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During the latest few years the need for new motor types has grown, since both high
 efficiency and an accurate dynamic performance are demanded in industrial applications.


For this reason, new effective control systems such as direct torque control (DTC) have
 been developed. Permanent magnet synchronous motors (PMSM) are well suitable for new
 adjustable speed AC inverter drives, because their efficiency and power factor are not
 depending on the pole pair number and speed to the same extent as it is the case in
 induction motors. Therefore, an induction motor (IM) with a mechanical gearbox can often
 be replaced with a direct PM motor drive. Space as well as costs will be saved, because the
 efficiency increases and the cost of maintenance decreases as well.


This thesis deals with design criterion, analytical calculation and analysis of the permanent
 magnet synchronous motor for both sinusoidal air-gap flux density and rectangular air-gap
 flux density. It is examined how the air-gap flux, flux densities, inductances and torque can
 be estimated analytically for salient pole and non-salient pole motors. It has been sought by
 means of analytical calculations for the ultimate construction for machines rotating at
 relative low 300 rpm to 600 rpm speeds, which are suitable speeds e.g. in Pulp&Paper
 industry. The calculations are verified by using Finite Element calculations and by
 measuring of prototype motor. 


The prototype motor is a 45 kW, 600 rpm PMSM with buried V-magnets, which is a very
 appropriate construction for high torque motors with a high performance. With the purpose-
 built prototype machine it is possible not only to verify the analytical calculations but also
 to show whether the 600 rpm PMSM can replace the 1500 rpm IM with a gear. It can also
 be tested if the outer dimensions of the PMSM may be the same as for the IM and if the
 PMSM in this case can produce a 2.5 fold torque, in consequence of which it may be
 possible to achieve the same power.


The thesis also considers the question how to design a permanent magnet synchronous
 motor for relatively low speed applications that require a high motor torque and efficiency
 as well as bearable costs of permanent magnet materials. It is shown how a selection of
 different parameters affects the motor properties.
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(7)1. Introduction


Electric motors have been developed and used for over 100 years (Cocan 1999).


Synchronous motors (SM) and induction motors (IM) are widely used in industrial
 applications. Because of their long history the designing of present-day industrial electric
 motors is already far advanced. Motor specialists have the knowledge and experience of
 designing the right model (pole pair numbers, dimensions etc.) for a 50 or 60 Hz network
 driven synchronous machine or induction machine to be applied in a certain power and
 speed region. The era of frequency converters and new materials, however, brings totally
 new challenges for the motor designer. New motor types – such as permanent magnet
 synchronous motors (PMSM) – also emerge. 


Although the principle of the permanent magnet motor was introduced already before the
 induction motor was invented, it was only after 1932 that the first commercially fabricated
 permanent magnet DC machine was manufactured, not until the first commercially
 fabricated permanent magnet material, AlNiCo, was found. Because AlNiCos and
 subsequent materials, ferrites have a low energy product, their applications were limited to
 small and fractional kW machines. The production of large permanent magnet motors has
 been achievable since the 1970’s (Overshott 1991), as new high-energy product permanent
 magnet materials, rare earth magnets, have been commercially developed. For this reason,
 the effective design of permanent magnet motors has been developed only during the latest
 20 years.


During the latest few years the need for new motor types has grown, since both high
 efficiency and an accurate dynamic performance are demanded in industrial applications
 and new effective control systems such as direct torque control (DTC) are developed.


Permanent magnet synchronous motors (PMSM) are well suitable for new adjustable speed
 AC inverter drives, because their efficiency and power factor are not depending on the pole
 pair number and speed to the same extent as it is the case in induction motors. Therefore, an
 induction motor with a mechanical gearbox can often be replaced with a direct PM motor
 drive. Space as well as costs will be saved, because the efficiency increases and the cost of
 maintenance decreases as well. A permanent magnet motor and a frequency converter form
 together a simple and effective choice in variable speed drives, because the total efficiency
 remains high even at lower speeds and the control of the whole system is very accurate. 


1.1 Motivation, target and contents of the work


Along with the permanent magnet synchronous motor drives the interest arouse interest to
 apply them in industrial drives since they offer some benefits compared to the traditional
 induction motor drives. The standard induction motor operates at its best at speeds between
 1000 and 3000 rpm. The four-pole approach gives typically the best efficiency and thus it is
 the most common motor type in industrial drives. E.g. the paper industry has several drive
 applications where the speed varies between 300 and 600 rpm. It is neither technically nor
 economically reasonable to manufacture medium power induction motors to drive these
 applications directly. The induction motor must be equipped with a gear to drive these
 applications. The permanent magnet motor, however, offers a possibility to drive directly
 these applications. The power density of the PMSM may be increased remarkably from the
 level of the IM.


This thesis studies the properties of industrial PMSMs. Fast analytical calculation methods
are developed to evaluate motors with different internal parameters. The analytical
calculations are verified by using Finite Element calculations and with the prototypes.



(8)There is one strict boundary condition: The same motor frame used for standard totally
 enclosed IM should be used throughout the work. This boundary condition is set by the co-
 operation partner – ABB Electrical Machines (Low Voltage Motors), Vaasa Finland. The
 purpose is to find suitable solutions for new products. Salient pole and non-salient pole
 permanent magnet synchronous motors are compared with each other in order to study the
 effect of the different parameters (e.g. pole pair number, power factor) on the motor
 properties. It will be also shown that a 600 rpm permanent magnet synchronous motor in a
 direct drive may replace the traditional same size 1500 rpm induction motor with a gearbox
 with gear ratio 2.5:1 in some cases and within some boundary conditions. 


In the first chapter the background of this work is presented: where and why the permanent
 magnet synchronous motors are used and what kind of advantages and disadvantages the
 non-salient pole as well as the salient pole PMSM do have. After that, the different
 methods, how to estimate and model the motors, are introduced. 


In chapters two and three an analytical calculation model of both salient pole motor with
 sinusoidal air-gap flux density and non-salient pole motor with rectangular air-gap flux
 density is presented. It is examined how the air-gap flux, flux densities, inductances and
 torque can be estimated analytically. The calculation is proven with FEM calculations and
 measurements with the prototype machine. 


In chapter four a 45kW prototype machine is brought forward. The machine demonstrates
 that a PMSM can achieve a 2.5-fold torque compared to the same size induction motor. In
 this case a 600 rpm PMSM gives the same power as a 1500 rpm IM with a comparable
 efficiency.


