Lappeenrannan teknillinen korkeakoulu
Lappeenranta University of Technology

Tanja Heikkild

PERMANENT MAGNET SYNCHRONOUS MOTOR
FOR INDUSTRIAL INVERTER APPLICATIONS

— ANALYSIS AND DESIGN

Acta Universitatis
Lappeenrantaensis
134

Thesis for the degree of Doctor of Science
(Technology) to be presented with due
permission for the public examination and
criticism in the Auditorium 2310 at
Lappeenranta  University of Technology,
Lappeenranta, Finland on the 22" of
November, 2002, at noon.






Abstract

Tanja Heikkild

Permanent magnet synchronous motor for industrial inverter applications
[ analysis and design

Stockholm 31.10.2002

109 p.

Acta Universitatis Lappeenrantaensis 134
Diss. Lappeenranta University of Technology
ISBN 951-764-699-2, ISSN 1456-4491

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.

Key words: Permanent magnet synchronous motor, PMSM, surface magnets, buried
magnets
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Introduction

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, AINiCo, was found. Because AINiCos 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.
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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
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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%
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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
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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.
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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.
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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.

Herslof (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 ¢-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. Herslof chose for his work the U-magnet type which has
permanent magnets that are oriented tangentially as well as radially.

According to Herslof 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.

Herslof 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.

Engstrom (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
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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. Engstrom’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.

Engstrom 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 Engstrom 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 ¢=0.25. The second motor has also a
fractional slot winding, but the slot per pole and phase number is higher g=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
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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/m’
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/m” and 93.9%. The prototype 45kW,
600rpm motor, which is introduced in this thesis, gets the respective values of 27 kN/m”
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 (Engstrom 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.

. A
b) cN: N
N

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, Heikkild 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
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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.

q q
U

S

a b)
) v, ) v,

Fig. 1.2 Vector diagram of PM motor with a) surface mounted permanent magnets and b) buried inclined
permanent magnets. U is stator voltage, I, is stator current and ¥spy is air-gap flux linkage created by only
permanent magnets and ¥ 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.
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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 °C, 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 g = 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
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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,

12



Introduction

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 valuesase.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

Ling D% (fl Nph)z’

where
)4 is pole pair number
& is winding factor

Nyn  1s winding turns per phase

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

]mag O (2p)2 .

Thus the power factor cos¢@ decreases with an increasing pole pair number and magnetising
current.
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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.
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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 Fe;O4, 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 AINiCo, 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 Hp locates in the third
quadrant of the B-H loop at room temperature. The slope of the BH-curve is poupnm, where
upy 1S 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 Bp some
polarization will be lost permanently.

Permanent magnet materials, such as AINiCo, 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.
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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 Matlabl] 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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l
R o3 R o3

Fig. 2.1 Modelling of a permanent magnet motor with the reluctances. @’py is the MMF of one permanent
magnet in pole, R ’py is a reluctance of one magnet and air-gap holes. R’ and R’g; are stray reluctances at the
end of the magnets. R; is the reluctance of the air-gap. R, is an equivalent reluctance of the teeth area and Ry 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 Ay/cosé 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.

W R; Rn‘+ Ryl Ryl Rysl Ryl Rzl R LR s

Fig. 2.2 The air-gap is divided into twenty parts, so that the air-gap reluctance Rscould be defined.
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The air-gap reluctance may be calculated from the integration of the air-gap permeance

1 1
/|5 =——=2 dé?
v "2 2500
where
1 ol cosﬁ( dﬁ]
= rl’t I
R5(6) 9 p
/|5 = L = 2“0L1(rrtJ
Rs o \p

Where 7y is the radius of the rotor and 6 varies from O to m/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
Q/cos@ 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.

Loy |
Rs T Rs,

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.

Ok
Rp =

= % @.1)
Mo Li Ax

where

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

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

is the effective length of the motor

NS

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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2.1.2 Magneto motive force and reluctance of the permanent magnets

The permanent magnets at one pole can be represented with their reluctances and magneto
motive forces. For permanent magnet materials with a straight second quadrant
demagnetisation curve the magneto motive force may be calculated as

Opm =Ilm He - (2.2)

The reluctance is composed of the reluctance of two magnets with surrounding mounting
air-gaps at one pole.

_ Im L 2k
2uolpmlp L 2pglp L

Rpm (2.3)

where

I 1s the thickness of the permanent magnets

[, 1s the width of the permanent magnets

l; is the thickness of the surrounding air-gaps

L is the motor stack length

H_ is the coercive field intensity of the permanent magnet material

2.1.3 Saturation flux and stray reluctances at the iron bridges

Because the permanent magnets are buried inside the rotor core, there are remaining iron
bridges on both gables of the magnets. These bridges cause stray fluxes and are thus an
important detail to be studied with respect to the magnetic material amount needed in the
construction. The stray flux consists of two parts: the flux needed to saturate the iron
bridges @, (Thelin 2002) and the flux appearing in the iron bridges after saturation @;.

2.1.3.1 Saturation flux density at the upper part of the magnets

The saturation flux density at the upper part of the magnets can be calculated quite simply,
because the width of the iron bridges is usually made as small as possible and the whole
bridge goes into deep saturation as it is shown in Fig. 2.3.

Fig. 2.3 Modelling on stray reluctances at the upper gable of the magnets. The route of the stray fluxes is
drawn with the finite element program Flux 2D0O. In the enlarged figure the saturation region at the top of
magnets is show.

Then, the saturation flux at the upper part of the magnets @,y is a product of the saturation
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flux density B, the average width of the iron bridges wy; and the physical stator steel
length of the motor L.

Do) = Bsat 2wy f7 L (2.4)

The average width wy; of the region to be saturated is the smallest value of xx; and xx;;. The
saturation flux density Bg, Which causes that the permeability of steel is practically the
same as that of air, is about 2.0...2.1 T. The factor f; is the stacking factor for the iron
lamination. The widths of the bridges should be kept as small as possible so that a
remarkable portion of the flux created by the permanent magnet will not be wasted in
driving the bridges into saturation.

Because the iron bridges are fully saturated and they behave like air, it is possible to
calculate the stray reluctance by using the dimensions of the bridges. The upper part of the
stray reluctance depends on the bridges, which are located between the magnets and the air-
gap in Fig. 2.4. The reluctance of two upper bridges in one pole shoe can be then expressed

11
ol = ~hl (2.5)
2 polL wrey
Where
Ini is the average length of the route, along which the stray flux has to travel in

the material which has a permeability that is near unity (Fig. 2.4).
wr1  1s the average width of the route, along which the stray flux has to travel.

If no flux barriers are used, the length of the stray route /,; is approximately the thickness of
the magnets /;, and the surrounding air-gaps /; plus the term, which shows that the flux
density is near 2.0 T also a little over the magnet edge.

T Xx1

Iy = (I +21,)+ (2.6)

The width of the stray flux route wg,; consists of the saturated iron bridge wy, the air-gaps /;
and of half of the air-gap length above the magnet as it is shown in Fig. 2.4.

Fig. 2.4 Length wy. and width /,; of the stray reluctance route. The black line shows the average length of the
route /.
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2.1.3.2 Saturation flux density at the lower part of the magnets without flux barriers

It is more difficult to determine the saturation flux in the vicinity of the lower gables of the
magnets because the width of the saturation regions varies a lot as it is shown in Fig. 2.5.

5 T

ponss!

Fig. 2.5 Modelling of stray reluctances at the lower part of magnets. The route of the stray fluxes is drawn
with the finite element program Flux 2D[J. The right figure shows the saturation region at the lower part of
the magnets. With this topology about 83 % of the permanent magnet flux enters the air-gap.

Then, the saturation flux at the lower part of the magnets @3 is a product of the saturation
flux density B, the average width of the iron bridges wys and the physical stator steel
length of the motor L which is the same as shown before regarding the upper part of the
magnets.

D a3 = Bsat 2wy3 fr L (2.7)

The leakage reluctance path in the lower part of the magnets has an irregular shape and this
causes that the reluctance is difficult to formulate analytically.

Fig. 2.6 Saturated region at the lower part of the magnets.

E.g. the average width of the saturated region wy; is indeterminate and it could be only
approximately defined as follows:
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(3t xx332 + Xx33) (2.8)

Wx3

The width of the permanent magnet /53, which is needed for saturation, is an iterative value
and depends on the geometry of the iron bridge.

L +20) D

- :( ml t) sat3 (2.9)
Imi Hcpo4L

Xx32 2103 sinaa +X31 (210)

Yx3 =lg3 cosa, (2.11)

Especially at the lower gable of the magnet the stray flux can be largely depending on the
width of the bridge between the two magnets. The lower reluctances are estimated in the
same way as before the upper reluctances.

/
Ryy = by (2.12)
2 pol wees
In3 is the average length of the route, along which the stray flux has to travel

wrs  1s the average width of the route, along which the stray flux has to travel

At the lower gables of the magnets the width of the reluctance route is the width wys plus
the surrounding air-gaps /.

Wie3 = Wx3 +ltx (2-13)

The average length of the reluctance route is approximately

I3 =2yx3 (2.14)

It is obvious that the design in Fig. 2.5 is to some extent impractical since the amount of the
leakage flux is large. For this reason an enhanced construction with less leakage is analysed
in the next section.

2.1.3.3 Minimising the PM leakage at the lower part of the magnets with the flux
barriers

At the lower part of the magnets it is usually reasonable to use flux barriers in order to
avoid a large stray flux (see Fig. 2.5), since then less magnetic material is needed to
produce the desired air-gap flux. In this case, the saturating flux @, is diminished with the
decreasing width wys.
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Fig. 2.7 PM stray flux, when the structure has flux barriers. The stray flux avoids the barrier, thus the stray
reluctance becomes larger, because the saturation width becomes smaller and the length of the saturated
bridge becomes larger. With this topology about 88 % of the permanent magnet flux enters the air-gap. The
utilisation of the PM material has increased by 5 % units compared to that in Fig. 2.5

The length of the saturated bridge /i; increases and the width of the flux route decreases

Wfe3 = Wy3 +% = Wy3 JfSill(Cl'b)lg1 (2.15)

Then the stray reluctance Rg3 grows, which causes a decreasing of the stray flux @gs.

2.1.4 Equivalent magneto motive force of the rotor

The equivalent magneto motive force of the rotor is the magneto motive force of the
permanent magnets minus the product of the saturation flux @, and the reluctance of the
permanent magnet with surrounding air-gaps (Thelin 2002).

@eqv =0 PM ~ ¢sat Rppm (2.16)

This is needed, when the iron reluctances, the flux and the saturation factor are iterated to
their correct values. The simple equivalent reluctance circuit of one pole is shown in Fig.
2.8. This figure is valid, when the iron bridges are assumed to be fully saturated due to
saturating flux @y (2.4) and @3 (2.7).

¢5’PM [ Ré 1 lFFe 1
A
(pcl ¢PM (p03
R
Rcl M R03
T @eqv

Fig. 2.8 Equivalent reluctance circuit for permanent magnet motors with V-magnets. Stator iron reluctance
Ry, consists of the stator teeth R, and yoke Rsreluctances. The leakage fluxes @5 and @s; occur in the end
regions of the permanent magnets.
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2.1.5 Iron reluctance

The equivalent reluctance circuit of the permanent magnet motor consists of the air-gap, the
permanent magnets and bridge reluctances but also of the iron reluctance Rg..

If the flux densities in the stator teeth and yoke are high enough, the steel parts of the
magnetic circuit absorb a remarkable part of the MMF. This is taken into account with the
iron reluctance Rp., which contains the reluctance of the stator teeth and the stator yoke.
The iron reluctance is normally much smaller than the other reluctances and a suitable
initial value for this is given. Experience proves that it is appropriate to set the initial value
slightly too large when starting the iteration. E.g. 25 % seems to be an adequate value of the
air-gap reluctance. Later the iron reluctances and the saturation factor will be iterated to
their correct values.

