Shaped Magnets”, Studies in Applied 
 Electromagnetics and Mechanics, Vol 22. ISSN: 1383-7281. IOS Press, Amsterdam, 
 2002, pp. 271-276. 


6.  A. Parviainen, M. Niemelä, J. Pyrhönen, “Reduction of Torque Pulsations in Axial-
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1.3. Axial-flux permanent-magnet machines  


The history of electrical machines shows that the first machines were – more or less – realised 
in a form of the axial-flux machine. The first one was invented by Faraday in 1821 and was 
practically a primitive permanent-magnet DC machine (Atherton, 1984). Radial-flux machines 



(17)were invented later and were patented firstly by Davenport in 1837 (Chan, 1987). Since then 
 radial-flux machines have dominated excessively the markets of the electrical machines. The 
 first attempts to enter the industrial motor market with radial-flux PMSMs in the 1980’s was 
 made by the former BBC, which produced line-start motors with SmCo-magnets. The main idea 
 in the early stage of the PMSMs was to increase the efficiency of the traditional electric motors 
 by permanent magnet excitation. However, the efficiency increase was not enough for the 
 customers and the attempts to enter the market failed. Despite of this setback, several 
 manufacturers introduced permanent-magnet machines successfully during the latest decade. 


Regardless of the success of radial-flux permanent-magnet machines, axial-flux permanent-
 magnet machines have also been under research interest particularly due to special-application-
 limited geometrical considerations. A possibility to obtain a very neat axial length for the 
 machine makes axial-flux machines very attractive into applications in which the axial length of 
 the machine is a limiting design parameter. Such applications are, for example, electrical 
 vehicles wheel motors (Profumo et al., 1997) and elevator motors (Hakala et. al., 2000). Axial-
 flux machines have usually been used in integrated high-torque applications. 


Several axial-flux machine configurations can be found regarding the stator(s) position with 
 respect to the rotor(s) positions and the winding arrangements giving freedoms to select the 
 most suitable machine structure into the considered application. Possible configurations are: 


Structure with one rotor and one stator, Fig. 1.3 (a). 


Structure, in which the stator is located between the rotors, Fig. 1.3 (b). 


Structure, in which the rotor is located between the stators, Fig. 1.3 (c). 


Multistage structure including several rotors and stators Fig. 1.3 (d). 


(a) (c) 


(b) (d) 
 Fig. 1.3. Axial-flux machine configurations. (a) Single-rotor – single-stator structure. (b) Two-rotors – 


single-stator structure. (c) Single-rotor – two-stators structure, called hereafter also as AFIPM machine 
(Axial-Flux Interior rotor Permanent-Magnet machine). (d) Multistage structure including two stator 
blocks and three rotor blocks.  



(18)The single-rotor – single-stator structure, shown in Fig. 1.3 (a), is the simplest axial-flux 
 permanent-magnet machine configuration (Campbell, 1974; Kurronen, 2003). This structure 
 suffers, however, from an unbalanced axial force between the rotor and the stator as a 
 consequence of which more complex bearing arrangements and a thicker rotor disk are needed, 
 this compared to structures in which the axial forces are balanced.  


The one stator – two rotors structure, illustrated in Fig. 1.3 (b), is a “TORUS” type axial-flux 
 machine that has its phase coils wound around the slotted stator (Huang et al., 2001; Aydin et 
 al., 2001) or non-slotted stator. The first “TORUS” type permanent-magnet machine, with non-
 slotted stator, was introduced in the late 1980’s (Spooner and Chalmers, 1988). The toroidally 
 wound phase winding has short end-windings, which improves the machine efficiency and 
 power density. As a drawback, the fixing of the stator to the frame is more complex, and 
 compared to the opposite structure in which the rotor is located between the stators (hereafter 
 referred to as Axial-flux Interior rotor Permanent-magnet machine, AFIPM), less space is left 
 for the winding (Profumo et al., 1998; Parviainen et al., 2002a; Sahin et al., 2001).  


More complex arrangements can be found by assembling several machines lined up on the same 
 shaft and by forming a multistage axial-flux machine according to Fig. 1.3 (d). Such machines 
 may be considered for ship propulsion drive use (Carrichi et al., 1995), pump (Carrichi et al., 
 1998) and high-speed permanent-magnet generator applications (El-Hasan et al., 2000) and 
 research purposes (Braid et al., 2003). 