In the last sections it is questioned how a permanent magnet synchronous motor should be
 designed for low speed applications, so that its torque and efficiency are high and the costs
 of permanent magnet materials are bearable. It is shown how a selection of the different
 parameters influences on the motor properties.


1.2 Permanent magnet motor types


Permanent magnet motors are normally divided into two major groups: brushless DC PM
 motors and PM synchronous motors (Hendershot 1994). 


Brushless DC PM motors have a rectangular current waveform and a rectangular or
 trapezoidal back EMF. The trapezoidal back EMF is produced by concentrated stator
 windings and surface mounted magnets with a rectangular distribution of air-gap flux
 density. Because of the trapezoidal waveforms the rotor position sensor (for commutation)
 can be simple since only six commutation instants per electrical cycle must be sensed. The
 inverter DC-link needs also only a single current sensor to regulate the current flowing
 through two motor phases. The simple inverter control scheme leads to the torque ripple
 production, which is generated when the square wave current excitation change levels and
 then small commutation delay errors can cause a great pulsating torque. These machines are
 commonly used for smaller drives without complex shaft sensors such as hard disk drives
 for computers, compressors, spindle and fan drives. Because of a pulsating torque it does
 not fit to high performance drives.   


The synchronous AC PM motors differ from brushless DC PM motors only by the control
systems and the waveform of excitation voltages. In synchronous PM motors both machine
back-EMF and current excitation waveforms are sinusoidal. The purity of the sine-wave
depends on the magnet flux distribution as well as on the winding distribution. A sinusoidal
air-gap flux density is achievable, if the magnets are formed or located correctly. The



(9)sinusoidal current waveform is obtained e.g. if it is used a high number of slots per pole and
 phase, fractional slot pitch or double layer slots with a spanning less than a full pitch.


Because the practical windings are never perfectly sine-distributed, the air-gap flux density
 should be made as nearly sinusoidal as possible. If a current regulated inverter is used, both
 individual phase current sensors and high-resolution rotor position sensors are required. But
 if a constant voltage to frequency control techniques is used, there may be no need for a
 rotor position sensor at all. 


This work focuses on PM synchronous motor drives, which consist of inverter fed three-
 phase PM motors. They are well suited for high performance applications because of their
 low torque ripple, high air-gap flux density and high efficiency. 


1.2.1 Different PM synchronous motors treated in the literature


Waltzer (2002) reported the technological trends in large permanent magnet motor
 applications at ICEM2002. According to this keynote lecture the era of permanent magnet
 machines has just started within ABB. The first paper mill PMSM delivery took place in
 1999 and the serial production of industrial PMSMs started in 2002. ABB is now
 introducing PMSM technology for windmills, ship propulsion (compact azipod) and paper
 mill applications.


PMSM technology and its control development have been reported by researchers during
 the latest couple of decades (e.g. Bose 1997). However, the PMSM technology era is so
 new that in several respected and comprehensive textbooks on electrical motors, industrial
 power electronic systems and drives by authors as Sen (1989), Sarma (1994), Fraser (1994),
 Krein (1998) and Maloney (2001) the permanent magnet synchronous motor is not known
 at all. The second edition of Sen’s (1997) book already discusses PM motors. Sen mentions
 that PMSMs have great potential for applications in variable speed drive systems, since
 they have fewer maintenance problems than DC machines and have higher power factor
 and efficiency than the IMs. However, only PM brushless DC motors are introduced
 properly.


In most of the following books the brushless permanent magnet motor drive is only briefly
 mentioned. Austin Huges (1993) mentions the PMSM in his Electric Motors and Drives
 Fundamentals as well as Engelman and Middendorf in their Handbook of Electric Motors
 (1995). Also Mohan (1989) and Wildi (2000) mention the PMSM in some special
 applications.


Hendershot and Miller (1994) have published one of the first thorough textbooks on design
 of brushless permanent magnet motors. They documented the basic features of both the
 brushless DC motors with square-wave excitation and the brushless AC motors with sine-
 wave excitation. Also Gieras (1997) examined analytically the calculation of PM DC
 motors as well as of PM synchronous motors including in his work also stepped motors and
 very high torque motors. He also introduced the analytical calculation principles of PM
 motors with conductance network. Lately, he (Gieras 2002) focused on the analytical
 prediction of the cogging torque and torque ripple in PM motors. Professor Vas introduced
 the properties and the control of PMSM in his textbooks e.g. in (1998). The maturing of the
 permanent magnet synchronous motor towards industrial use may thus be followed mainly
 in conference and journal papers and dissertations. The importance of PM motors has thus
 increased during the latest decades since the introduction of high-energy permanent
 magnets. It might be concluded that the PMSM is still a very topical research object. 


Slemon (1993, 1994a, 1994b) optimised parameters of PM motors with surface mounted
magnets. According to Slemon (1994a) the losses of PM motors can be made less than 60%



(10)of those of an induction motor of the same frame size. This is achieved because the rotor
 losses and stray losses of a PM motor are almost negligible, when it is operating at normal
 power frequency. Additionally, the copper losses are often decreased, since the magnetising
 current component of the stator current is almost eliminated. In his book “Electric
 Machines and Drives” Slemon (1992) mentions that PMSMs are extensively used in low
 and medium power levels and the power range is being continually extended to larger
 power ratings. The reason for this expansion would be that they can produce more steady
 state and transient torques than an IM of the same frame size.  


Slemon together with Sebastian (1987, 1989) have, however, investigated already in the
 1980’s the torque capabilities and demagnetisation risk in permanent magnet motors with
 surface and inset magnets. The result of their study was that for a given frame size the PM
 motor can produce a much larger steady state torque and maximum torque (2 times larger)
 than the IM. In addition, a linear relationship between torque and current is possible to
 achieve up to very high current values. At very high currents, however, two factors limit the
 linear torque current ratio: demagnetisation protection of permanent magnets and stator
 saturation. Their calculations and experimental tests show that a 3.75 kW prototype PM
 motor with surface magnets can produce even 9 times the rated torque as to the same size
 IM produces only about 4.5-fold the maximum torque. Both authors proved also that the
 demagnetisation risk of permanent magnet material in small and medium size PM motors
 with surface and inset magnets is low even during three-phase short circuit faults. Only in
 large motors an additional leakage inductance may be needed to protect the permanent
 magnets against demagnetisation. The PM motor with inset magnets is less sensitive to
 demagnetisation than a motor with surface magnets.   