2.1.6 Iteration of the flux and saturation factor

The air-gap flux produced by the permanent magnets @spy is calculated by using the
reluctances and the MMF. The flux magnitude increases with the increasing stray
reluctances but also with the decreasing air-gap, the permanent magnet and the iron
reluctances. The first evaluation of the air-gap flux can be derived from the equivalent
reluctance circuit (Fig. 2.8).

Oeqv 2.17)

R R
Rt + R + Re (1) + = 2 (Rg + Ree (1)) + = 2 (Rs + R (1)

ol o3

®s5pm(n)=

where Rp.(n) when n =1 is the first evaluation to the iron reluctance 0.25%R 5.

In a totally linear machine the saturation form factor is @;=2/Tt The first evaluation of the
air-gap flux density can be calculated when the saturation form factor is guessed to be e.g.
0.66, which means that the magnetic circuit of the motor is lightly saturated. The saturation
form factor depends on both the teeth and the yoke saturation. For this reason its correct
value has to be iterated later.

Bd(n):‘pdl’M(n), 2.18)
a; (I’l) Tp L;

where

I is the pole pitch

a;(n) 1is the saturation form factor, of which the value is firstly guesseda; (1) =0.66. This

means that the motor is nearly unsaturated.

To be able to determine the saturation factor an air-gap magnetic voltage drop has to be
defined. The magnetic voltage drop at the air-gap is composed of the magnetic flux and the
air-gap reluctance.

vs(n)=Dspm(n) Rs (2.19)

The stator teeth and yoke flux densities can be then calculated from the air-gap flux density.
The maximum value of the flux density in the stator teeth is defined by using the
dimensions of the teeth and the slots.
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B, (n)= jfi Zuz B5(n) (2.20)

The maximum teeth flux density depends also on the air-gap flux density. The no-load air-
gap flux density of the V-motor is approximately sinusoidal. The flux density of the SPM
motor has either a square or sinusoidal waveform depending on the magnet shape and the
arrangement of the magnets. Once the saturation form factor is evaluated the teeth flux
density should be calculated from the maximum value of the air-gap flux density.

In addition, the real magnetic flux density on the teeth depends on the saturation too: If the
teeth flux density is high (> 1.7 T), a remarkable part of the flux runs in the stator slots and

the real teeth flux density B, has to be iterated to its real value.

Bole)= 8, () 7 o H,0). @.21)

where

Tu is the width of the slot and the tooth, slot pitch

z is the width of the tooth

H, is the field intensity at the teeth, which can be obtained from the non-linear BH-
curves of the specific iron material

L is the rotor length.

If the width of the teeth varies, the magnetic flux densities and field intensities should be
calculated at the top Bzmax, Hzmax, the bottom Bymin, Hymin and the middle B,mig, Hzmig of the
teeth, so it will be possible to define the magnetic voltage drop at the teeth with the aid of
the Simpsons rule (Vogt 1996).

U, (n) = H ymax (n)+ 4Hzr6nid (n)+ H ymin (n) Vs, (2.22)
where
U, 1s a magnetic voltage drop at the stator teeth and

Vs is the height of the stator slot.

The magnetic flux density és at the stator yoke is

Bs (n) _ ¢5,PM (n)

= . (2.23)
2 fr L ag

The field intensity H; exactly above the slots can then be defined by means of the BH-
curves of the iron material. Because the width of the integration path is not constant, the
magnetic voltage drop at the yoke has to be corrected with correction factor ¢, the value of
which depends on the magnetic flux density.

Us (n) =cg Hy (n)l’s (2.24)

where 7 is the length of the integrations path.
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Finally, it is possible to define a new iron reluctance Ry, and a new saturation form factor
a;. The iron reluctance consists of the teeth and the yoke reluctances, which could be
estimated at the magnetic voltage drops of the teeth and yoke.

_ Y (n) Ug (n)
rln)= ®5pm (1) ' ®5pm (1) (2.25)
2

The saturation factor forms the flux density in the air-gap. If the teeth are well saturated
(>1.7 T), the waveform of the air-gap flux density gets squashed and the maximum value of
flux density shrinks.

Fig. 2.9 Air-gap flux density a) ideal sinusoidal wave form, b) saturated teeth produce a squashed wave form
¢) saturated stator yoke produces a wave form that is more narrow than the fundamental wave.

The saturation factor can be calculated from the magnetic voltage drop at the teeth and air-
gap.

Kt (1) = 2 ) (2.26)

Then, the saturation flattening factor a;, or saturation form factor &; can be found in Fig.
2.10 (Vogt 1996).

Saturation factor and fliatten factar
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Fig. 2.10 Saturation form and flattening factors &; and o, as functions of saturation factor k.

However, in many cases it proves to be more appropriate to use stator plates with a smaller
stator yoke, because higher slots conduct to a better efficiency. A smaller stator yoke causes
a saturated yoke, which affects the flux density waveform at the air-gap: the higher the
saturation, the narrower and the higher is the wave form of the air-gap flux density (see Fig.
2.9)

After the new saturation form factor @i(n) and a new iron reluctance Rr.(7) could be set, the
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new values for the air-gap flux and the air-gap flux density can be defined, when n > 1.

Oeav (2.27)

R R
Rpy + R + Rpe (n) + RPM (Rs + Rpe (n)) + =M (R5 + Ry ()

ol o3

Dspm (n)=

The flux density at the air-gap is obtained then as

_ D pmln)
Bs(n)= @), (2.28)

Then again, it is possible to define the new flux densities and field intensities. The new iron
reluctance values give a new saturation factor. The loop is then carried out so many times
that the flux densities, iron reluctances and saturation factors achieve their correct values,
which has as a result that their changing at the next iteration can be considered
inconsequential (less than one per mille).

The electromotive force per phase induced not considering the armature reaction is
calculated by multiplying the rotor MMF and stator winding routes. The induced phase
voltage Epy is dependent on the frequency f;, the amount of winding turns in series per
stator phase N and the winding reduction factor &;.

/s €1 Nph @s,pMm

V2

The winding factor takes into account the winding distribution, winding pitch and skewing
(Nipp 1999). If a full pitch winding is used the winding factor is given

sin 995 | in| ™
2 6qg

sin as T ’
gsin| — 64

Where as is the electrical angle between two slots and g is slots per pole and phase number.

EPM =27

(2.29)

=

(2.30)

The first term is the winding distribution factor and the second term is the skewing factor
with only one stator slot pitch skew. The skewing factor decreases both the induced voltage
Epy and torque, but also eliminates the harmonics.

2.2 Inductances calculated of by using the stator MMF

In the literature treating the subject there are given different methods to derive the equation
of the magnetizing inductance. Vogt (1996) derived it from the stator MMF and stator flux
linkages and Grauers (1996) from the air-gap reluctance and flux linkage.

The magnetising inductance at the direct axis consists among others of the effective air-gap
length Osesr, which depends on the real air-gap length &, the thickness of the magnets /,, and
the effect of the saturated iron.
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m 4 1 Tp 2
Lo.g=——0q; — L& N 2.31
md 2 g Lo 2p Jdeff 1(51 ph) ( )

The accuracy of the PM motor torque calculation depends in a considerable way on the
precision of the estimated inductances. The magnetizing inductance could be calculated
correctly only, if the effective air-gap length is precisely known. The air-gap length is,
however, not easy to be defined, because it is not constant and the permanent magnets, the
virtual pole shoe above the magnets, the stray fluxes and iron saturation in both the stator
and rotor iron affect the effective air-gap length. The back EMF is calculated using only a
rotor magnetization and rotor MMF Ghy. The inductances are, however, calculated using
the stator MMF (Vogt 1996).

&N
o, =" 2.32)
2mn 2p

The stator MMF is estimated in different points by varying the stator current 7.

The effective air-gap length could be determined by calculating the effective air-gap
reluctance, which consists of the calculated air-gap reluctance Ry, the reluctance Rpy of the
magnets and the stray reluctances Ry and Rgs. But also the teeth and stator yoke
reluctances produce an effect on the air-gap: the more saturated the stator teeth and yoke
are, the longer the effective air-gap length appears.

Because of the sinusoidal air-gap flux density the teeth flux densities vary according to
their location and should thus be calculated for every tooth separately.

Lt
B,(x)="1""Bssinx 2.33
)= Bs (2.33)

Fig. 2.11 represents the situation, when the number of slots per pole and phase is two (¢ =
2). Then, the flux densities in the different parts of the stator are approximately

LT
B, =18 Bssin90? | (2.34)
firLz
LT
By =% Bssin60? and (2.35)
fr Lz
LT
By =% Bssin30. 2.36
z3 erZ o ( )

The flux is shared then approximately for the different teeth:

B
D, = 2 D5 (2.37)
le + 2BZ2 + 2323
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B
D, = 22 D5 (2.38)
le + 2322 + 2Bz3
B
D, z3 D5 (2.39)

B le +2BZZ +2Bz3

Fig. 2.11 Stator reluctance circuit if ¢ = 2. The reluctance circuit consists of five teeth reluctances and six
yoke reluctances. It seems to be possible to obtain more accurate calculation results with the model described
above than when only the saturation factor is used.

The field intensities H,1, H, and H,3 in the stator teeth are defined by means of the BH-
curves and the magnetic voltages are calculated from the field intensities and teeth height.
The teeth reluctances are then

U
R, = (pzl : (2.40)
zl
U
Rzz :Ziz and (2.41)
z2
Uyz3
Ry=-2. (2.42)
i ¢z3

The precision of the calculation is also proven by dividing the stator yoke reluctance into
small pieces. Then, it is possible to calculate the flux densities at different yoke parts. The

flux densities are

@zl

=4 (2.43)
2 ag fr L

le
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djzl

+ @22
Bpo=2 " and (2.44)
ag [y L

0)]

zl + gzjz2 + 4523
By =2 . (2.45)
ag fr L

The stator yoke reluctances Ry, Ry; and Rg; may be defined in the same way as it is done for
the teeth reluctances.

The stator saturation can be estimated by calculating the magnetic voltage drop in the
different parts of stator. Considering factor kr. (Gieras 1997) gives

1
kpe =——— (2.46)
Upm tU5

where Ur. is the magnetic voltage drop along the armature teeth and yoke, Upm is the
magnetic voltage drop across the permanent magnets and Usis the magnetic voltage drop of
the physical air-gap.

The effective air-gap length is an iterative quantity and consists of the physical air-gap oo,

the effective thickness of the permanent magnets /i, ¢¢r and the saturation effect of the stator
teeth and yoke. When the effective thickness of permanent magnets is approximately

T
P (2.47)

lm,eff = lm
21,

then the effective air-gap length is

4 9

Odeff =———7vkC +1lmeff +kpe Odefr - (2.48)
n cos(6)

The stator MMF in d-axis is

Ogq = Oyq cos(8). (2.49)

The d-axis flux density is

04(6) _Oucore)

B4(6)=
d Ocff Ocff

o. (2.50)

The first harmonic of the magnetic flux density in the air-gap is
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4
T

(B4(6) cos(6)) d6=* O, n ¢

T

By =

T

2 3
[—= 6) 4. 2.51)
090+ c05(6) Iy eff

S — |3

The quadrature magnetising inductance is not sensitive to the thickness of the permanent
magnet or to the iron saturation at the ends of the magnets (rotor) as it may be concluded
from Fig. 2.12.

Fig. 2.12 Quadrature magnetic flux, which does not cross the magnets. &, is the magneto motive force of the
stator current and By, is the first harmonic of the flux density at the quadrature axis.