It may also be found variations related to the magnet arrangement in rotor. The arrangement of 
 the magnets has an effect on the main flux path in the machine rotor or stator as well as possible 
 winding configurations. In the case of the “TORUS” topology the main flux may flow axially 
 through the stator or it may flow circumferentially in the stator yoke. Possible flux paths for this 
 configuration (b) are illustrated in Fig. 1.4 in 2D plane. 
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Fig. 1.4. Flux paths in 2D plane for the slotted TORUS machine. (a) North-North type magnet 
 arrangement. (b) North-South type magnet arrangement. The tangential Lorentz forces affecting the phase 
 A coils are illustrated for both structures. 


The structures, shown in Fig. 1.4, are identical except for the thickness of the stator yoke and 
the winding arrangement. For the North-North (NN) structure, the phase winding is wound 
around the stator core giving short end windings in both the axial and radial directions of the 
machine. In this structure the copper losses are reduced due to the very short end windings. But, 
since the main flux has to flow circumferentially along the stator core, a thick stator yoke is 
required, which on turn increases the iron losses and the end winding lengths as well. For the 
North-South (NS) structure, the main flux flows axially through the stator, thus the structure 
does not need a stator yoke at all, in principle. This decreases the iron losses but, on the other 
hand, lap windings have to be used so that the machine is capable of producing torque. This 



(19)increases the length of the end winding, which again increases the copper losses. To compare 
 the NS to the NN structure, also the external diameter of the machine with NS structure is 
 increased (Huang et al., 2001). As a conclusion, the NN structure has lower copper losses and a 
 smaller external diameter but higher iron losses and a grater axial length.  


In a single rotor - two stators structure, Fig. 1.4 (c), the permanent magnets may be located on a 
 surface of the rotor disk according to Fig. 1.5 (a). Alternatively, the magnets may be located 
 inside the rotor disk according to Fig. 1.5 (b). Thereby, the main flux may flow axially through 
 the rotor disk or flow circumferentially along the rotor disk. To build a single-stator – single-
 rotor structure both magnet arrangements may be used, but, in this case, the main flux flows 
 always circumferentially along the rotor disk. 
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Fig. 1.5. Flux paths in 2D plane for a single-rotor – two-stators structure. (a) Flux flowing through the 
 rotor disk. (b) Main flux flowing circumferentially in a rotor core. 


The surface-mounted structure, illustrated in Fig. 1.5 (a), has a very thin rotor, especially if the 
 magnets are installed inside a non-ferromagnetic rotor core (Gieras, 1997; Platt, 1989). An 
 alternative solution, in which the permanent magnets are buried into the rotor disk according to 
 Fig. 1.5 (b), has a much thicker rotor disk, which consequently reduces the power density of the 
 machine the stator structure of the machine remaining basically the same. The leakage flux in 
 the magnet ends is higher, as compared to the surface-mounted structure, since the magnets are 
 surrounded by ferromagnetic material. Some difficulties may arise if the thickness and the 
 magnetisation of the magnets are constant along the machine radius; on the inner radius the 
 permanent magnets may be located very close to each other, depending on the machine inner 
 diameter and pole pairs. This may result in excessive saturation in the rotor core on the inner 
 radius. On the other hand, the flux density level on the outer radius is much smaller, causing 
 non-constant flux density distribution in the air-gap along the machine radius. To further 
 compare the surface-mounted structure with the buried structure: for the buried structure the 
 armature reaction is higher since, for the surface-mounted configuration, the permanent 
 magnets act almost as air thus forming a longer air-gap. As an advantage, the buried structure 
 better protects the magnets against mechanical impacts, wear and corrosion. 


For the buried magnet structure, Fig. 1.5 (b), a modular rotor pole construction including layers 
of ferromagnetic and non-ferromagnetic materials may reduce the armature reaction (Weh et al., 
1984). Such a rotor structure is illustrated in Fig. 1.6. The non-ferromagnetic bridges between 
the ferromagnetic layers cause that the reluctance for the field lines of the armature field is 
strongly increased. This, as a result, considerably reduces the armature field when compared to 
a case in which the rotor pole includes only ferromagnetic material. For the proposed structure, 



(20)each of the stator teeth are supplied with approximately the same magnetic flux, thus there 
 exists a virtually constant excitation field. Furthermore, there appears also a diminution of 
 leakage fluxes in the magnet ends due to the slits arranged between the ferromagnetic bridges 
 (Weh et al., 1984).  
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Fig. 1.6. Rotor pole structure capable of reducing the armature reaction (Weh at al., 1984). 