Bianchi and Bolognani (1997, 1998) concentrated on the optimisation of PM motors with
 surface magnets. They combined an analytical calculation and FEM calculation with
 genetic algorithms to optimise e.g. the motor efficiency, material cost and some other motor
 parameters as e.g. weight. Their genetic algorithm method is based on the evolution theory.


The first population of N individuals is randomly generated and a new population is
 reproduced from the old population by selections, crossovers and mutations. Even though
 the genetic algorithm based optimisation requires a higher number of iterations and very
 much computer time, it is not sensitive to the goodness of the starting points and to the
 presence of a local optimum point as it is the fact for traditionally used direct search
 methods. The authors compared the genetic algorithm and direct search methods with the
 analytical calculations and concluded that the solution achieved with the genetic algorithm
 method is slightly better than that reached with a direct search method. 


Biachi and Bolognani used PM motors with surface magnets as an optimisation object: the
 SPM is a very suitable motor type for optimisation since it appears to be highly adaptable
 for designing in several forms. The authors tested the genetic algorithm optimisation with
 both the rectangular fed SPM and sinusoidal fed SPM. First, the PM weight of the
 rectangular fed SPM with 10kN was minimised with the genetic algorithm method and with
 analytical calculations. They found out that the size of population as well as the appearance
 of mutations and crossovers have a big effect on the results of the optimisations.


Biachi and Bolognani also combined a genetic algorithm method with the 2D finite element
method, which brings as a result that e.g. iron saturation, PM demagnetisation and other
performances can be taken into account more accurately. The tested motors were
sinusoidally fed SPM with 8 poles, 48 slots, single layer concentric windings and fixed
external diameter. The FEM optimisation was carried out firstly to achieve the lowest PM
weight and secondly to achieve the maximum torque. The result was that due to the



(11)dramatically higher computation time, it should be used a quite small size of populations.


This is, however, in contradiction to the statement about the result of the optimisation and
 size of populations mentioned above. A genetic algorithm method with FEM calculation
 may then give purer solutions than those achieved with the combination of FEM and e.g.


direct search or fuzzy logic optimisations.  


Thelin and Nee (1999, 2000) concentrated on the study of constant air-gap permanent
 magnet synchronous motors with V-magnets. They presented an analytical calculation of
 the PM motor with V-magnets and rectangular air-gap flux density in many publications.


Their calculation is based on reluctance calculations, where the axial leakage flux and iron
 saturation is included in the work. They also examined PM synchronous motors in inverter
 applications (Thelin 1998) and according to their examination the ideal pole number varies
 between 6 and 12 at speeds from 750 rpm to 3000 rpm and at the power from 4 kW to 37
 kW. The result of their calculations shows that the higher the nominal speed of the motor is
 the lower the most suitable pole number value should be selected and vice versa. The
 optimisation (Thelin 2002) shows also that a PM motor with buried magnets should have a
 relatively large air-gap to reduce the armature reaction and iron losses. This necessitates,
 however, a large amount of magnets to obtain the desired air-gap flux density in the air-gap. 


Thelin (2002) in his doctoral thesis optimised PM integral motors with an analytical method
 based on reluctance circuit calculations. His motor has V-magnets with a constant air-gap
 and the optimisation region consists of motors with a power range of 4 kW to 37 kW and
 speeds between 750 rpm and 3000 rpm. His goal was to replace a simple speed controlled
 induction motor with a PM integral motor e.g. in pump and fan applications. This is
 because a PM motor may have a higher efficiency and a longer life due to its minor rotor
 losses compared to an induction motor with the same outer dimensions as well as
 equivalent powers and speeds. 


According to his study a 15 kW and 1500 rpm PM integral motor is competitive compared
 to an induction motor with a separate converter and may be paid off in less than a year. This
 is achieved with a PM motor, which has a higher efficiency and smaller dimensions than
 the initial induction motor. Due to Thelin the PM integral motor is suitable especially for
 pump and fan applications requiring a high torque only at certain speeds, at which the
 machine is well-cooled and a lot of energy can be saved by using speed control instead of
 throttle or barrier control. 


In the present thesis, although the analytical calculations are based on the reluctance
 circuits too, calculating will be focused on PM motors with either a sinusoidal air-gap or
 with surface magnets. These machines are to be used in the paper industry, consequently
 the torque smoothness is much more essential than in the case of Thelin’s motors.


Therefore, a lot of attention will be given to the estimation of the cogging torque and torque
ripple. Also the nominal and maximum torque calculations are more essential in this thesis,
because it will be show that the PM motor may produce even a 2.5 fold torque compared to
the same size IM motor at the nominal point and may still have at least a 1.6 fold maximum
torque. Then, the most important parameters to be calculated correctly are the nominal and
the maximum torques. Also the reluctance torque should be included into the calculations
because of the high torque demands. It is shown how the air-gap flux, the back EMF and
the inductances can be estimated analytically from the air-gap flux density and the motor
geometry and how then the torque is estimated. These calculations are performed for both
the V-magnet motor with sinusoidal air-gap flux density and for the PM motor with surface
magnets. 



(12)Thelin made detailed inductance and torque calculations only for a 15 kW, 1500 rpm
 prototype machine with FEM. In this thesis the inductance and torque calculations will be
 performed analytically and more widely from 22 kW to 500 kW with speeds of 300 rpm
 and 600 rpm. FEM is used only to compare and improve the analytical calculations. When
 Thelin focuses on the optimisation of the pole numbers, the purpose in this thesis will be to
 compare also the other important parameters, such as back EMF values, magnet need,
 efficiencies, slot per pole and phase numbers, flux densities in teeth and yoke, power
 factors, maximum torques and currents as well as to investigate how a changing of one or
 some of the parameters may influence on the other parameters. The characteristics of a PM
 motor with V-magnets and surface magnets are also compared and it is estimated which
 one of the constructions will be more suitable for low speed high performance applications
 where not only the torque smoothness is essential but also a high torque producing is very
 important.