Additionally, the effective quadrature air-gap length is not obvious and the waveform of the
quadrature axis flux density is not sinusoidal. That is why the quadrature magnetising
inductance is determined by defining at first the Fourier series for the first harmonic of the

. . . a a .
magnetic flux density in the region €= 077[ Between two poles (8 = %g) is a

difficult air-gap region, where the flux density stays approximately constant and near the
value zero. Hence, the first harmonic of the magnetic flux density is at the first region

Q

T

By == [(By(6)sin6)d6. (2.52)

ql

als
O —

The magneto motive force of stator excitation conforms to a sinusoidal wave-form
Oyq = Ogq sin (2.53)

and the contour of the pole shoes as well as the air-gap length follow approximately &y/cos&
shape.
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9%
cosd

0=

(2.54)

Especially in the quadrature axis area this assumption is not valid when studying the
quadrature armature reaction. The air-gap length should theoretically be infinite, which of
course is not possible. Fig. 2.12 shows that the quadrature flux density in the pole edge is
not zero but has a finite value. The magnetic flux density distribution By(6) under a pole
shoe can be found to be approximately

12) O, sind
B (O)=—S nu="3""" . 2.55
4(6) Ja(g)uo 5, Mo (2.55)
cosd

Then, the first harmonic of the quardature flux density is calculated from eq. (2.53), (2.54)
and (2.55).

nld

2 2
By =0, [ SN 9re) (€)eor(6) 454 o, “Osinz(”j (2.56)
T 0 ) T 3 2

Finally, the effective quadrature air-gap length can be estimated from the stator MMF and
the magnetic flux density Bqi. Similarly as for the direct axis effective air-gap length (2.49)
also the quadrature air-gap-length reacts to the iron saturation in the stator.

O 1o
5qeff = ;7 + kFe 5qeff (2.57)

ql

Because the g-axis magnetic flux does not need to cross the permanent magnets, the
quadrature inductance is significantly larger than the direct axis inductance. The
magnetising inductance of the quadrature axis is similar to that of the direct axis (2.31).

m 4 1 Ip P
L., =——a; — L N 2.58
mq =, i Ko 2p 5qeff 1(51 ph) ( )

2.3 Magnetic circuit calculation of PM motors with surface magnets using rotor
magnetisation

The analytical calculation of a SPM motor is also based on the reluctance circuit analysis
shown in Fig. 2.13

32



Analytical computation of permanent magnet synchronous motors

Fig. 2.13 Reluctance circuit of SPM motor. Rsbetween the permanent magnet and stator, the reluctances R’ »
are air-gap reluctances between two magnets and Rpy, is the reluctance of the permanent magnet.

The equivalent reluctance circuit of SPM is represented in Fig. 2.14. Since the structure has
no iron bridges it is obvious that the stray flux decreases because of the elimination of the
saturation flux components @, and Pyy3 (see Fig. 2.8).

€D5,PM R§ RFe

Fig. 2.14 Equivalent reluctance circuit for a permanent magnet synchronous motor with surface mounted
magnets. The stator iron reluctance Ry, consists of the stator teeth R, and yoke R, reluctances. @py, is the total
magnetic flux of the permanent magnets and @; are additional leakage fluxes in the end regions of the
permanent magnets. The air-gap reluctance Ry consists of the air between two magnets and the air-gap
reluctance Rslies in the minimum air-gap between magnet and stator.

The air-gap reluctance R» behaves like a stray reluctance in a V-magnet construction (Fig.
2.8). Similarly as in the case of the IPM motor the reluctances of the air-gap and permanent
magnets are calculated from their region and material characteristics.
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The reluctance of the air-gap between the permanent magnets and stator

o)
Ry=—20 . (2.59)
Ko z-p L;

The reluctance of the air-gap between two magnets is

Ry = 'm (2.60)

o2 - s 3 . .
Ko (Tp —lp )Li
Reluctance of the permanent magnets is
/ [
Rpypp = m L (2.61)

= + .
Hoipm Ip L nolp L

The iron reluctances in the stator teeth and yoke can then iteratively be calculated in the
same way as it is carried out in part 2.1.6. The first evaluation of the air-gap flux can be
derived from the equivalent reluctance circuit (Fig. 2.14).

2]
D5 pp (1) = o : (2.62)
Rpy + Rs + Rpe(n) + RPM (R5 + Rpe (n)
o2

Because of the rectangular air-gap flux density the flux densities in the stator teeth (see eq.
2.34,2.35, 2.36) are constants above the permanent magnets

_ Li Iy

Bq=
zl fiLz

B (2.63)

and become zero elsewhere.

The rectangular air-gap flux density of the SPM means that the calculation of the saturation
form factor is not any more required here.

The air-gap flux density is derived from the air-gap flux and width of permanent magnets /,
as well as from the length ;.

_D5pMm

Bs
I, L;

(2.64)

The peak value of the first harmonic of the air-gap flux density can be calculated as
coefficients of the Fourier series i.e. (see eq. 2.18) (Gieras 1997).

4 [T
Bs =— Bgsin| —— (2.65)
T 2Tp

The electromotive force per phase induced by the rotor excitation flux is then calculated
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using equation (2.30). By converting Eq. (2.31) it is possible to calculate the direct as well
as the quadrature inductances.

42 1 T,
T 2p O geff

_m 2
Lmaq =" L& Nn)?, (2.66)

where the effective direct and quadrature air-gap length (Ouerr and Q) includes the
physical air-gap length 0 and permanent magnet thickness /;, as well as the affect of the
stator saturation factor kg, in eq. (2.48)

[
Odeft ke Op +—"— + kpe Oger - (2.67)
Hpm

2.4 Stray inductances

In this work the stray inductances are calculated applying Richer’s (1963, 1967) methods
and factors. Richer divides the stray inductances into five components:

* The slot leakage inductance, which depends e.g. on the slot geometry and
dimensions

* The end-winding leakage inductance, which depends e.g. on the end winding
geometry and dimensions

* The air-gap inductance, which depends e.g. on the slot per pole and phase number

* The tooth tip leakage inductance, which depends e.g. on the dimensions of the slot
openings and the air-gap length

* The skew leakage inductance, which depends e.g. on the angle of skewing

The magnetizing inductances Lmg and Lnq and stray inductances Ls form together the
synchronous inductances, which are used in the torque calculations as it is illustrated in
paragraph 3.

Ly =Lyg +Lg (2.68)

Lq=Lpmg+Ls (2.69)
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3. Torque calculations

The electromagnetic torque of a rotating machine is produced by different physical
phenomena: The first and main (concerning the PM motor) phenomenon is based on the
Lorentz force, where the torque is produced by interaction between the air-gap field
(produced by the permanent magnet excitation and the armature reaction) and the stator
currents. The second phenomenon, which produces also a useful torque, is based on rotor
saliency. This torque component may be called fundamental reluctance torque. The third
torque component, the cogging torque, is the result of PM flux interactions with the stator
reluctance variations caused by the slot openings. This creates only a harmful torque ripple.

There exists also a fourth physical phenomenon that produces an electromagnetic torque.
The studied V-magnet rotor type and more specifically its pole edge areas may have such
reluctance differences that cause harmonic reluctance torques with stator spatial harmonic
components. For this reason even this rotor type producing almost purely sinusoidal MMF
may need a slight skewing in the rotor or stator. The optimal skew might be the average
value of the pole pitches of the fifth and seventh stator harmonics.

3.1 Analytical torque calculation of the voltage controlled machine

The electromagnetic torque 7° of a permanent magnet synchronous motor can be
analytically calculated using the load angle 4, the stator phase voltage U, the PM induced
electromotive force Epy and the inductances.

_m | EpyUs . vl 1 1),
T k) - 20, 3.1
o)+ b - fa) o

The phase back EMF Epy in the torque equation is produced only by the permanent magnet
flux and it does not include any other contribution due to the MMF of the stator currents.
The direct axis inductance Lq4 is in a significant way affected by the permanent magnet
material and the g-axis inductance L, typically becomes larger than L4. This means that the
maximum torque of the salient pole PM motor is reached with a power angle J, larger than
102. The stator winding resistance is often neglected, because its influence on the torque
and power is insignificant in the nominal torque range considering the motor sizes studied
in the thesis.

The torque equation (3.1) consists of two parts, the fundamental or mutual torque 7' and the
reluctance torque 7.

The mutual torque is produced by interaction between the sinusoidal distribution of
ampere-conductors and the fundamental air-gap flux. The torque is then proportional to the
product of the stator phase voltage U; and stator phase current /,.

m_UsEpm m Us Epy

T = nd, =—
"Tonng wiy "7 0 wiy

sin &, (3.2)

In the case of a non-salient pole motor the stator current is
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_ EPM sin 53
C{)Ld

I (3.3)

a

The performance of the motor can be simply expressed with the vector diagrams in the
rotor oriented d-q axis frame. There are presented the magnitudes and directions of the flux
linkages, the currents, voltages, MMF and EMF.
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Fig. 3.1 Phasor diagram of a permanent magnet synchronous motor a) with surface mounted magnets and b)
with buried magnets

Fig. 3.1 a) shows the phasor diagram of a slightly under-excited non-salient pole permanent
magnet synchronous motor with surface magnets and Fig. 3.1 b) shows the phasor diagram
of a slightly under-excited salient pole permanent magnet synchronous motor with buried
magnets. It is obvious that the armature reaction of the IPM is greater than that of the SPM.
The d-axis current of a modern PM motor drive in normal condition (compare PMSM with
DTC) is negative, I3 < 0. Then the current /4 produces an MMF distribution that opposes the
permanent magnet flux in the d-axis. Despite of the lagging current the power factor in a
PM-motor is typically high, which reduces the kVA requirement in the converter. The
negative d-axis current stresses the permanent magnet material considerably but modern
materials allow such a demagnetizing force well unless the material temperature is not too
high.

The phasor diagrams express how the stator voltage depends on the load angle, the
quadrature current and quadrature inductance.

wly 1
Uy=— 11 (3.4)
sin 0,

The other phenomenon that produces a useful torque and that is based on the rotor saliency
is a result of interaction between the stator MMF and rotor anisotropy and is

T _m U
rel o 2

wlL, wlLy

[ L | Jsin25a=3p(Ld—Lq)Iqu, (3.5)
q
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where 2 is the mechanical angular velocity.

This torque exists also in a non-excited machine (Epy = 0) and it depends only on the
voltage Us and the reluctances: The bigger the difference between the direct and quadrature
axis reluctances the greater this reluctance torque is. In a PMSM the practical positive
maximum of the reluctance torque with Ly > Lq is at load angle J, = 135°.

Fig. 3.2 shows the torque and the current characteristic of a voltage controlled salient pole
PM motor. The maximum torque of the motor depends on the inductances and the back
EMF. The current increases by the increased load angle and achieves its maximum at load
angle 180°.

5 2.00 4.00 5
a, g,
o 1.80 | —— Torque 1 350 =
g 160 Current ' %
= 0T
+300 "
1.40 +
1.20 + T 250
1.00 -+ 2.00
0.80 1 1150
0.60 +
=+ 1.00
0.40 +
0.20 | + 0.50
0.00 +—4— | | | | | | | 0.00
0 20 40 60 80 100 120 140 160 180
Load angle

Fig. 3.2 Torque and current of the voltage controlled PMSM.

The figure shows that at load angle 90° the current is already over two times the nominal
current. In reality such a large current results in the saturation of the g-axis inductances of
IPM, which decreases the achieved maximum torque.

It is possible to calculate the electromagnetic torque analytically only if both the back EMF
and synchronous inductances are known. Evidently, the accuracy of the PM motor torque
calculation depends to a large extent on the precision of the estimated back EMF and
inductances. Furthermore, due to the stator current saturation decreases the quadrature
inductance and PM-magnetisation flux in a salient pole PM machine, which causes a
reducing of both the alignment and reluctance torques. These changes are, however,
difficult to observe in analytical calculations and for this reason analytical calculations
should be compared to FEM calculations.

3.2 Analytical torque calculation of the current controlled machine

Considering a current controlled synchronous motor the equation of the motor torque is
(Engstrém 1996)
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2
-a

m 12 (xq-xy) sin28,) |. 3.7)

T= Epy Iy sin(B, ) +
2T ng

Where S, is the current angle between the current vector 7, and the flux linkage vector %4y,.
The torque depends on the back EMF, the current and the current angle .. Fig. 3.3 shows
the torque at constant current as a function of angle 4.
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Fig. 3.3 The torque as a function of current angle £,. The current is constant 1 p.u., which corresponds to the
nominal current of the voltage controlled system at load angle &, about 49°.