It is also possible to use stator structures without ferromagnetic cores. Ironless stator 
 configurations are typically used in applications with rated power lower than 1 kW and with a 
 relatively high rotation speed since the air-gap flux density level, as a result of the long air-gap, 
 tends to be low. In such machines the stator winding is fixed to the resin. The iron losses are 
 minimised since there is no iron in the stator core. But, additional eddy currents appear in the 
 conductors because these are exposed directly to the alternating flux produced by the permanent 
 magnets. Thus, the copper losses increase. However, this effect may be reduced by using thin 
 conductors. A similar situation appears also with a non-slotted “TORUS” type machine which 
 has its phase winding fixed on the surface of the stator core (Söderlund et al., 1996). 


Considering high-speed applications, an interesting idea is to introduce a passive rotor concept 
 for axial-flux type machines even though the outcome is not a pure axial-flux machine 
 anymore. In this machine structure the permanent magnets are included into the stator of the 
 machine and the flux path is mainly in transversal plane, Fig. 1.7. The structure corresponds to 
 that of electrically excited homopolar synchronous machines (Weh, 1980). 
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Fig. 1.7. Axial-flux type machine with passive rotors (Weh, 1980).  



(21)1.3.1. Torque production 


Considering an idealized axial-flux machine structure with double air-gaps, according to Fig. 


1.8, the expression for the electromagnetic torque produced by the machine may be derived 
 (Campbell, 1974). In the analysis, it is assumed that the permanent magnets produce a square 
 wave flux density distribution into the air-gap with maximum value Bmax. It is also assumed that 
 all the winding conductors carry constant current with RMS value I, and the current is 
 appropriately timed and perpendicularly oriented with the flux density distribution in the air-
 gaps. The conductors are located as closely together as possible on the inner radius of the stator 
 core rin. Therefore, the linear current density A on radius r can be written as 
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A = in in ,   (1.1) 


where  


 Ain   is the linear current density on the inner radius rin of the machine and is defined as 
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where 


m  is the number of phases 


Nph is the number of coil turns in series per stator phase winding 


With the given assumptions, the machine torque can be calculated from the elementary forces 
 dF acting on the surface of the stator core. The elementary torque component dTem on radius r 
 takes the form 
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where 


Bmax   is the maximum value of the air-gap flux density produced by the permanent magnet. 
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Fig. 1.8. Illustration of torque production mechanism in axial-flux machines. 



(22)Integrating (1.3) over the machine radius gives the electromagnetic torque for the ideal double-
 sided axial-flux machine 
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where  


kD   is the diameter ratio and is defined as 
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The electromagnetic torque produced by a real machine is somewhat reduced due to the actual 
 distribution of the flux density in the air-gaps and in the current waveform. This is investigated 
 in detail in Chapter 5. However, from (1.4) it is possible to derive the optimal diameter ratio for 
 the idealized axial-flux machine, which is (Campbell, 1974) 
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Note that, as axial-flux machines are concerned, the diameter ratio is an important design 
 parameter. The torque production capability of the machine, as a function of kD, is described in 
 Fig. 1.9. The curve is scaled for the maximum torque to be equal to value 1. 
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Fig. 1.9. Electromagnetic torque of an ideal axial-flux machine as a function of the machine diameter ratio. 


In practice, using diameter ratios lower than 0.6 involves practical difficulties, especially in 
small machines with lap windings. The first problem is related to the limited space available 
between the stator core and the shaft. In small machines, to obtain enough free space between 
the shaft and the stator core for the end-windings to be properly arranged may be very difficult 
or even impossible. Fig. 1.10 (a) illustrates this particular problem of limited space for winding 
the machine with lap winding and with diameter ratio kD = 0.6. This problem can be avoided by 
using a “TORUS” type machine, which has its phase winding wound around the stator core. An 
alternative solution is to obtain the phase winding through concentrated windings. For the sake 
of comparison, Fig. 1.10 (b) illustrates a stator with a double-layer concentrated winding whilst 
a conventional integral slot winding is shown in Fig. 1.10 (a). Essentially shorter end-windings 
in the radial direction are obtained on both the inner radius and outer radius of the stator core. 