Grauers (1996) investigated the possibility to use PM machines in direct driven wind
 turbines. Due to Grauers the PM excitation is profitable in wind turbine applications,
 because it gives an efficient generator in which the pole pitch can be made small, which
 leads to a light core and low end-winding losses. Grauers recommends the use of directly
 driven generators together with a frequency converter to avoid a very large generator
 diameter and to achieve a variable turbine speed. The radial flux PM generators with
 surface magnets were optimised by using the nominal cost function. The cost function
 includes the cost of active parts, of the generator, the cost of average losses and the cost of
 the generator structure. Grauers also included in his examinations an investigation of the
 thermal model of the generator. 


Grauers’ optimised reference generator, which has a very high 0.95 p.u. reactance and
 which needs 142 kg of permanent magnet material, has a power of 500 kW and a speed of
 32 rpm. If a higher peak power is needed e.g. for stability reasons in direct grid connection,
 the reactance should be much lower, e.g. 0.52 p.u. for a 200 % peak power and 50 Hz
 frequency. This leads, according to Grauers, to a larger rotor volume than it does for the
 reference generator, while the average efficiency is decreased. Grauers states that also the
 conventional IM generators with gear are averagely less efficient and larger than the
 proposed directly driven PM generators. 


Also Lampola (1999) studied the directly driven PM generators in wind turbine
 applications. His examination focuses on the electromagnetic design of the generator and
 the optimisation of the radial flux permanent magnet synchronous generators with surface
 magnets. His machines have either a fractional slot winding or an unconventional winding
 consisting of coils, which are placed in the slots around every second tooth. The powers of
 the analysed machines are 500 kW, 10 kW and 5.5 kW. The rated speed is 40 rpm for the
 high-power machine and 175 rpm for the low-power machine. The optimisation is done
 using a genetic algorithm and the finite element method is used as a calculation tool.


Lampola could optimise the cost and pull out torque and efficiency separately. According
to Lampola’s optimisation the conventional machine has a higher efficiency and causes
smaller costs of active materials compared to the unconventional one. But, because of its
simple construction, the fact that it is easy to manufacture and due to its small pole pitch,
small diameter, smaller demagnetisation risk and low torque ripple, the unconventional
generator is also competitive with some PM generators. According to Lampola both types
may offer a good solution for the designing of a directly driven wind generator. The choice
between these two types of machines depends on mechanical, electrical, economic and
manufacturing requirements. 



(13)Nipp (1999) studied widely the use of the permanent magnet synchronous motor in traction
 applications, which often require a direct drive with high torque and low speed. In his
 investigations Nipp is focusing more specifically on subway drives, since their power range
 seems to be suitable for the PM machine. Because the examined radial field permanent
 magnet synchronous motor has surface inset magnets, a switched winding concept is
 needed to get a better field weakening capability. But then, the switched stator winding
 requires low inductances implying a large air-gap length and thick magnets.


Nipp chose the permanent magnet motor for investigation because it is expected to provide
 a higher torque density and higher efficiency compared to the inverter-fed 3-phase
 asynchronous motor, which is nowadays very commonly used in traction applications. The
 test motor has four poles, the rated output power is 50 kW and the rated speed lies on 1350
 rpm. According to Nipp a drastic torque increase can be achieved when the four-pole
 asynchronous motor is replaced with an eight-pole permanent magnet motor with flux
 concentration topology. However, the major drawback of this construction is that torque
 interruptions occur, when the switched stator winding changes the configuration. 


Herslöf (1996) examined the design of line start permanent magnet synchronous motors
 (LS-PMSM) in his licentiate’s thesis. The four-pole prototype motor, which is constructed
 for a pump application, has a power of 15 kW and its rotational speed is 1500 rpm. The
 synchronous motor with permanent magnet magnetisation needs some kind of a starter
 winding in the rotor to produce a net torque at asynchronous speeds. Then, in getting started
 the rotor currents interact with the stator flux field to produce an asynchronous torque that
 accelerates the rotor. In line-start applications the PM motor with buried magnets seems to
 be the best available construction, because it is possible to install the damping winding in
 the pole shoes and the magnets are protected against the demagnetisation field of the stator
 current in q-direction during transients e.g. in start of motor. The buried magnet
 construction with V- or U-shape magnets provides also a high air-gap flux density because
 of the flux concentration. Herslöf chose for his work the U-magnet type which has
 permanent magnets that are oriented tangentially as well as radially.


According to Herslöf the rotor winding has to be designed carefully, because the rotor
 winding should provide the necessary starting torque that exceeds both the load torque and
 the braking torque caused by the magnets and accelerates the motor up to an adequately
 high speed. More specifically, a too high braking torque may cause a starting failure, which
 means that the synchronisation of the motor may fails. The braking torque depends on two
 parameters: The increased back EMF or magnetisation level and the high saliency increase
 the braking torque.


Herslöf investigated whether the LS-PMSM can compete with induction motors in pump
 applications. His conclusion was that the LS-PMSM might not replace the IM in general
 applications because of its reduced starting torque, its torque pulsation during the start and
 because of the high cost of the permanent magnet materials. But, in some special cases e.g.


when applied to pumps and fans the LS-PMSM is already now a good alternative for the
 IM and if the magnet price keeps on dropping it may become a really attractive choice. 


Engström (2001) focused in his doctoral thesis on the slotless PM motor for high-speed
applications. The idea of a slotless construction is to remove the stator teeth and to place the
winding between the stator iron and the rotor surface. This construction has some benefits
as a result: Iron losses in the teeth are removed, the eddy current losses in the rotor surface
due to slotting is reduced, the cogging torque is eliminated, the copper area may be
increased and the mounting of the PM rotor is easier because of the larger air-gap. The
drawbacks of the slotless design are: The winding lies directly on the flux route, which may



(14)induce eddy currents in the windings, the thermal performance is poor, because the
 conductors are not in direct contact with the stator iron and the effective air-gap increases,
 which leads into a decreased air-gap flux density. Engström’s research may be applied in
 particular to high-speed drives for screw compressors, where high efficiency is demanded.


In order to counterbalance the higher investment cost of the four-pole slotless PM motor
 (compared to IM), the efficiency of the slotless motor should be as high as 98 % in the case
 of the 63 Nm prototype. High efficiency is achieved with the permanent magnet
 construction and by designing the motor to a high-speed of 12000 rpm, from which it
 follows that the motor can be directly connected to the compressor and no gearboxes are
 needed.     