The figure shows clearly how the voltage varies also as a function of the current angle £,.
The voltage Us is high at a small torque and small current angle £,

In principle, equations 3.1 and 3.7 should give the same torque at the point with a same
current 1.0 p.u. Then, in a voltage controlled system the load angle &, is according to figure
3.2 about 49° and the torque is 1.0 p.u. In current controlled systems the torque 1.0 p.u. is
achieved in two points A and B. Point B is corresponding near to the nominal point of the
voltage controlled system, where the torque is near 1.0 p.u., the voltage is near 1.0 p.u. and
the current angle £, is about 115°.

Considering the current controlled system it is possible to calculate the current components
if the current angle /3, is known.

If the current angle £, is smaller than 90° the direct axis current is

Iy =1,sin(B,) (3.8)
and the quadrature axis current is

Loq =1, c0s(B,). (3.9)

If the current angle £, is greater than 90°, the direct axis current becomes negative
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1, =~1I,sin(8 -90°) (3.10)
and the quadrature axis current is then
lyq =1, sin(ﬂa1 —900). (3.11)

When the current components are calculated, it is possible to calculate the load angle J,,
which corresponds to the current angle £,.

Xq 1
0, :arctan( 4-29 J (3.12)
Epm + X g Tad

Between the load angle and current angle there exists the following dependency

3, =B, —90° +¢. (3.13)

Equation 3.12 proves that it is difficult to find the point at which the voltage controlled and
current controlled system give the same power and torque, since in both equations (3.1 and
3.7) it should be considered that there is a reaction to the saturation of the inductances.
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o204+t —~ 7 0 q-axis current p.u
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0.00 — f f f f f f f f f f f f f f 0
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Current angle

Fig. 3.4 Torque and load angle &, of the voltage controlled system as a function of the angle 5, of the current
controlled system. The current is constant 1.0 p.u., but the d-axis and g-axis currents vary so that the g-axis
current is about 0.76 p.u. at the nominal load. The d-axis current values remain negative.

Figure 3.4 shows that the nominal torque in the voltage controlled system is achieved with
a load angle 49°, when the current angle [, is 128°. In the current controlled system the
nominal torque as well as the nominal voltage are obtained at a load angle that is near 49°.
This proves that it is possible to find the point at which both the analytical equations 3.1
and 3.7 give the same torque and power with the same current and voltage values.
Difficulties emerge at greater load angles and greater currents, when both the inductances
and the back EMF vary with the current and saturation.
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3.3 FEM calculation using Flux 2D™

The analytical methods are proven with the commercial 2D- FEM analysis Flux 2D by
Cedrat, France. FEM calculations supply important information on the properties of the
motor such as the armature reaction effects and cogging torque. The slow three-dimensional
calculation of a radial flux machine is not necessary, because the main flux route from the
rotor to the stator and vice versa can be modelled in one single layer. The stray flux in the
end windings is quite small and can be taken into account by adding a stray component into
the synchronous reactance. The 3D calculation is normally applied only to complicated
constructions such as slotless motors or axial flux machines to improve the accuracy of the
calculations.

In analytical calculations the estimation of the torque depends largely on the precision of
the air-gap flux, the back EMF and synchronous inductances. The analytical calculation of
the magnetic flux density and the inductances for medium and large synchronous motors
are quite accurate, but for small motors and complicated structures FEM appears to be the
only method to estimate the accurate distribution of the magnetic field and inductances by
computing. By using FEM the synchronous inductances can be calculated from i.e. the flux
linkage of the coil divided by the current in the coil or the energy stored in the coil divided
by one half of the squared current (Gieras 1997).

The Inductances may be calculated using the direct and quadrature axis armature reaction.
The flux linkage and current values are taken from the vector diagram of the motor. The
direct axis synchronous inductance is found to be

AY,
Ly = ‘Sd (3.14)
A lsd
The quadrature axis synchronous inductance can be found from
W
Lg=—1. (3.15)
sq

Where %3 and @4 are the total linkage fluxes in the d- and g- axis and isq and isq are the
instantaneous d- and g- axis armature current vectors. The inductances may be estimated
using several values of the direct axis current to get the saturation behaviour of the direct
axis inductance.

In PM motors the air-gap flux @spm excited by the rotor magnetisation is constant, whilst
for separately excited motors @5 can be controlled. The air-gap magnetic flux per pole is
integrated over the pole surface as

Iy L
&5 = | [Bsdrdl =a; B5T, ;. (3.16)
00

In FEM the flux between two points is calculated from the difference of the vector potential
at two points multiplied by the axial length. This magnetic flux rotates with synchronous
speed and induces in each phase winding the back EMF at no load (See eq. 2.29). The flux
linkage is derived from the magnetic air-gap flux density by multiplying it with the
effective number of the stator turns per phase &Ny, where & is the stator fundamental
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winding factor.
Y5 =$1 Nph Ps (3.17)

Then, the equation of the magnetising inductance L., consists of the flux linkages and
current as well as the factor m/2, which takes into account all m phases in the machine.

a;Bst, L &N
Lm:—f’:% 170 pi °17ph (3.18)
l l

When the direct axis inductance is evaluated, the flux consists of a flux created by the
permanent magnets @spyv alone and of a (usually) negative stator direct axis current @g;.
The direct axis magnetising inductance may thus be calculated from the flux density
difference ABx; caused by the stator direct axis current (Fig. 3.5).

_mQiTy L& Npy ABgsg
md — 5

2 Aing

(3.19)

The amplitude of the magnetising inductance is determined by the slope of the Bslag-curve
in a certain position at the curve. At point Bgpwm the air-gap flux density of the motor is
produced only by the permanent magnet.

8, A

Normal
operation
area

+_iad

>

“Lag

<

Fig. 3.5 Magnetising inductance calculation L4 of the PM motor.

If the current is applied to the stator winding, the operation point moves along the Bal,4-
curve. The negative direct axis current has almost no effect on the direct axis magnetising
inductance, because the slope stays nearly constant even if the operation point of the motor
decreases from point B gy to point —A and ahead to point —B.

If a positive stator direct axis current is applied, the operation point moves from point B sy
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to point +A. This has as a result that also the slope of the Bsl,q -curve decreases, which
again at the same time causes a significant decreasing of the magnetising inductance. It
depends on the level of magnetisation how fast the direct axis inductance changes as a
function of the positive stator current: if the PM magnetisation is high the saturation occurs
already at very low positive stator direct axis currents. Often the calculation of the
inductance is linearized into the working point of the machine.

In the quadrature axis the flux does not cross the permanent magnets at all and the
quadrature magnetising inductance is calculated using the air-gap flux density that is caused
by the stator current.

a1, L& Nph(ABJql)
Aiyq

m
Lig =7 (3.20)

The peak value of the quadrature air-gap flux density Bx i1s calculated without rotor
magnetisation and this, in principle, means that the permanent magnets are replaced with
air.
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Fig. 3.6 Variation of the g-axis magnetizing inductance.

The value of the direct inductance L4 is almost independent of the negative stator current
variation -/,4, which means that the stator saturation has no effect on the inductance. On the
other side, the quadrature inductance of a salient pole machine is dependent on the g-axis
current [,q and varies significantly, when the inductance should be calculated using large
currents (over the nominal current) in addition to small currents. The quadrature inductance
is also affected by the d-axis current, which means that there does exist the so-called cross
saturation (Kaukonen 1999). In practice, the accurate description of the inductances should
demand the determination of the three-dimensional inductance surfaces for both L4 and
Ling.

The leakage inductances of the end winding and the effects of skewing of the rotor or the
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stator should be added to the synchronous reactance in order to make it possible to calculate
the stator current and motor torque. According to the phasor diagrams in Fig. 3.1 the RMS
axis currents /q and /,q are

7= Us (Xsd Cos(éa)_RSin(éa ))_EPMqu
ad —

5 and (3.21)
Xgg Xgq + R

Us (R Cos(éa ) + Xgd Sin(éa )) —Epm R

d 2
Xgg Xsq + R

aq = (3.22)

In the simplified current controlled FEM torque calculations applied in this thesis following
static currents

fA =_2fB:_2fC (323)

are placed in the slots according to the winding arrangement shown in Fig. 3.7.

W‘PTI
Fam 4 ’

Fig.3.7 Torque calculation of a PM motor with stator current at the nominal load angle. The calculation fits
for the IPM as well as for the SPM motor.

To calculate the average torque the stator currents are first placed in the slots so that the
stator field is aligned with the rotor direct axis. Then the rotor is rotated by the current
angle.

]

Bac = [d_a,e + g - ¢j electrical degrees, which means (3.24)
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—¢j 1 mechanical degrees. (3.25)

ﬁa,m = (Ja,e +
p

T
2
This torque calculation method gives an accurate result for the SPM motor, where the
armature reaction is low and the inductances are almost not depending on the saturation.

Fig. 3.8 shows the effect of the armature reaction on the increased air-gap flux density at
the leading tip of the poles in the SPM and IPM. The armature reaction in the IPM is,
however, remarkably higher.
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-0.40

Fig. 3.8 Variation of the air-gap flux density under one pole in the SPM and IPM. Grey line: permanent
magnet alone. Black line: permanent magnet and armature reaction at the nominal point of the motor.

The armature reaction MMF modifies the air-gap flux density waveform and this
complicates the calculating of the torque with FEM, but does not directly have an effect on
the torque amplitude. The armature reaction affects, however, indirectly the torque by
saturating the IPM and decreasing the g-axis inductance, as a result of which the reluctance
torque of the IPM decreases.

Fig. 3.9 shows the varying of the torque in respect of the current angle £, in a current
controlled motor. Calculations are performed with an analytical method and with FEM.
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Fig. 3.9 Torque as a function of load angle calculated with an analytical method (--) and with FEM (solid
line), when the current is constant 1.0 p.u.

The figure above proves that saturation can occur already with a nominal current and
decreases the torque of the IPM. The analytical calculation gives an over optimistic torque,
because it does not take into account the saturation.
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The torque may be calculated using the different methods that are offered by FEM: the
Lorentz force equation, the Maxwell stress tensor, the co-energy method and the rate of
change of field energy method. The Maxwell stress tensor method is probably the most
commonly used since it is uncomplicated to apply and needs a relatively small calculation
time. But, on the other hand, the accuracy of this method is obviously dependent on the
type of the problem to be solved, on the model discretisation and on the selection of the
integration line or contour. If a Maxwell stress tensor is used, it is important to force at least
three layers of elements in the smallest air-gap and to calculate the torque in the middle
element layer, because the flux density is not continuous at the nodes and across boundaries
of first order elements. This method is often criticized since large numerical errors may
occur e.g. in calculating the torque of induction motors; the calculation of rotor loss in the
IM may lead to more accurate determinations. Because in the PMSM there are no rotor
currents in steady state, the rotor loss method is not relevant.

The total electromagnetic torque is given by the line integral along a closed path along the
air-gap

L
TzﬂojBn B, rdl, (3.26)

where r is the air-gap radius, B, is the normal flux density and B; is the tangential flux
density. The secondly most frequently used method is based on the stored magnetic co-
energy change or the virtual work with a small displacement.

_dw _AW (3.27)
46 A6

In co-energy methods the calculation time is doubled, because with this method the field is
solved twice to get an energy difference.

3.4 Pulsating torques

In the near future PM-motors will be used in many high performance applications in which
a smoothness of the torque is of essential importance. It is then evident that pulsating
torques creating vibrations and acoustic noise in the motor and causing inaccuracy are to be
minimised. In direct low-speed drives the torque quality is emphasized since the resonance
frequencies of the surrounding mechanics are usually in the same range as the harmonic
torque frequencies are, i.e. frequencies lower than a few hundred hertz.