(23)(a) (b) 
 Fig. 1.10. (a) Limited space on the inner radius of the axial-flux machine (Qs = 36, p = 6, q = 1) while 


winding the axial-flux machine stator. A conventional two-layer lap winding is employed. (b) 
 Concentrated stator winding enabling values for kD lower than 0.6. 


The second problem is related to the tooth width. From the viewpoint of machine design it is 
 advantageous when the slot width is a constant. Small diameter ratios may cause that on the 
 outer radius the tooth width is very large whereas on the inner radius it remains very narrow. A 
 narrow tooth appears to be mechanically fragile and it may be excessively saturated on inner 
 radius. These are both undesired properties. 


Finally, it has been shown that the machine torque density reaches its maximum value when the 
 diameter ratio is between 0.6 and 0.65 (Carrichi et al., 1998; Huang et al., 2001). Considering 
 the previously discussed mechanical considerations in relation with the torque density 
 characteristic of the axial-flux machine, it is correct to conclude that the practical optimum for 
 the diameter ratio lies between 0.6 and 0.7. 


1.4.  Radial-flux permanent-magnet machines 


Over a period of several decades radial-flux permanent-magnet machines have been used 
 widely in fractional horsepower applications but not in large-scale industrial applications. 


However, the situation has changed dramatically during the latest decade. According to Waltzer 
 (2002), the era of permanent-magnet machines for large-scale industrial use begins at the turn 
 of the millennium with ABB, which introduced permanent-magnet machines for power ranges 
 up to 5 MW to be applied to, for instance, ship propulsion drives and windmill generators. In 
 the smaller power range, a permanent-magnet machine family was designed for low-speed 
 applications (ABB, 2004). Also, e.g. Baumüller, Yaskawa, Siemens and Rotatek have been very 
 active in the field of PMSM in the latest years. 


A comprehensive review of the state-of-the-art development and design of the radial-flux PM 
 machines is given by Heikkilä (2002). However, new development in the field of radial-flux 
 permanent-magnet machines has since been reported. Low-speed permanent-magnet machines 
 with concentrated windings are at the moment under great research interest (Salminen, 2004; 


Magnussen et al., 2003a). Furthermore, some permanent-magnet machine topologies, which 
 may be considered to be new, were introduced (Qu et al., 2003; Magnussen et al., 2003b). 


Fig. 1.11 illustrates possible radial-flux permanent-magnet machine configurations. The most 
commonly manufactured machine type is an external stator – internal rotor machine, which is a 



(24)traditional electric motor configuration, Fig. 1.11 (a-b). The structure with external rotor and 
 internal stator, known also as drum motor, is an alternative configuration, Fig. 1.11 (c). This 
 motor configuration is suitable for applications where the rotor can be integrated directly into 
 the machine of application. Such applications are, for example, wheel motors of electrical 
 vehicles and driving rolls of convey belts.  


Recently, Qu (Qu et al., 2003) introduced a machine structure with toroidally wound internal 
 stator and two rotors, Fig. 1.11 (d). The latter construction does not seem very practical since 
 the mechanical structure is more complicated and the heat removal from the internal stator 
 requires efficient air circulation inside the machine. However, the structure essentially improves 
 the torque density of the machine and may be useful in some applications where the overall 
 volume of the machine is limited. 


      
        


(a) (b) 


(c) (d) 
 Fig. 1.11. Radial-flux PM-machine configurations. (a) and (b) are internal rotor structures with surface-


mounted magnets (a) and buried magnets (b). Structure (c) is a drum motor which has only low demands 
 for the fixing of the magnets, and structure (d) is a double rotor configuration with internal toroidally 
 wound stator.  


In contrast to axial-flux machines, which are manufactured almost exclusively with surface-
 mounted magnets, several variations of assembling the magnets into the rotor of a radial-flux 
 machine are possible and reasonable. Possible rotor configurations are schematically shown in 
 Fig. 1.12. 