Engström shows in his work that the PM slotless motor is a promising concept for high-
 speed drives and can also compete with the traditional IM motor. The approximate
 efficiency of the prototype is 97 % at 12000 rpm, which may still be increased by using
 better iron material (for high speed) and by choosing the bearings more carefully. With
 these improvements Engström believes that an efficiency of 98% should be obtainable. 


Brown (2002) has lately compared the fundamental difference between radial and axial flux
 machines with surface magnets and slotted stator structure. His comparison is made for
 powers around 50kW. The two parameters considered in his study are:


•  The cost of the permanent magnet material: comparison of volume rations between
 axial and radial flux machines for a given mass of PM material. 


•  The fixed outer diameter: comparison of volume rations between axial and radial flux
 machines, when the outer diameter is fixed.


Comparison is made analytically by using some basic equations as e.g. the torque as a
 function of the specific force, the surface area and radius or magnet thickness as a function
 of the air-gap and a constant 4/3. According to Brown the axial flux machine is
 advantageous over the radial flux machine if higher pole numbers (over 10) are used. The
 axial flux machine can produce the same torque as a radial flux machine even if it has a
 smaller volume and the same weight as the radial flux machine. If the outer diameter is
 fixed, in this case also the axial flux machine becomes advantageous when the pole number
 lies above 14. 


Even though Brown’s study is based on very rough estimations and no comparison of
 efficiencies is done, nevertheless, the results obtained should be used also in paper industry
 applications. 


Koch and Binder (2002) studied the low speed, high torque PM motor with fractional slot
 winding and surface magnets. They focused on gearless train drive solutions demanding a
 high power to weight ration, a high efficiency, a wide speed range for constant power, a
 low maintenance cost and a low acquisition as well as production cost. They compared two
 different fractional slot windings, which are used in PM motors with high pole number (28)
 and at rated power of 250kW. The first motor has fractional slot winding and different tooth
 width with slot per pole and phase number of q=0.25. The second motor has also a
 fractional slot winding, but the slot per pole and phase number is higher q=0.5 and constant
 tooth widths are used. The manufacturing costs of both types were reduced in both cases by
 using round wire windings with tooth coils. 


The results obtained prove that both PM motors can achieve the demanded 250kW power.


The winding factor of motor 1 is, however, better, which brings a higher utilisation of the
motor but also a higher content of space harmonics and additional oscillating torque. Even
though motor 1 has a lower power factor at rated speed, its efficiency is better at rated as



(15)well as at maximum speed. The study of the motors done by Koch and Binder is very
 interesting, since it seems that fractional slot windings with tooth coils and high length to
 diameter ration (2.5) would cause at the same time a very high tangential stress 49 kN/m2
 and a high efficiency (91.7%) with a low speed 398 rpm. In field weakening at the speed of
 772 rpm the corresponding values are 25.4 kN/m2 and 93.9%. The prototype 45kW,
 600rpm motor, which is introduced in this thesis, gets the respective values of 27 kN/m2
 and 93 %. 


1.3 Location of the permanent magnets


This thesis is a study of radial flux industrial machines. In radial flux machines the flux
 created by the permanent magnets crosses the air-gap in radial direction to link the rotor
 flux with the stator windings. The radial flux machines are the most conventional and also
 the simplest type of PM motor. The stator of the radial flux machine may be manufactured
 using the same methods that are used for the manufacturing of the IM stator. Because the
 structure of the radial flux PMSM is similar to that of the IM it is also possible to use the
 same frame. Axial flux machines have a larger diameter, which is why they do not fit to the
 same frame as the similar power IM. Transversal flux machines have a pure power factor
 and a complicated electromagnetic structure, and therefore require an expensive solution,
 which, in this case, cannot compete with the traditional IM and the radial flux PM motors.


The applying of the slotless structure is also not possible, since this is an aspect, which is
 determined initially by the critical question how the cooling of the motor could be arranged.


The slotless structure only increases the demand for cooling (Engström 2001). It is not
 possible to reach high enough flux densities in the air-gaps of low speed slotless machines.


Typically, air-gap flux densities lower than 0.3 T are reached when slotless constructions
 are applied. This is a level that is not at all large enough for the purpose of this thesis.


The rotor construction and location of the permanent magnets have a considerable effect on
 the motor properties. Fig. 1.1 shows seven basic configurations of radial flux machines.


Mainly, the magnets could be placed on the rotor surfaces or be buried in the rotor.
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Fig. 1.1 Different rotor constructions of radial flux machines (Morimoto 1994). a) Surface mounted magnets,
 b) inset rotor with surface magnets, c) surface magnets with pole shoes producing a cosine flux density,
 (Hendershot 1994) d) buried tangential magnets (Tseng 1999), e) buried radial magnets (Hippner 1992), f)
 buried inclined magnets with cosine shaped pole shoe (Luukko 2000, Salo 2000, Heikkilä 2001) and g)
 Permanent magnet assisted synchronous reluctance motor with axially laminated construction (Honda 1998).


Both the surface mounted magnet and buried magnet PM motor have their advantages and



(16)disadvantages. It should be considered carefully depending on the different cases, whether a
 surface or a buried construction should be used.  


1.3.1 Surface mounted magnets


The simplest and probably the cheapest rotor construction can be obtained by using surface
 permanent magnets. This is nowadays also the most commonly used model. The rotor
 diameter becomes normally quite small, which causes a small inertia. Therefore, the
 construction is well suitable e.g. for servo drives.


The armature reaction of this motor type is remarkably small: The magnets behave like air,
 thus the effective air-gap length is large and the magnetising inductances are very low. This
 means that the stator flux linkage is almost equal to the flux linkage created by the
 permanent magnets - see Fig. 1.2.
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Fig. 1.2 Vector diagram of PM motor with a) surface mounted permanent magnets and b) buried inclined
 permanent magnets. Us is stator voltage, Ia is stator current and Ψδ,PM is air-gap flux linkage created by only
 permanent magnets and Ψs is stator flux linkage. 


It is not always a helpful factor that the inductances are small, because field weakening
 might then be very problematic. In the field weakening the speed should still increase,
 although the voltage has already achieved its maximum value. Field weakening is made
 possible by increasing the negative direct axis stator current component.  Due to the low
 inductances the field weakening can be obtained only by a great demagnetising current and
 a low load. 