Especially in motion control applications such as lifts and metal machining tools, the torque
ripple causes harm and this again may result in a reduced quality of the end products. Also
paper machine applications are concerned though, compared to e.g. elevator applications,
they do not require a torque that is that smooth. Servo-motors (e.g. for robots) need to
produce a very smooth torque, which means that the pulsating torque should be less than
1...2% of the rated torque. This explains the importance of minimising the torque pulsation
either by means of a special motor design or an appropriate control system. The most
effective and reasonable method of eliminating the pulsating torque may be obtained in
improving the motor design. In the following it is described the torque pulsating in different
PM synchronous motors and the different methods to minimise torque pulsation.

The pulsation torque consists of two major components: the torque ripple and the cogging
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torque. The torque ripple is caused by the interaction between the magnet with the space
harmonic of the winding layout and the current harmonics in the drive current. The cogging
torque is, however, almost independent of the stator current and is caused by the interaction
of the stator teeth with the magnets. The saturation of the stator teeth may have a slight
effect on the cogging torque. To avoid the torque pulsation the winding layout, drive
current and motor geometry must be designed carefully.

The synchronous PM machine should have sinusoidally distributed stator windings and (or)
a sinusoidal air-gap flux density produced by the rotor magnets. The low speed multi-pole
machine, however, has often a low number of stator slots per pole and phase (typically g =
1, g = 2), thus the stator magneto motive force (MMF) is non-sinusoidal. Then, in order to
get a small torque ripple the rotor MMF should preferably have a sinusoidal waveform,
because the torque ripple is caused by interaction of the stator with the rotor MMF
harmonics. Furthermore, the rotor reluctance variations should be as smooth as possible in
order to avoid the torque pulsation caused by stator spatial harmonics and rotor reluctance
differences. To avoid the cogging torque again a careful design of the slot geometry and
stator teeth is required (Jahns 1996, Hendershot 1994).

If a delta connection is used, the back EMF should be continuously correctly balanced.
Otherwise, with an imbalance in the back EMF between two branches, there will be a net
EMF around the delta that causes a large useless current flow. Even if the third harmonic of
the magnet flux or stator winding would be totally eliminated, useless current and harmonic
waves may occur due to a variation of the reluctance generated by the rotor saliency. This
means that the delta connection and salient pole rotor do not necessarily fit together
(Hendershot 1994, Nipp 1999).

3.4.1 Cogging torque

The cogging torque is often the largest component of torque pulsation in permanent magnet
motors. It is caused by the interaction between the magnet edges and stator teeth, when the
overall cogging torque is the sum of the forces at each of the magnet pole tips (Jahns 1996).
This effect is normally not depending on the stator current. Only if the teeth are saturated
due to stator current, the cogging torque increases because of the wider effective slot
openings. Closed slots or totally slotless motors obviously have no cogging torque. In the
literature many different solutions to minimise the cogging torque are presented: some of
them eliminate the cogging torque and some other minimise the cogging effects by
decreasing the amplitude or increasing the frequency.

A number of authors e.g. Haselman (1997), Bianchi (2000), Breton (2000) analysed the
theoretical calculation of the cogging torque. One of the simplest methods is based on the
calculation of the magnetic energy variation due to slotting.

dw.
T = —n 3.28
odee ( dJ ji:const ( )

Where the torque contribution is the sum of the air and the PM energy contributions as a
function of the angular position. W, is the magnetic energy

W, :LszdV. (3.29)
210 4,
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The flux density can be expressed by the permeance and magneto motive force of the
permanent magnets

B=40py =0 Opy;. (3.30)
9

The permeance varies with the position of the slot openings along the angular position as it
is shown in Fig. 3.10. The air-gap flux density of the SPM is square and thus the permeance
reaches its maximum value when & reaches the stable equilibrium point and the permeance
is smallest when the slot opening is upon the permanent magnet edge. The variation of the
magnetic energy W, with angle # is null and the cogging torque remains smallest, when the
slot opening is in the middle of the PM. The highest cogging and highest variation of W,
with # occurs when the slot opening is near to the PM edge as Fig. 3.10 describes.

Fig. 3.10 Cogging torque in the SPM with rectangular air-gap flux density and in the IPM with sinusoidal air-
gap flux density distributions.

Because of the sinusoidal air-gap flux density of the IPM the energy variation from the slot
openings to the middle of the teeth is not that large compared as that of the SPM and from
this results that also the cogging torque remains smaller.

The cogging may also be calculated from the tooth EMF (Hendershot 1994)

7. (9)= P mae ]Zv:e () (3.31)
cog 20 T > :
1

where I 1s a fictive current generated by the magnet MMEF. The fictive current may be
calculated from the flux linkage of the permanent magnet and the magnetizing inductance.

Zpm
Iimag = Log (3.32)
m
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The single-tooth EMF is defined by

_dop __ dor
dt dsg

(3.33)

Where @r is the tooth flux due to the magnets without stator current,s is the rotor angular
position and wis the angular velocity rad/s. The EMF can be presented also as a function of
the flux density over the tooth.

er = wwr Lks dﬁ; (334)

Due to the magnets the flux density in the tooth varies depending on the density waveforms
of the air-gap flux: a sinusoidal air-gap flux density causes a smaller variation compared to
the square flux density and for this reason the sinusoidal air-gap flux density decreases the
magnitude of the cogging torque as well. The air-gap flux density distribution of the V-
motor type studied in this work is sinusoidal at no load. The flux density of the SPM motor
has either a square waveform or a sinusoidal waveform depending on the magnet shape and
arrangement. Fig. 3.11 presents the no load flux density distributions of the V-machine and
the SPM.

B(x)= é(; sin(x)

" 4

Fig. 3.11 Air-gap flux densities of a) an IPM with V-magnets and sinusoidal pole shoe and b) a SPM with
square magnets.

The slotting modulates the air-gap flux waveform and causes harmonics. To minimise these
harmonic components depending on the permeance variation the slot openings should be as
narrow as possible.

The cogging torque of SPM motors depends largely on the air-gap length and magnet
width. Especially then, when the relation between the magnet width and slot openings is
unfavourable the cogging increases considerably. Fig. 3.12 shows the cogging torque in the
V-magnet motor and the SPM, when no additional methods are used to avoid the cogging
torque (not considering the sinusoidal pole shoes for the IPM and the optimised magnet
width for the SPM).
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Fig. 3.12 Cogging torque of the SPM and IPM. “Saturated” means that the tooth tips are saturated due to a
high air-gap flux density.

The cogging torque of the SPM motor with rectangular magnets has sharp positive and
negative peaks when the magnet edge bypasses the slots. The sinusoidal flux density
waveform of the IPM results in a smaller amplitude and also in a greater frequency of the
cogging. The variation of the flux density is distributed evenly over the pole shoe in the

IPM and the arising of variation in the flux density at the slot opening is not that big
compared to the SPM.

TR
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>
Fig. 3.13 Variations of the air-gap flux density with an IPM and SPM machine. The greatest possible

variations AB; of the air-gap flux density taking place under a slot opening are also given. (The Fig. does not
correspond the very instant).

The biggest variation in the flux density with the SPM is

ABgg = Bg. (3.35)

The variation in the flux density with the IPM is

T T
ABs ) =Bs sin(n—zu—;j—gg sin(n—zuj. (3.36)

The cogging torque of the IPM is affected by the air-gap flux density waveform as well as
by the harmonics and the saturation of the stator teeth tips effect. Fig. 3.12 shows the
increasing of the effective slot openings and cogging torque due to the saturation of the
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stator tooth tips. It may also be used solid parts for the manufacturing of a V-magnet
machine rotor. In this case some surface currents are induced due to permeance harmonics.
These surface currents tend to minimise the cogging effects but, on the other hand, create
losses. In low speed machines this should not cause any harm, because of the low
frequencies. The pole shoes also act as damper windings stabilising the drive and making a
sensorless drive realisation easier.

It is possible to minimise the cogging torque with the aid of a special motor design or an
appropriate control. This means that the cogging torque can be compensated by adapting
the drive current waveform in order to produce an electromagnetic torque ripple, which
again cancels the cogging (Hendershot 1994). Other methods to obtain a reducing of the
cogging are mainly based on the appropriate designing of the motor construction. For
example, by increasing the slot per pole number and/or by using bifurcated teeth and
“dummy slots” the cogging torque frequency can be increased. Decreasing the amplitude of
the cogging torque reduces also the permeance variation. Another well-known method is
the skewing of the stator slots or the rotor. Skewing the permanent magnets may be difficult
and thus a stepped skewing of the magnets may be appropriate. Skewing reduces the overall
variation of the reluctance regarding the rotor magnets and hence diminishes the cogging
torque. The skewing of the stator also improves the distribution of the stator windings. This
decreases the back EMF upper harmonics, which again has as a result a more sinusoidal
back EMF waveform and a decreasing of the torque ripple (Jahns 1996).

A complete elimination of the cogging torque is possible, if the skewing angle is

12 . : . . .
Jg = T Where N, is the number of the cogging torque periods during a slot pitch

p
rotation.

N, = 2
GCD|0,2p|

GCD expresses the greatest common divider between Q and 2p.

Skewing eliminates entirely the cogging torque and also decreases the ripple torque that is
caused by the rotor MMF and stator current harmonics. But then again skewing causes
manufacturing problems and a reduction in the back EMF fundamental. The stator skewing
of big motors seems however to be easier to complement than the stepped skewing of the
permanent magnets.

Optimising the PM pole arc width is, moreover, a commonly used method to diminish the
cogging by surface magnets. Here it is required that the width of the PMs should be slightly
greater than n times the slot pitch. As a result from this, the positive torque of the first PM
edge is compensated by the negative torque of the other PM edge.

Table 3.1 introduces some other methods to minimise the cogging of the torque for PM
motors with surface and buried magnets.
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Table 3.1 Different methods to minimise the cogging of the torque.

Method Use Influence Drawbacks
Increasing of air- SPM/ ;Lcl)llzgzg\?;ti;i;drznil;[(}i/i’r:ozleg rotor -increasing of stray inductance
gap length IPM g g -decreasing of flux density and torque
Using a fractional ~ SPM/ -reduction of the stator MMF _requires often double-laver windings
slot/pole IPM  harmonics d Y &
Using a large -frequency of cogging increases -low speed machines have normally
SPM/ oD S many poles, as a cause of which a large
number of -permeance variation is reduced:
IPM . number of slot/pole may not be
slots/pole uncovering one half tooth -
possible
Using thick tooth SPM/ - . . -insufficient space for stator windings:
tips IPM -avoiding of the saturation of tooth tips heating and lower efficiency
OKe;%l::gsstls; SPM/  -small notches due to stator slotting in ~ -complicates installation of the
pening IPM  flux density waveform winding wires into the slots
minimum
Using magnetic SPM/  -small notches due to stator slotting in  -increases stator leakage flux
slot wedges IPM  flux density waveform -increases costs
. s -automatic slot filling and mass
(Stepped) skewing SPM/ —Comple@ harmomc. ellmlnatlgn is production becomes difficult
of stator stack or possible, if the skewing angle is . .
magnets IPM correct -manufacturing problems, expensive
& -reduction of back EMF
-reducing of pulsating components
ssllllri‘gigsPM SPM  -decreasing of the harmonics of the -shaping of PMs is expensive
air-gap flux density
-reducing of pulsating components
Shaped pole shoes IPM  -decreasing of the harmonics of the -increasing of armature reaction
air-gap flux density
-Exact pole width is not easily
Optimisation of SPM -magnet width should be greater than achievable: small variation in the arc
magnet width the integer number of slot pitches change can produce either high or
small cogging harmonics
. -reducing the cogging harmonics like
Asymmetrical skewing magnets -reduction of back EMF
magnet . . .. . . .
Lo SPM  -increasing of frequency -Eccentricity: vibrations, bearings
distribution / .\ . 0
shifting of PMs -the additive effect of symmetry is problems?
broken
-different shape of PM are needed:
expensive
Different PM pole - Additive effect of symmetry is -the air-gap flux density is different for
. SPM
arc width broken each pole
-parallel paths in the windings may not
be used
-increased number of interactions
between PMs and slots -effective only if number of notchesis
Using bifurcated SPM/  -higher frequency: acoustic noise may  are selected correct and if
teeth IPM  fall over audibility the main harmonic is highest
-attenuated peak value of cogging (compared with other harmonics)
torque
. o SPM/ . -mechanical arrangement
Air-gap winding M o teeth, no reluctance variations _ difficult winding cooling
Using lower SPM/  -variation of flux density is smaller .
magnet flux . -affects significantly the torque
densi IPM  and cogging torque decreases
ensity
Modulating drive ~ SPM/  -additionally imposed torque cancels -difficult to implement
current waveform  IPM  the ripple -special requirements for the inverter
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3.5 Saturation of the stator yoke and teeth in the V-magnet motor

At the nominal point the saturation of the motor is determined normally by the rotor
magnetisation. Therefore, besides of the iron bridges the most saturated regions are the
stator teeth and yokes depending on the motor configurations and air-gap flux density.