Surface-mounted structures are relatively simple to manufacture and assemble. If permanent 
magnets are glued on the surface of the rotor, the rotation speed of the machine must be limited 
so that centrifugal forces do not break the glue joint. It is possible to improve the mechanical  
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Fig. 1.12. Rotor structures and the definitions for the direct (d) and quadrature (q) axes. Surface-mounted 
 magnets (a), inset magnets (b), surface-mounted magnets with pole shoes (c), buried magnets (d)-(e), 
 buried magnets with shaped air-gap outline (f). Types a, b and c may easily be manufactured using either 
 rotor lamination or a solid rotor core construction, the other types usually need a laminated rotor. If solid 
 parts are used careful the losses should be considered. The synchronous machines are always magnetically 
 unsymmetrical and are thus observed usually with respect to the d- and q-axes. The geometrical structure 
 of the rotor influences strongly the Ld and Lq inductances. 


rigidity of the rotor structure by adding a reinforcing belt around the rotor. The reinforcement 
 may be a carbon fibre or fibreglass band or a stainless steel cylinder.The first mentioned are, 
 however, thermal insulators causing additional difficulties in the rotor cooling. A reinforcement 
 cylinder obtained by using stainless steel involves a problem in terms of eddy currents since the 
 material is conductive. Eddy currents are formed into the cylinder due to slotting and, especially 
 with inverter use, due to the harmonic content of the supply current.  


Special arrangements may be used in order to obtain a sinusoidal air-gap flux density waveform 
 as well as mechanical protection for the magnets, Fig. 1.12 (c).  


The buried magnet configuration exists in several variants, Fig. 1.12 (d-f). Although the rotor 
 structure is somewhat more complex to manufacture it offers several advantages over the 
 surface-mounted structure. The required magnet shape is a rectangular parallelepiped, which is 
 simple to manufacture. No problems occur for the magnets to be fixed, consequently higher 
 rotation speeds may be allowed without using additional reinforcements. It is possible to 
 achieve a nearly sinusoidal air-gap flux density waveform and low cogging torque which thus 
 improves the torque quality. The demagnetisation risk of the permanent magnets is reduced 
 since the magnets are surrounded by ferromagnetic iron and fixed relatively far from the air-
 gap. The surrounding material also protects the magnets against mechanical impacts, wear and 
 corrosion as already discussed above for the axial-flux machines. 


As a disadvantage, the structure suffers from the increased leakage flux in the ends of the 
magnets since magnetic short-circuits may be formed due to the surrounding iron offers. The 
leakage fluxes can be reduced by means of proper flux barriers or material selections but 
leakage fluxes are difficult to diminish to a same level as in the case of a surface-mounted 
structure. It is also stated that the demolition and recycling of the materials of the machine is 
more difficult because it is awkward to remove the magnets from the rotor core. Considering 
this, the surface-mounted structure is a simpler construction.  



(26)1.5.  Permanent magnet materials 


The unusual properties of lodestone, know also as magnetite Fe3O4, were known to the ancient 
 Chinese and Greeks. The first known apparatus exploiting magnetism was a magnetic compass, 
 invented by the Chinese around 3000 BC. An important milestone in the research field of 
 magnetism was set in 1600 when William Gilbert published his book “De Magnete”, which was 
 the first systematic study related to the phenomenon of magnetism. The artificial permanent 
 magnets discussed in “De Magnete” were made of sword steel and were used to lifting iron 
 parts. According to present standards, the carbon steel used those days is an extremely poor 
 permanent magnet material, offering a low coersivity, Hc < 4 kA/m, and a low energy product, 
 BHmax < 2 kJ/m3. This remained the quality level of artificial permanent magnets until about 
 1880 when the systematic study on alloy properties got started. The addition of tungsten and 
 chromium was shown to raise Hc to some degree. An important discovery was the use of cobalt 
 as an additional material and in 1917 K. Honda achieved the ultimate properties of steel 
 magnets by adding to the alloy 35% of cobalt. The maximum energy product of this steel 
 magnet was 8 kJ/m3 and its coersivity was 20 kA/m (Atherton, 1984; Strnat, 1990).  


In 1931 T. Mishima patented the first hard magnetic alloy, based on aluminium, nickel and iron. 