Because the magnets should be located on the curved surfaces, they have to be either
 shaped or built out of small magnet pieces, which are glued together. If a sinusoidal air-gap
 flux density is also required the magnets should be mould at the ends or sinusoidal pole
 shoes are needed over the magnets (Fig. 1.1 c). The most commonly used permanent
 magnet materials, such as ferrites and rare earth magnets, are, however, difficult to shape,
 so the shaping of the magnets causes extra problems and additional costs. 


Glued magnets may last only in applications rotating at very low speeds as e.g. in wind
generators. At higher speeds the glued parts will not hold due to the centrifugal forces: a
non-magnetic material can then be added between two magnets or magnets can be bound
up to the rotor with fibreglass bands or with a non-magnetic stainless steel cylinder. If a
stainless steel cylinder is used, eddy currents are induced in the cylinder and the
construction may no more be adaptable for frequency converter use because of its high
harmonic current components. There is another possible way of banding which is the using
of fibreglass bands. Latter have no eddy current problems because of their low
conductivity. They are, however, difficult to handle. Due to their low thermal conductivity
they act like a good insulator that prevents the heat from flowing from the rotor to the stator
by causing a heating of the rotor and magnets. 



(17)Permanent magnets can also lie on the rotor surface so that the space between two magnets
 is filled up with iron as shown in Fig. 1.1 b). This type is called inset rotor.  In this case the
 magnets are better protected and more firmly fastened to the rotor and the construction is
 stronger. But now the stray flux finds also a better way to flow and so the stray flux
 increases. Because of the increased quadrature magnetising inductance the armature
 reaction increases too, which leads to an increased pole angle and a decreased torque.


A PM motor having magnets fixed on its surface in principle corresponds to the non-salient
 pole machine. The direct and quadrature magnetising inductances of a PM motor with
 surface magnets are almost equal whereas the inset type and buried type of the PM motor
 are salient pole and the inductances are differing from each other. The salient pole produces
 also a reluctance torque. The magnet material is utilised best if the flux density in the air-
 gap is about half the remanence flux density of the permanent magnet materials. In rare-
 earth magnets the remanence flux density can lie on 1.0 T at 80 oC, and therefore the air-
 gap flux density should be about 0.5 T. Higher air-gap flux densities, which are needed for
 high performance motors, can be obtained only by using a large amount of rare-earth PM
 materials. Nowadays the most common rare-earth magnet is Neodymium Iron Boron
 (NeFeB) which has a high remanence flux density as well as a coercive force but also a
 relative high conductivity. If surface mounted magnets and high conductivity PM materials
 are used, the harmonic currents induced from the non-sinusoidal inverter waveforms may
 cause additional losses in the magnets. 


1.3.2 Buried mounted magnets


Permanent magnets can be buried in the rotor axially, radially, tangentially or inclined as it
 is shown in figure 1.1 and there are a lot of variants of rotor constructions. In low speed
 machines the iron losses are often small and thus it should be used air-gap flux densities
 that are as high as possible. For this purpose two magnets of modern magnet materials are
 needed per pole. Fig. 1.1 f) introduces a special rotor with buried, inclined permanent
 magnets. The magnets are located in the rotor pole in V-position so that two permanent
 magnets magnetise the same pole. The pole shoes may be either shaped to produce a sine-
 wave air-gap flux density, or the air-gap can be constant which causes that the air-gap flux
 density is rectangular. The rotor might be a little larger than the one of a corresponding
 surface magnet motor, which means that the inertia will be greater. This again weakens the
 acceleration and deceleration times, but at the same time gives more uniform and more
 constant speed.


Although the rotor design with buried inclined magnets seems more complex and is,
regarding the material amount, more expensive than a machine with surface mounted
magnets, it has also several advantages. Because of the high air-gap flux density the
machine produces more torque per rotor volume compared to the rotor with surface
mounted magnets. The danger of permanent magnet material demagnetisation remains
smaller, the configuration is mechanically rugged and even higher rotational speeds are
achievable. The rotor is easy to install and there is no danger of damaging the magnets or
possible magnet-retaining belt. In addition, the magnets can be rectangular and there are no
fixing and bonding problems with the magnets: The magnets are easy to mount into the
holes of the rotor. The most considerable benefit of this construction is that the air-gap flux
density can be easily made sinusoidal which makes it possible to achieve a very low
cogging torque. A sinusoidal rotor MMF is very helpful in the case of a low speed multi-
pole machine, because it has often a low number of stator slots per pole and phase
(typically q = 1…2…(3)) thus the stator magneto motive force (MMF) is non-sinusoidal. In
order to get a small torque ripple the rotor MMF should preferably have a sinusoidal



(18)waveform, because the torque ripple is caused by the interaction of the stator and the rotor
 MMF harmonics. However, the rotor reluctance variations should also be as smooth as
 possible in order to avoid harmonic reluctance torques. Without a careful design the rotor
 construction may have difficulties with the fifth and seventh harmonics of the stator and
 therefore may produce easily a harmonic torque at six times the fundamental frequency.


The wave-form of the flux density in the air-gap has also an effect on the core losses.


Motors with a sinusoidal flux density have smaller eddy current losses in the stator teeth
 and yoke compared to motors with a rectangular flux density. (Slemon 1993)


Because of its different inductances in the direct and quadrature axes the motor type
 produces also a reluctance torque component. Unfortunately, greater inductances,
 especially at the quadrature inductance, lead to a higher armature reaction than it is the case
 in a surface mounted model (see Fig.1.2).


If the magnets are located inside the rotor, the pole shoes protect the fragile magnets against
 dust and mechanical strokes as well as against the demagnetising armature reaction. The
 quadrature flux of the armature reaction flows through the pole shoes and does not cross the
 magnets at all. The iron bridges, which are needed to hold the rotor together, occur to be the
 biggest problem for this type of PM motor. Via the iron bridges part of the flux created by
 the permanent magnets escapes as a leakage flux around the permanent magnets, so the size
 of the valuable flux decreases. With suitable flux barriers the amount of the leakage flux
 can be reduced, but not totally eliminated. In different constructions the air or a non-
 magnetic metal such as aluminium acts as a flux barrier. In some rotor structures the larger
 part of the rotor may be replaced with non-magnetic materials and thus the flux runs along
 taking the desired course. The decreasing of the leakage flux can be probably also achieved
 by using steel, which saturates already with smaller flux densities. Nowadays the best iron
 steel saturates at 2.1 T. This is of course most appropriate in the stator core, where the flux
 densities can be as high as 1.7 T in the teeth and 1.6 T in the stator yoke. In the rotor the
 flux densities lie at much lower levels along the main flux routes than in the stator and
 therefore iron steel can saturate already by lower flux densities. Then, the iron bridges may
 saturate already by lower flux densities and less leakage fluxes may occur in the bridges.