The saturation of the teeth causes an increasing of the third and fifth harmonics and the
saturation of the stator yoke increases the third, the fifth, the seventh, the ninth... harmonics
as is shown in Fig. 3.14.

Harmonic waves of saturated teeth Harmonic waves of saturated yoke

0.040 0.008

0.030 . X
= Teeth saturation 0.006

0.020 0.004

0.010 0.002 /\

0.000 0.000

-0.010 -0.002 \/\/\/ \z\/\/
-0.020 0.004

= Yoke saturation

Flux density [T]
Flux density [T]

-0.030 -0.006

-0.040 -0.008

Fig. 3.14 a) Teeth saturation increases the 3™ and 5" harmonics and b) stator yoke saturation increases mostly
the amplitude of the 5™ harmonic.

A flattened air-gap flux density waveform is the result from the stator teeth saturation
because of the 3 ™ harmonic. The yoke saturation with 5", 7" and 9" harmonics causes a
narrower waveform as Fig. 3.15 describes.

1.13

Airgap flux density [T]
S

Fundamental
Yoke saturation, Motor b
Teeth saturation, Motor ¢

1.10

1.09

1.07

Fig. 3.15 The fundamental air-gap flux density waveform is sinusoidal (grey dashed line). Because of the
yoke saturation the waveform gets narrower (grey line) and because of the teeth saturation the waveform
becomes flattened.

However, in a real PM motor air-gap the flux density is composed of, in addition to the
fundamental waveform and saturation harmonics, a number of other harmonics as well,
which are e.g. created by the permeance variations caused by the slots and PM placing. Fig.
3.16 shows the real air-gap flux density waveforms with a) an unsaturated stator, b) a
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saturated yoke and c) saturated teeth.

Fig. 3.16 Air-gap flux density variation in different cases, with a) unsaturated motor, b) saturated stator yoke
and c) saturated teeth.

The flux densities in the different parts of the motors are introduced in table 3.2

Table 3.2 Flux densities in different parts of the machine calculated with Flux 2D and with the analytical
method described in the work

Motor a Motor b Motor ¢
FEM Analytical FEM Analytical FEM Analytical
Airgap flux density/T 1.15 1.21 0.995 1.04 1.08 0.96
Airgap flux/Vs 0.0195 0.0199 0.0171 0.0163 0.0186 0.0176
Teeth flux density t1/T L5 1.62 1.17 1.36 1.8 1.83
Teeth flux density t2/T 1.3 1.43 0.99 1.21 1.7 1.62
Teeth flux density t3/T 0.8 0.83 0.43 0.70 1.2 0.94
Yoke flux density s1/T 0.7 0.39 0.8 0.67 0.5 0.41
Yoke flux density s2/T 1.2 1.08 1.74 1.85 1.2 1.14
Yoke flux density s3/T 1.5 1.48 2.1 2.54 1.6 1.56

A high flux density in the stator teeth causes the increasing of saturation factor kg and
saturation form factor a;. A slight saturation of the teeth and yoke may benefit the capacity
of the PM motor capacity, because then there is more space for the stator slots, thus causing
a better efficiency. This means that the air-gap flux density of the PM motor can be set to
1.1 T and the stator teeth and yoke could reach the flux densities of 1.8 T and 1.6 T. In the
rotor only iron bridges are saturated. The iron bridges should be set as small as possible, as
it was discussed in part 2.1.3, in order to avoid unfavourable PM stray fluxes.

The flux density waveform of a SPM with rectangular magnets is flat. Differently from the
IPM the SPM does not have a similar saturation factor kg, and saturation form factor &.. In
an unsaturated IPM the saturation form factor is set to 2/t With a SPM it is not possible to
get the flux focusing, which means that the air-gap flux density values remains lower than
the remanence flux density B; of the used PM material.

At the nominal point the saturation does not have yet a considerable effect on the machine
performance, inductances and torque. But greater load angles and stator currents cause the
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saturation of the stator teeth and yoke decreasing the g-axis inductance and decreasing the
reluctance torque. The quadrature flux of a) a V-magnet motor and b) a SPM motor of
45kW are shown in Fig. 3.17.

Fig. 3.17 Quadrature flux of a) a V-magnet motor and b) a motor with surface magnets.

The d-axis inductance practically does not react to the stator current (see Fig. 3.18) but the
quadrature inductance of the IPM decreases drastically after the nominal torque. Both the d-
and g-axis inductances of the SPM are at the same time almost independent of the stator
current.

1.21
IN
1.01 - d
F)
= 0381 -
[}
= IPM Ly o e e e e e e e e i
g | TVl
S 061 -
E SPM L,
0.41
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Fig. 3.18 Saturation and inductances for the IPM V-magnet and SPM motor.

In such control complexes where the d-axis current can be negative the d-axis inductance is
almost immune to the current caused saturation effects. The g-axis inductance decreases
with the current, as a result from which the saliency ratio of the IPM is decreased from a
peak of 1.6 down to 1.3 at a higher g-axis current. The saliency ration of this motor type is
anyway relative small already at a pole pair number over 4. The g-axis inductance can be
analytically approximated by

lg=lg ~Biq » (3.37)
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where [y is the unsaturated inductance at the nominal point of the motor and Sis the factor
describing the relation between the g-axis current and the inductance saturation. The current
iq corresponds to the inductance /;. In this motor type the factor Bis about 0.116.

The g-axis saturation may start from the nominal point of the motor. For this reason the
non-saturation model is accurate enough to estimate the motor properties close to the
nominal point, although the saturating model improves the calculation of the torque
capability. The saturation effect is usually calculated by using FEM, but it is also possible
to estimate the saturation analytically with a lumped parameter model as proven by
Lovelace (2000, 2002). The saturation effect brings about a lower saliency ratio, a higher
length and volume and the need for a larger amount of permanent magnet material, which
again increases the overall cost of the machine.

3.6 Torque ripple and rotor geometry in the V-magnet machine

Salo (2000) made a study of the V-magnet PM motor with different pole shoe areas and
flux controllers. The purpose of his work was to produce a torque ripple free performance
in which also the fifth and seventh stator harmonics are eliminated, even if the low slot per
pole and phase number (g=1) would be used. The flux densities and the torque ripple as
well as the harmonics of different pole shoes were studied by using FEM. Fig. 3.19 shows

the examined rotor constructions.
X/ i |
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Fig. 3.19 Examined rotor designs a) with constant air-gap and flux barriers under rotor surface, b) with shaped
pole shoes and rectangular flux barriers and ¢) with shaped pole shoes and deep, triangle flux barriers.

By using a sinusoidal formed air-gap and deep triangular flux barriers it was possible to
decrease the torque ripple from a) 18.1% to c) 5.0% of the nominal torque.

According to the author it may be achieved an almost sinusoidal MMF-form (in no loads)
in the air-gap and a small torque ripple, if buried V-magnets, a suitable (sinusoidal) formed
air-gap and triangular flux barriers on the pole edge are used. But, also a small percent
torque ripple may cause a disturbing noise in the PM motor. However, skewing the stator
teeth or the rotor magnets can eliminate this. The skewing of the stator was tested
successfully with the SkW and 300 rpm prototype machine introduced in Fig. 3.20

56



Torque calculations

Power P SkW
Air gap diameter D 295 mm
Length L 117 mm
Pole pair D 10
Magnets thickness | [, 6 mm
Magnets width L, 31 mm
Air gap o 1.2 mm
efficiency n 92 %

Fig. 3.20 Data of the prototype, which is a permanent magnet synchronous motor with V-magnets and 20

poles.
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4. May a gearless 600 rpm PMSM replace a 1500 rpm IM with gear?

It is postulated that a direct drive IP54, 600 rpm PMSM may replace an IP54, 1500 rpm
standard IM with a 2.5:1 gear. This chapter discusses if the conditions are met and the
assumed results reached. The postulate is proven by analytical and FEM calculations as
well as with a 45kW 600 rpm prototype V-magnet motor. The heat transfer in the machine
is not carefully examined, but it is assumed that the PMSM may produce the same amount
of losses as the original IM.

4.1 Motivation and reasons

According to Slemon (1993) the losses of the PM motor can be reduced to 60% of the
losses of an induction motor of the same frame size and with the same nominal speed. This
means that by operating the PM motor its higher capital and investment costs may be
compensated in less than a year. The alternative is to benefit from the lower losses and
produce a higher torque using the same frame size. The starting point for this research is the
question, whether a 600 rpm PMSM can replace a 1500 rpm IM. It is to be investigated if
the outer dimensions of the PMSM should be the same and if it should produce a 2.5 fold
torque in order to obtain a power that is the same is that of the IM. Furthermore, the
production of the stator of the PM machine should be carried out similarly to that of a
standard IM to ensure that the already existing manufacturing facilities could easily be
applied for the manufacturing of the stator of PM motors and only little extra tooling
investment would be needed.

In Pulp&Paper industry numerous induction machines are driving relatively low speed
(300...600 rpm) applications. A mechanical gearbox is usually taking care of the speed
adaptation. This gear takes space, contains oil, needs maintenance, forms a possible risk for
failure and lowers the overall efficiency of the drive. Because of its very good low speed
performance the PMSM can be attached directly to a 300...600 rpm paper cylinder without
weakening the power factor or other motor performance unlike the traditional IM drive
equipped with a rotor speed sensor and a gear. If the PMSM is coupled with a position
sensorless drive (e.g. DTC drive), it may be possible to remove the unreliable and
expensive pulse encoder in most of the applications since the speed accuracy of PMSM-
DTC drives 1s good enough even for paper mill applications. Using a PMSM drive offers
thus a more compact and more reliable solution with the same efficiency.

Another advantage of the PMSM is that the power factor does not decrease when the pole
number increases in a low speed machine. Because the rotor of a low speed PMSM is
almost lossless due to the constant rotor flux, it is possible to achieve a higher efficiency or
to admit greater stator losses. Due to the higher pole number the air-gap diameter can be
increased, which again increases the air-gap flux density and torque without exceeding the
permissible flux density in the stator yoke. By increasing the pole number the length of the
end turns will also be reduced, which decreases the stator copper losses and offers the
opportunity to use a longer stator stack.

In comparison with the IM the near unity power factor of the PMSM may also reduce the
losses because no stator current is needed for magnetisation. In practice, however, the stator
current of the PMSM appears to be about the same as that of a 1500 rpm induction motor
drive. This is because the power factor and efficiency of both motors are about the same.
The power factor of a low speed PMSM will not be considerably larger than that of a 1500
rpm IM, if the amount of magnets is optimised to a minimum. The effect of the power
factor may thus in practice almost be neglected in practical industrial PMSM applications.
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Admittedly, the power factor and the efficiency are affected by the flux linkage reference
value selected in the drive. In DTC the flux linkage reference value is usually selected to
correspond to the no-load voltage value. The no-load voltage is normally selected to be
about 90 % of the maximum output voltage of the inverter in order to maintain some
voltage reserve for the armature reaction. In practice, this 10 % voltage reserve is often not
enough and the machine has to be driven in the field weakening at its nominal point. Higher
air-gap flux densities are also achievable by increasing the amount of magnets. To conclude
from the reasons given above it may be postulated that a PMSM, which has the same outer
dimensions and the same — or less — motor internal losses than the IM can produce an even
2.5-fold torque.