This was the start of the development of the permanent magnet family known as AlNiCo. Due 
 to the remarkably improved magnet properties the AlNiCo magnets were now made useful for 
 many electrical engineering applications. Supported by a better understanding of material 
 physics, further development of the artificial permanent magnet materials has been rapid since 
 the 1940s. In the 1950s, another permanent magnet family, known as ferrites, became 
 commercially available. Because of their better material properties and much lower material 
 costs the ferrites became extremely popular for DC electric motor applications used in 
 automobiles, hand tools, etc. (Strnat, 1990). 


The development of rare earth permanent magnet materials started in the 1960’s with the 
 Samarium-Cobalt alloys. The material properties of SmCo5 and Sm2Co17 make these permanent 
 magnet materials very suitable to be used in electric motors and generators, but they are 
 expensive due to the rare raw material Cobalt. The newest, important addition to permanent 
 magnet materials was made in 1983, when the high performance Neodymium-Iron-Boron 
 permanent magnet material was introduced. Compared to Sm-Co permanent magnets, Nd-Fe-B 
 magnets offer compatible material properties but are essentially cheaper. A historical 
 development of the rare earth permanent magnets is illustrated in Fig. 1.13. 
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Fig. 1.13. Historical development of the rare earth magnets (Deshpande, 2003).  



(27)With the development of the high performance Nd-Fe-B permanent magnet materials, a trend 
 towards the use of permanent-magnet machines in large-scale industrial applications got started 
 and is recently proven by Waltzer (Waltzer, 2002). As the design of a permanent-magnet 
 machine is concerned, it is relevant to understand some properties of the permanent magnet 
 materials discussed in detail by Campbell (Campbell, 1994). In the next chapters the main 
 aspects are given.  


1.5.1. Magnetization and coercivity 


Present-day knowledge explains that the origin of magnetism is related to the magnetic dipole 
 moments µm of the electrons. Based on the concept of the magnetic dipole moments available in 
 a volume V, it is possible to form the sum of all magnetic dipole moments giving a quantity 
 called magnetization M, which is defined as (Campbell, 1994) 
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where 


µm is the magnetic dipole moment.  


n   is the number of atoms per unit volume 


∆V is a volume 


In some materials the tendency exists to align the axes of the magnetic dipoles due to their own 
 internal field. This process is called exchange interaction. The existence of the internal field 
 without external magnetizing field is the phenomenon called spontaneous magnetization. 


Spontaneous magnetization alone can cause a polarisation J within a material. Note that J is 
 equal to the flux density B if the external field strength H is equal to zero.  
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J =µ0 = −µ0 , (1.8) 


where 


µ0   is the permeability of the vacuum. 


On rewriting (1.8) the possible influence of the external field strength H is taken into account 
 leading to the equation 
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For permanent magnet materials the magnetic properties of which are based on 
magnetocrystalline anisotropy, such as in Nd-Fe-B or Sm-Co materials, the simplified magnetic 
characteristics of the material can be given according to Fig. 1.14. Point 1 in Fig. 1.14 (a) shows 
the situation in which all magnetic dipole moments in a material are aligned to the preferred 
direction, thus the magnetization M corresponds to the saturation magnetization Msat. The 
external field strength H is equal to zero in point 1. By increasing the external field strength to 
the direction, which opposes Msat, the magnetization stays as a constant Msat until the direction 
of the magnetization suddenly reverses to the value -Msat at point 2. If the applied field is 
reversed again, the magnetization stays at the value -Msat until it suddenly flips back to the 
value Msat at point 3 and is maintained at that level even if the external field strength is further 
increased. The field strength required to change the direction of the magnetization in a material 
at points 2 and 3 is called intrinsic coercivity Hci. The intrinsic coercivity Hci is the measure of 
permanent magnetism in a material and it is one of the most important properties of the 



(28)magnetic material. It is related to the fundamental properties of the material and can be 
 calculated from the equation 


sat
 ci µ0


2
 M


H = K , (1.10) 