The rotor of the IPM can also be bounded together with a fibre-glass or carbon fibre band
 as it is done for the SPM. This makes it possible to reduce considerably the size of the iron
 bridges. This solution is usually not recommended, because it increases the cost and makes
 the manufacturing more complex. The band also prevents the heat from flowing from the
 rotor. 


If it is demanded that the motor should line start, damper windings are needed to produce a
 starting torque. It is easy to locate a damper winding in the pole shoes. The damper winding
 may also act as a reinforcing medium keeping the rotor lamination compressed, which
 again enables that the iron bridges can be made smaller. The damper winding protects the
 magnets also from demagnetisation during transients. They also guarantee a faster torque
 response for the machine and make the control of the motor somewhat easier.


1.4 PMSM compared to IM 


In a PM motor there are in steady state running basically no copper losses in the rotor since
 no exciting current is needed. Thereby, almost all losses are concentrated in the stator, from
 where the heat may quite easily be transferred to the medium surrounding the machine.


Secondly, a PMSM usually runs at a high power factor, which moreover guarantees the
lowest possible stator copper losses. A smaller pole pitch is allowed in the PM motor,



(19)because only the leakage flux between two magnets (in SPM) limits it. Then, PM motors
 have normally a greater pole pair number than standard induction motors. Because of the
 many poles it is possible to increase the air-gap diameter since less space is needed for the
 stator yoke. The motor torque grows up with the increasing air-gap diameter. Additionally,
 the copper losses of the stator decrease by the decreasing end winding and copper
 resistance. Placing, amount and properties of permanent magnet materials also affect the
 torque. With new good permanent magnet materials such as NdFeB the air-gap flux density
 may achieve very high values as e.g. 1 … 1.2 T.


The power factor of an induction motor gets lower when the pole number increases and
 pole pitch decreases. This can be explained by the fact that the magnetising current
 increases rapidly when the magnetising inductance decreases producing a poor power factor
 for the IM. The magnetising inductances at the direct axis is inversely proportional to the
 pole number and proportional to the square of the number of coils per phase 
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 ξ1 is winding factor
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Typically, four-pole induction motors have a power factor between 0.8…0.9. While the
 pole number increases to eight, the power factor typically decreases to 0.7… 0.8. The low
 power factor causes a poor system efficiency, because the total apparent power must be
 supplied by the electric utility. In an induction motor the magnetising component of the
 stator current is proportional to the square of the pole number
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The stator current of an induction motor consists of two components: the magnetising
current and the torque-producing current. In the case of a permanent magnet motor the
permanent magnets mainly produce the air-gap magnetic flux and only a low magnetising
component in the stator current is needed. For this reason the number of poles in a PMSM
may be chosen freely to optimise both the efficiency and the torque of the motor. The pole
number influences many parameters as e.g. the torque, the weight of the iron, the
demagnetisation risk of the magnets, the stray fluxes at the end of magnets and cogging
torque. Additionally, the pole number has an effect on the dimensions, cost and efficiency
of the whole system.  



(20)1.5 Permanent magnet materials


Permanent magnets have a long history, which began already before 4000 BC. The first
 reported application for permanent magnet materials was discovered in China. Permanent
 magnets were used in the Chinese primitive compass that enabled the caravanner to
 navigate across the sands (Overshott 1991). In Fig.1.3 a Chinese spoon compass is shown
 (http://library.thinkquest.org). 


Fig.1.3 Chinese spoon compass, which was used for quasi-magical purposes. The spoon is made of magnetic
 lodestone and the plate is bronze. (http://library.thinkquest.org)


In Europe Greek philosophers mentioned at circa 600 BC the natural permanent magnet
 material Fe3O4, which is named lodestone (Overshott 1991). The first device in Europe, in
 which permanent magnets have been used, is a compass for early marines. 


The first great classical work in the field of magnetics was published by William Gilbert in
 1600 (Overshott 1991, Pertie 1993). He wrote about his experiments with lodestone and
 iron magnets, about terrestrial magnetism and refuted many of the traditional properties
 attributed to permanent magnets. He described also methods, how to improve the attractive
 force of lodestone by attaching soft-iron caps to the lodestones and how iron and steel can
 be magnetised by touching the material with lodestone. In the 18th century London became
 the centre of the world’s permanent magnet manufacturing industry. At that time permanent
 magnets were very expensive, but, nevertheless, they were sold for compass needles and as
 a remedy for all known illnesses, complaints and agues (Overshott 1991, Pertie 1993). 


In the 20th Century three major permanent magnet materials have been developed: the
 metal, ceramic and rare-earth magnet families. The aluminium-nickel-cobalt-iron metal
 magnets, which commercial name is AlNiCo, were found in Japan and developed in the
 first half of the 20th century. In the 1950s the ceramic ferrite magnets were introduced and
 they quickly, in the 1960’s, became the most important permanent magnet material.


Nowadays ferrites comprise about 90% of the world’s magnet production and about 50% of
 the market measured in financial terms. The rare-earth magnets were found before the year
 1935, but they have been developed commercially only during the latest 30 years. Rare-
 earth magnets are today the most promising permanent magnets. Despite of their high price
 rare-earth magnets have become quite popular in high-performance drives: a high-remanent
 flux density causes a high air-gap flux density which improves the performance and output
 torque of the motor. The high coersivity of the magnet materials is also a benefit, because it
 improves the magnet’s resistance against the demagnetisation effect of the armature
 reaction. The higher energy product affords also a reduction in motor size and weight. Fig.


1.4 shows the typical demagnetisation curves of the different permanent magnet materials.
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Fig. 1.4 Demagnetisation curves for permanent magnet materials at room temperature.