One of the remaining problems, however, is that the rotational speed of a low speed PMSM
is typically only 300...600 rpm, which is not sufficient for the standard cooling fan that
helps to remove the losses of a 1500 rpm IM. This makes it necessary to use an independent
fan.

4.2 Design of the prototype V-magnet machine

In order to improve and test the developed analytical calculations a prototype machine is
required. Applying a purpose-built prototype makes it also possible to prove that the
demanded torque can be achieved by the PMSM even if the motor frame size is kept
constant. It should, however, been considered that the prototype machine has been designed
already before the final version of the optimisation program could be finished. For this
reason its performance is not the best that might be possibly achieved regarding the fact that
it has been used the same motor frame and materials.

It is chosen for the design of the prototype machine a 45 kW, 600 rpm, IP54 permanent
magnet motor with buried V-magnets. The motor is easy to manufacture since there are no
gluing and bonding problems with the permanent magnets and besides the magnets may be
rectangular. The 45kW prototype motor has eight poles, which seems to approach the
optimal value of the pole number for the low speed PM motor.

Fig. 4.1 shows the motor magnetic circuit form. The machine consists of 11.7 kg of NeFeB
magnets, type 491a by Neorem Magnets, the remanence flux density B, at 100 °C of which
is 1.0 T and the coercive field force Hc of which is 800 kA/m. The amount of copper is
28.4 kg and both the stator and rotor laminations are made of steel material M700-50A by
Surahammars Bruk. The additional holes in the stator as well as in the rotor are helpful
while assembling.
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Fig.4.1 Structure of the magnetic circuit of the V-magnet [PM prototype

The active parts of the motor are assembled in a standard ABB IM frame size 225 shown in
Fig. 4.2. The frame is totally enclosed and fan cooled.

Fig. 4.2 Prototype 45kW, 600 rpm permanent magnet motor with an external fan.
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The other motor parameters are listed in table 4.1

Table 4.1 Parameters of the PM prototype.

Symbol Value
Frame size 225
Outer diameter Dy mm 364
Air-gap diameter Ds mm 250
Stack length L mm 270
Air-gap length fo) mm 1.2
No-Load Voltage U, AV 368
No load voltage, EMF Epm AV 351
Phases m 3
Nominal power Prom kW 45
Pole number 2p 8
Nominal speed Pnom rpm 600
Stator slots 0 48
Slot per pole and phase q 2
Stator phase resistans R Q 0.320
Wires [ mm 1.12 mm X 6
1.06 mm x 3
Winding turns Non 120 serie
N, 15 in slots
Nom. stator current 1, A 78
Load angle (nom. torque) o) ° 49.3
Power factor cosg 0.972
Nominal torque Thom Nm 715
Maximum torque T'max Nm 1360
Magnetising inductance Limg H 0.0097
Ling H 0.0215
Stray inductance Lo H 0.0081
Mass of magnets Mmag kg 11.7
Mass of copper Mcy kg 28
Current density in nom. Torque Sa A/mm’ 53

Winding see app. II

1 slot skewing in stator

The different parameters of the standard 45kW induction motor and designed PM motor are

summarised in table 4.2.

See chapter 3.6
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Table 4.2 IM versus PMSM.

M PMSM
Frame size 225 225
Speed rpm 1480 600
Pole number 4 8
Air-gap diameter mm 235 250
Stack length mm 215 270
Current A 83 78
Power factor 0.830 0.973
Efficiency,
sinusoidal supply % 94.2
Inverter supply % 93.2 93.2
(assessed value) (measured)

The number of slots per pole and phase should be reduced considerably already then if the
number of poles is more than eight. This is necessary in order to avoid that the teeth remain
too small and fragile, since this could lead to additional noise and losses.

4.3 Loss calculations and measurements

The loss calculations in this thesis are based on Richter (1963, 1967), Vogt (1996) and
Gieras (1997). The losses are divided into mechanical losses, stray load losses, iron losses
and stator copper losses. Because there are no rotor winding losses the iron losses of a PM
motor form the larger portion of the total losses compared to the induction machine.

The stator copper losses depend on the stator phase resistance R and phase current /,, which
are determined during the calculation. In this case the motor frequencies are low and round,
thin wires are used to produce the stator winding and thus no skin effect is taken into
account in the stator resistance calculations.

Py =3 RIZ

Besides the stator copper losses the mechanical losses are the loss component that is easiest
to be calculated when equations given in the literature are used. They consist of e.g. the
friction of the bearings and air (Vogt 1996)

— 2
Poear = krb D, (L +0.5 Tp) ng,

where the factor 4y, depends on the cooling system: It is for a surface cooled machine about
15Ws*/m* and for a through-ventilated machine between 8 and 10Ws*m®. This factor
consists of all friction losses for both gas and bearing losses.

In addition, ng is the motor speed in [1/s], D; is the rotor diameter in [m], L is the stack
length in [m] and 7, is the pole pitch in [m].

It is then more complicated to estimate the stray load losses and iron losses. In this thesis
the stray losses (Gieras 1997) are evaluated as a fraction of the output power.
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Pstray = kstr F out

Where the coefficient of stray losses kg, 1s for small machine (Pnom<I0kW) about 0.03...
0.05, for medium power machine (10kW<Py,,,<100kW) about 0.005... 0.01 and for large
power machine (Pyon>100kW) about 0.003... 0.005.

The iron losses are calculated by using the highest flux density variation in the teeth and
yoke, where also the armature reaction is taken into account. The iron losses in the separate
motor parts are estimated by determining the peak flux densities in the teeth and yoke and
using the following equation (Richter 1963, 1967).

3
_ 2 (fs)2 2 (s )2
Piron = kFe,y P10 By my (%) +kFe,t P1o Bz m, (%)

Where By is the flux density of the stator yoke, B, is flux density of the stator teeth, my is
mass of stator yoke and m, is mass of stator teeth. Experimental values for the coefficients
kgey and kg are used in the calculations.

The evaluation of the losses shown above is assumed to give an accurate enough loss
estimation for the optimisation procedure. However, newer and more accurate methods
have been lately developed for the calculation of iron losses in PM motors. This is
discussed in the next paragraph.

4.3.1 Calculation of iron loss in PM motors introduced in the literature

Iron losses are traditionally calculated based on the calculation of eddy current loss
components and hysteresis loss components and using the iron lamination characteristics
given by the manufacturer (Richter 1963, 1967) and (Vogt 1996).

Lately, the analytical loss calculation of different type PM motors has been a very popular
subject in the literature dealing with the subject field. E.g. Slemon (1990, 1993), M1 (2001),
Betotti (1998), Deng (1999), Tseng (1999), Polinder (2000), Lu (2000) and Soulard (2002)
treated the topic. The common traditional models that are based on the hysteresis and eddy
current losses are not completely satisfactory, because the measured iron losses are usually
much higher than those given by theoretical calculations. The calculation methods have
been developed to estimate the iron losses with sinusoidal excitation, which explains the
results obtained. For the PM motor, and especially then when surface magnets are used, the
flux variation in the tooth and yoke is trapezoidal.

Slemon (1990,1993) is one of the first authors, who investigated iron losses of permanent
magnet synchronous motor with surface magnets. He showed that the rate of change of the
flux density should be used in the eddy current loss term. His student Mi (2001) continued
to develop the iron loss model. Mi also focused on the PM motor with surface magnets. The
aim of his doctoral thesis was to develop an iron loss model for the estimation of the tooth
and yoke eddy current losses. Due to the trapezoidal flux density waveform at no load
conditions the calculated iron losses may be over 20% lower than the measured values. Mi
has divided the iron losses into four components, the eddy current losses in the teeth and
yoke as well as the hysteresis losses in the teeth and yoke.

Mi also investigated how the iron losses could be decreased. In order to get a more
sinusoidal flux density variation in the teeth and yoke, he used the magnets edge bevelling.
Bevelling reduces the teeth eddy current losses by 9.5 % and the total iron losses by 4 %
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while the total air-gap flux, magnet volume and other components are kept constant. A
similar result might be approached by shaping the magnets or by using parallel-magnetised
magnets or gradient magnetised magnets with the flux increasing from the two ends to the
centre of the magnets. The magnet width and coverage have also an effect on the stator
teeth and yoke eddy current losses. Furthermore, Mi showed in his study that the teeth eddy
current losses are proportional to the number of slot per pole and phase and thus it would be
better to use fewer but wider teeth. However, the back EMF can get a sinusoidal form only
if a greater number of slots per pole and phase is used.

Next Bertotti (1998) and Deng (1999) studied iron losses and introduced, in addition to the
eddy current and hysteresis losses, a third term, called the excess losses. The introduction of
this new component considerably improved the calculation of the no load iron loss.

Van der Veen (1997) studied the rotor losses in a high-speed 18000 rpm high-power 1400
kW PM generator. Here, the rotor losses are a big problem, because the stator currents
cause asynchronous components in the air-gap field. His study showed that the rotor iron
losses may be reduced to an acceptable level, e.g. 0.1%-0.2% of the rated power, if the
three-phase stator winding is divided into several three-phase subsystems. Later, Polinder
(2000) and Lu (2000) approached the subject and introduced calculations for the estimation
of the iron losses in high-speed PM machines. Polinder’s approach is simpler; he assumes
that the iron losses are proportional to the square of the flux density and the frequency to
the power of 1.5. This simple expression can be stated because at high frequencies the iron
losses are dominated by the eddy current and excess losses, which both increase with ¢~
Despite of this simplification a good correlation between the measurements and
calculations can be shown for frequencies above 500 Hz. Lu’s iron loss calculations are
based on FEM modelling.

Soulard (2002) recently estimated the iron losses in PM motors at load conditions. She
mentions that along with the eddy current and hysteresis losses it should be considered also
the excess losses, the leakage flux, the minor hysteresis loop and the rate of change of the
flux densities caused by the PM magnetisation and armature reaction in different parts of
the stator. Soulard’s model works well if no high saturation occurs in the motor. The model
takes also into account the non-symmetrical flux variation in the teeth and yoke due to the
armature reaction, which makes it suitable to estimate iron losses more accurately.

4.3.2 Measurement of the efficiency

The efficiency measurements are done at motor mode. The laboratory test drive consists of
the prototype magnet synchronous machine supplied by a voltage source inverter, the DC
load machine with a 4-quadrant drive and a torque transducer (Magtrol TM 215) with
flexible couplings between the machines. The PM motor is driven by an ACS600 type DTC
inverter (ABB).

In the efficiency test the motor currents, powers and voltages are measured with the
Yokogawa PZ 4000 power analyzer. The output mechanical power is calculated based on
the measured speed and torque. The motor is loaded with nominal load until the
temperature rise is normalized. The 93.2% efficiency is then calculated from the input and
output powers at the nominal point with 600 rpm and 45kW.
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Fig. 4.3 Laboratory test set-up with DC machine and DTC inverter.

Next the motor is rotated at different speeds from 75 rpm to 600 rpm and with a 25, 50, 75,
100 and 125% torque. Fig. 4.5 figures the measured efficiencies. It shows that 93.1%
efficiency is achieved at the nominal point.
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Fig. 4.4 Measured efficiency of the V-magnet motor at different loads and speeds. A DTC frequency
converter with average switching frequency of about 3 kHz is used.

The efficiency of the IM motor having a frame of the same size and with a sinusoidal
supply is 94.2 % at the nominal point, which is slightly better than the efficiency of the
designed PM motor. With an inverter supply the efficiency of the IM is reduced to about
93.2% at nominal load, which is exactly the same value as achieved with the PMSM
prototype at the nominal point. When actually applied the efficiency of the IM drive is also
depending on the efficiency of the mechanical gear-box, about 99%, from which follows
that the total efficiency is about 92.3%.