where 


K   is a crystallographic constant for a magnet element 


The graph given in Fig. 1.14 (a) is not usually used to define the properties of the permanent 
 magnet material. Instead, the information is given in a form in which the magnetic flux density 
 B in a material is plotted against H. This graph, given in Fig. 1.14 (b), is obtained from Fig. 1.14 
 (a) with the help of (1.9). Neglecting two singularities, M has always a value Msat or –Msat, 
 giving the value µ0 for the slope B versus H. The value of B when the magnetizing field strength 
 is equal to zero is called remanence flux density Br (equal to polarisation) and its value may be 
 calculated from the equation 
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The value of H, that is required to reduce the flux density to zero in a material, is called 
 coercive force or coercivity Hc. This means that a smaller magnetizing force is required to 
 remove B than is needed to reduce M to zero in a material. If the coercivity is smaller than the 
 intrinsic coercivity Hci, the portion of the B-H loop in the second quadrant is entirely linear 
 since the knee, which occurs at –Hci, is moved into the third quadrant. 
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 Fig. 1.14. (a) Intrinsic magnetic characteristic for the elemental volume of a magnet. (b) B-H 


characteristics for the magnet (Campbell, 1994). The point in which the maximum energy product (BH)max


appears is given. In this operation point the permanent magnet material is full utilized. 


The previous explanation for the behaviour of the permanent magnets was idealized. In 
 practice, there is no sudden reverse in magnetization since gradual changes appear in real 
 magnets. Thus, the knee of the B-H loop is in practice smoother as can be seen in Fig. 1.15. 


Furthermore, the important relation between magnetization and temperature was neglected. 


1.5.2.  Properties of neodymium-iron-boron permanent magnets 


Since for the permanent-magnet machines discussed in this thesis permanent magnet material 
Nd-Fe-B is used, the material properties of this particular permanent magnet group are 
discussed in more detail in this chapter.  



(29)Recently, Nd-Fe-B magnet material with remanence a flux density Br of 1.52 T and a maximum 
 energy product of 440 kJ/m3 was reported (Deshpande, 2003). An Nd-Fe-B magnet material of 
 this grade has become commercially available since the year 2004 (Hitachi Metals, 2004). The 
 values are close to the practical performance limit of sintered Nd-Fe-B magnets because the 
 theoretical maximum energy product for Nd1Fe14B1 crystal is 510 kJ/m3. These extremely high 
 performance grades, however, suffer from a poor thermal behaviour. The maximum operating 
 temperature is limited to about 100 degrees Celsius. This is related to the strong temperature 
 dependence of the neodymium magnetic moment. As the temperature increases, there appears a 
 rapid drop in the magnetization and an even faster decline in the intrinsic coercivity to zero at 
 about 250 °C. The temperature tolerance of Nd-Fe-B magnets can be improved by replacing 
 neodymium atoms partially with dysprosium, which gives a higher Hci and by replacing iron 
 partially with cobalt, which improves the temperature behaviour of the compound. However, 
 dysprosium and cobalt have an anti-ferromagnetic coupling, thus the magnetisation and the 
 maximum energy product is reduced. The best Nd-Fe-B grades, capable of tolerating 
 temperatures up to 200 °C, have remanence flux densities of about 1.2 T and have their 
 maximum energy product of 300 kJ/m3 at a 20 °C temperature. 


As the intrinsic coercivity Hci is also a function of the temperature, a set of B-H loops may be 
 constructed with respect to the temperature and the external field strength. For the Nd-Fe-B 
 permanent magnet material the curves are described in Fig. 1.15, illustrating the second 
 quadrant behaviour. Considering the 80 °C curve, the coercivity Hc is about -820 kA/m and the 
 intrinsic coercivity Hci is about –1080 kA/m meaning that the portion of the B-H loop in the 
 second quadrant is entirely linear. The irreversible change in the magnetisation starts to take 
 place when the demagnetising external field reaches a value of about –1000 kA/m. The total 
 demagnetisation takes place when the external field strength is further increased up to the value 
 -Hci. However, if the temperature is increased from 80 °C to 150 °C the knee is moved from the 
 third quadrant to the second quadrant and the irreversible change in the magnetisation starts 
 when the external demagnetising field exceeds the value of –400 kA/m.  
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Fig. 1.15. B-H curves for Nd-Fe-B permanent magnet material. 


One of the major disadvantages of Nd-Fe-B magnets is the sensitivity of the material to 
 corrosion. This is a result of two major phenomena. Firstly, oxygen diffuses into the surface 
 layer of the Nd-Fe-B material causing a metallurgical change in the surface layer. As a 
 consequence, Hci will decrease in this area which on turn increases the demagnetisation risk. 


The second major mechanism is the reaction happening between Nd-Fe-B and atmospheric 
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