Rare-earth-cobalt and NdFeB magnets have an entirely linear demagnetisation curve
 throughout the second quadrant and the knee at coercive force HD locates in the third
 quadrant of the B-H loop at room temperature. The slope of the BH-curve is µ0µPM, where
 µPM is the relative permeability of permanent magnet material. For rare-earth magnets its
 value is usually between 1.0 and 1.1. The magnet can be operated at any point on the
 second quadrant, but if the flux density is reduced beyond the flux density BD some
 polarization will be lost permanently. 


Permanent magnet materials, such as AlNiCo, have a knee already in the second quadrant,
 and therefore it is easy to magnetize them as well as to demagnetize.


The choice of magnet materials is influenced by the type of performance as well as by
 economic considerations: if a low cost is the most important aspect, ferrites are the best
 material. If a high performance and a high torque are needed, then expensive rare-earth
 magnets should be used. 


Despite of the fast development of the permanent magnet materials in the 1900’s we still
lack the “ultimate” material. One of the key factors in this thesis is the production of a high
power density machine. This is a demand that – among others – requires a high air-gap flux
density. The limitation in the air-gap flux density is caused by the saturation flux density of
iron, thus air-gap flux densities over 1 T might be used in low speed machines. Present-day
permanent magnet materials are, however, not capable of producing air-gap flux densities
over 1 T without special arrangements. With surface mounted magnets typical air-gap flux
densities remain on the level of 0.7…0.8 T. With a flux density amplification arrangement
the internal permanent magnet machine may have flux densities over 1 T when present-day
permanent magnet materials are used.



(22)2. Analytical computation of permanent magnet synchronous motors


Electric motors are traditionally modelled analytically based on physics, empirical graphs
 and curves, approximations and with simplifications of the motor geometry and
 characteristics of motors materials. The modelling on the magnetic circuit is accurate only
 for such motor types of which the structure is already thoroughly known.  In addition to
 this, the analytical method is suitable only for the examination of small constructional
 changes and does not give reliable enough information on the property of totally new motor
 designs. 


The new motor designs are normally modelled using the finite element method (FEM),
 which gives information even on the smallest details of the motor’s properties and on the
 non-linearity of the used materials. The finite element method analyses the magnetic circuit
 into several finite elements. In every element the magnetic vector potential is then
 approximated with polynomes so that the potentials of the adjacent elements are
 continuous. After the potentials are calculated in every finite element, the curves of the
 potentials with a similar value can be defined and e.g. forces, magnetic fluxes, magnetic
 flux densities and fields may be calculated in every part of the motor. However, FEM
 calculations take a lot of time and optimisation of the numerous motor parameters is quite
 time-consuming.  


In this chapter it is done an analytical calculation of permanent magnet synchronous motors
 with buried magnets. Calculations were realized with the assistance of Matlab program.


Furthermore, the superlative motor constructions were examined with the finite element
 method (FEM). The analytical method is based on traditional analytical calculation
 methods, on magnetic circuit calculations and on reluctance calculations, but it is modified
 for the calculation of V-magnet permanent magnet motors (see Fig. 2.1). The algorithm of
 the calculation procedures is shown in Appendix 1. 


2.1 Magnetic circuit calculation for the PM motor with V-magnets using rotor
 magnetisation


The analytical motor calculation offers a fast evaluation tool for the performance analysis
of the permanent magnet motor in steady-state. In this work it is shown that applying the
analytical method it is possible to optimise reliably different parameters of the permanent
magnet motor. The magnetic circuit of the motor is divided into four parts that are
represented with reluctances. Fig. 2.1 shows how the reluctances are located in a pole pitch
area. 
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Fig. 2.1 Modelling of a permanent magnet motor with the reluctances. Θ’PM is the MMF of one permanent
 magnet in pole, R’PM is a reluctance of one magnet and air-gap holes. R’σ1 and R’σ3 are stray reluctances at the
 end of the magnets. Rδ is the reluctance of the air-gap. Rz is an equivalent reluctance of the teeth area and Rs is
 an equivalent reluctance of the stator yoke area. 


The air-gap, magnet and stray reluctances can be calculated using their dimensions and
 material characteristics. The teeth and stator yoke reluctances are, however, calculated
 using their magnetic voltages. The magnetic voltages and a saturation factor must be
 iterated at their correct values during the calculations. When the reluctances are known, it is
 possible to determine the magnetic flux densities and the field forces of the different
 elements. 


2.1.1 Air-gap reluctance


The pole shoes follow the δ0/cosθ shape, so that the air-gap flux density with permanent
 magnet magnetisation would be as sinusoidal as possible. The air-gap reluctance can then
 be calculated by integrating the air-gap over the pole surface or by dividing the gap into
 several parts as it is shown in Fig. 2.2.
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Fig. 2.2 The air-gap is divided into twenty parts, so that the air-gap reluctance Rδ could be defined. 



(24)The air-gap reluctance may be calculated from the integration of the air-gap permeance
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Where rrt is the radius of the rotor and θ varies from 0 to π/2 in the integration. The
 integration of the cosine permeance function is, in principle, valid only for the middle part
 of the pole shoe, because the air-gap length in the quadrature axis is not infinite as the
 δ0/cosθ shape assumes. However, if the air-gap length is selected so that the rotor
 magnetization produces a sinusoidal air-gap flux density the integration may give an exact
 result for the air-gap reluctance. In this case, however, the permanent magnet leakage in the
 upper parts of the rotor may no more be separately calculated.


The integration of the air-gap permeance would be a more sophisticated method than the
 using of a suitable amount of elements. Since the tooling machine cannot be programmed to
 produce a purely smooth sinusoidal form, the air-gap length of the practical machines
 varies also in the discrete steps. Consequently, the air-gap reluctance may also be calculated
 using a suitable amount of elements.
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The part reluctance may be calculated, when the motor length, the pole pitch and the air-
 gap length at different parts of pole shoe are known.   
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where


δk is a air-gap length in a air-gap element


∆x is the length of the air-gap element shown in Fig. 2.2
 θk is the position angle of the air-gap element


Li is the effective length of the motor


The pole pitch division into twenty air-gap elements seems to be accurate enough to get a
reliable total air-gap reluctance, which is then formed by parallel connection of the element
reluctances. This number is based on comparisons between FEM-calculations and the
analytical model. 
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