4.4 Calculated Fluxes

The air-gap flux is an important parameter, if the motor is modelled by means of an
analytical method: the precision of the back EMF and the number of the winding turns
depend on the estimated air-gap flux. The analytical calculation of the air-gap flux is based
on the reluctance circuit as it is shown in chapter 2. Flux 2D™ calculates the air-gap flux
using at least three element layers in the air-gap and calculating the flux over the contour
line in the middle of the air-gap. FEM gives for the air-gap flux the value 0.0171 Wb and
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the analytical calculation gives as a result 0.0173 Wb for the prototype PM motor, if the
similar remanent flux density B,=1.05T and permeability fpv=1.1 of the permanent
magnets is used. In the analytical calculation the air-gap flux density depends on the air-gap
flux as well as on the effective width of the air-gap area. The width of the air-gap area is the
width of the pole where the flux crosses the air-gap between two magnets. FEM gives a
flux density of 1.02 T and the analytical calculation a flux density of 1.03T.

4.4.1 Comparison of analytical and FEM calculation

The flux [Wb] is used to compare the calculation results of FEM with the analytical
calculations in different areas of the reluctance net. The comparison is made for no-load
condition. Fig. 4.5 shows the reluctance network and the different parts where the
comparison is made.

R R

R R, R, Ry Stator yoke
L I L L

s3 s2

R4 Ry Ry, I R, Ry, Ry Ry Stator teeth

I R Air-gap

+ R, F Roy #Rc
| Magnets

Fig. 4.5 Comparison of analytical calculation and FEM calculation in different parts of the motor.

It is difficult to compare the air-gap flux and the stray fluxes around the magnet ends
because in the FEM calculations the areas of the air-gap and the stray fluxes are to some
extent unclear or undefined. Table 4.3 shows that the difference between the FEM and
analytical calculation is satisfactorily low when comparing the flux through the magnets
and the air-gap.

Table 4.3 Fluxes in different parts of the machine

Flux through Analytical FEM Difference
method method [%]
Permanent magnets Dont 0.0220 0.0226 2.7
Stray flux D 0.0016
D3 0.0032
Air-gap D5 0.0173 0.0171 1.2
Stator teeth @, 0.0045 0.0042 6.7
@, 0.0040 0.0038 5.0
D, 0.0023 0.0023 0
Stator yoke D, 0.0023 0.0021 8.7
D, 0.0063 0.0059 6.3
Dy 0.0086 0.0081 5.8

) with stray fluxes
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4.4.2 Axial leakage flux

Thelin’s (2002) calculations for a V-magnet motor show that the air-gap flux density may
decrease dramatically (even by 7.9%) due to the axial leakage flux. Therefore, interesting
calculations were carried out to verify how much the air-gap flux and induced voltage
would be reduced in the 45kW prototype machine, if 3D calculations are applied. A three-
dimensional FEM calculation was performed with Flux3D™ by M.Sc. (Tech.) Asko
Parviainen at LUT. The 3D geometry and the mesh of the prototype machine are shown in
Fig. 4.6.
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Fig. 4.6 Motor geometry and mesh in 3D computations.

Because of the meshing it is hard to compare 2D with 3D FEM calculations. In 2D
calculations a very detailed mesh may be normally used and the construction may contain
also small details such as air-gaps around the permanent magnets, which describe e.g. the
glueing and tolerance space. Also the air-gap region may be modelled using a tighter mesh
to get reliable calculation results. In 3D calculations the mesh is composed of much larger
elements in order to reduce the calculation time to an acceptable level. In order to make the
comparison between 2D and 3D calculations as reliable as possible, both calculations are
made without 1 mm tolerance air-gaps around the magnets. Fig. 4.7 introduces the air-gap
flux density waveforms of 2D and 3D FEM calculations.
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Fig. 4.7 Air-gap flux density waveforms of the prototype PM motor made with a) 2D FEM calculations and b)
3D FEM calculations. The Fourier analysis is made using the Matlab program and the 3D calculation result is
taken on the middle of the rotor axial direction.

If the Fourier analysis is made for both curves, the peak value of the fundamental air-gap
flux density is 0.99 T for 3D and 1.06 T for 2D. The flux through the air-gap is for 3D
0.0166 Wb and for 2D 0.0173Wb. In both calculations a similar permanent magnet material

is used, where B,=1.05 T and fpy = 1.1 and the temperature of the magnets is assumed to
be 80°C.

4.5 Back EMF

The induced voltage is measured with a cold machine at 23 °C and with nominal speeds
without load. The PM machine is driven as a generator by means of a DC machine
illustrated in Fig. 4.3. The induced voltages are then measured with an oscilloscope
(Tektronix THS 720) and plotted in Fig. 4.8. The same figure shows also the calculated
fundamental and harmonic content of the voltage waveform.
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Fig. 4.8 Measured induced voltage waveform and calculated harmonic contents of the prototype machine
from the measured voltage.

The analytical calculation gives the back EMF value 347 V, which corresponds to the
permanent magnet temperature about 100°C, at which B, is 1.05T and permeability ffpyv is
1.05. The calculation is also done for 25°C, at which B, is 1.1T and t&y is 1.05, and then
the back EMF gets the value 360V. This is in fact a very good result compared to the

measurement value 355 V. The induced voltage waveform is also approaching the
sinusoidal form.

The back EMF was also calculated with FEM. The calculations were performed for the
prototype machine in D-connections. At a temperature of 25°C, at which B; is 1.1T and fpy
is 1.05, the back EMF gets the R.M.S value 358V.
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Fig. 4.9 Back EMF of the prototype motor with magnet temperature 25°C.

The motor stator winding is delta connected, which probably is a mistake. (D400/Y690 V,
ACS 600 is supplied from a 400 V grid). In delta connections significant circulating
currents may occur, if the third harmonic of the induced voltages is not fully eliminated.
This may cause noise, additional losses, torque ripple and saturation (Nipp 1999). This is a
phenomenon that can cause e.g. a slight variation in different phase resistances.

4.6 Torque by analytical calculations, FEM calculations and measurements

The requirement set is that the motor should produce the 715 Nm nominal torque and the
maximum torque should be at least 1.6 times the nominal torque. The following figure
represents the measured and the calculated steady state torque as a function of the load
angle.
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Fig. 4.10 Measured torque as a function of the load angle (solid black line) and the FEM calculation (dotted
black line). The torque of the analytical calculation without saturation: grey line and the torque of the
analytical calculation with saturation: grey dotted line.

The analytical calculations, FEM calculations and the measurement show clearly that the
demanded torque can be achieved.
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4.7 Estimation of the temperature of the PM motor

Even though the estimation of the temperature of the prototype motor has been based
mainly on the loss calculation the temperatures were estimated also in different parts of the
motor. The aim was to insure that the temperature of the permanent magnet material would
not increase to a too high level (>150°C). The temperature calculations are based on the
work of Lindstrom (1999) and Grauers (1996). Both authors estimate the temperatures in
different parts of the PM motor with a thermal network model. Lindstrom’s model is,
however, much simpler and the temperatures are calculated only for the critical parts of the
motor. In the present thesis the method is modified for permanent magnet motors with
buried V-magnets. Simultaneously El-Refaie (2002) has also developed a modified thermal
model for the multi-barrier interior permanent magnet machine. His work is also based on
Lindstrom’s work.

The thermal lumped parameter model modified for the V-magnet motor is shown in Fig.
4.11.

Teeth

Rth2

Rth6
.

Rth7

Coolant Frame

-
Rthl

Pole shoe End windings

Rthll
Bearings

Magnets

RthS
.

Fig. 4.11 Thermal network for the permanent magnet motor with buried V-magnets.

The lumped parameter model consists of thermal resistances and nodes. The nodes
represent a specific part of the motor, in which the temperatures are calculated. These parts
are the frame, the stator yoke, the stator teeth, the pole shoes, the permanent magnets, the
stator coils, the end windings and the bearings. The thermal resistances connect the node
points together. The definitions of different thermal resistances are complex and often
impossible to define analytically. For this reason empirical investigations are needed for
that kind of modelling (Lindstrom 1999). Thermal resistances consist of thermal resistances
of different areas and of the conductive resistance between different materials. They are
defined by using the assumptions of heat flow direction and by calculating the
measurements of the different areas and heat conductivity factors. The calculated
temperature variation for the prototype machine is shown in Fig. 4.12.
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Fig. 4.12 Temperature variation of the PM motor prototype with V-magnets.

The end winding is the PM motor part having the highest temperature. However, the
permanent magnets form the most critical area because, if NdFeB magnets are used, the
temperature of the magnets may not exceed 150°C. The temperature measurements gave
120°C for the hottest place in the end winding and 70°C for the stator yoke. The
corresponding values for the calculations were 105°C and 60°C. Here, the calculations were
only made to get a rough estimation of the permanent magnet temperature. Therefore, more
calculations, measurements and empirical investigations would be needed to verify the used
thermal network.

4.7.1 Temperature measurements

During the temperature measurements the motor was running at rated load over 7 hours and
the temperature was measured at nine different places in the windings and stator frame. The
measurements were carried out with 550 rpm and at nominal torque 716 Nm to test if the
motor could cool down by means of its own fan only or whether an external blower would
be needed. At first, the motor was equipped only with a standard 1500 rpm fan attached
onto the shaft. After the winding attained the temperature of 140°C, an external blower got
started to ensure nominal the cooling air streaming along the motor cooling fins.
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Fig. 4.13 Results of the heat load test, when the motor is loaded with 716 Nm at 550 rpm. Time is given in
minutes.
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Both the heat load test and the torque measurements prove that the desired 45kW power is
achieved, but an external blower is needed. The points at which the motor temperature has
been measured are listed in Table 4.4.

Table 4.4 Temperature measurement channel markings.

Channel Location

CH2 U-coil (N-end)
CH3 V-coil (N-end)
CH4 W-coil (N-end)
CHS5 U-coil (D-end)
CHG6 V-coil (D-end)
CH7 W-coil (D-end)
CHS8 Middle of stator frame
CH9 End shield for D end

As expected, the highest temperatures are measured out in the end winding coils at the D-
end.

4.8 Short circuit

Three-phase short circuit calculations were performed for the prototype V-magnet machine
to investigate the demagnetisation risk of permanent magnets. These calculations were done
using Flux2D by Lic.Sc. (Tech.) Jussi Huppunen at LUT. The calculations were made with
NEOREM 495a permanent magnets. The short circuit currents are given in appendix III.

The calculations show that in a 3-phase short circuit the flux density of the permanent
magnets can locally be decreased to negative values. At the upper end of the magnets the
flux density decreases to 0.2T in negative direction as it is shown in Fig. 4.14. The highest
opposite flux density values 0.6T are found in the lower ends of magnets.

Fig. 4.14 Partial demagnetisation possibility of the permanent magnets during a 3-phase short circuit.

The demagnetisation curve of NEOREM 495a permanent magnets at temperatures of 80°C,
100°C and 150°C is shown in Fig. 4.15.
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Fig. 4.15 Demagnetisation curve of Neorem 495a permanent magnets.

The demagnetisation point lies there, where the coersive force H, and the intrinsic coersive
force Hj. meet each other (Aittoniemi 2002). For Neorem material 495a this means that at
room temperature the demagnetisation occurs only then, if there exists a very high negative
flux density in the magnet materials. If it is assumed that the temperature of the permanent
magnets is 80°C during a 3-phase short circuit, demagnetisation occurs only, if the flux
density decreases under about —1.0T in the magnets. If the temperature of the magnets is,
however, increased, demagnetisation at 150 °C occurs already with —0.2 T.

The calculated normal load temperature in the permanent magnet material is about 100 °C
(see Fig. 4.12). Thus, in this case demagnetisation during a three-phase fault seems to be
impossible.

4.9 Comments and suggestions

The result aimed at is the designing and manufacturing of a 600 rpm PM synchronous
motor to replace the 1500 rpm induction motor in 45kW applications. In that case, the
PMSM must produce a torque that is the 2.5 fold and an efficiency that is the same as that
achieved with the IM. The prototype fulfills the determined demands; it achieves a 93.2 %
efficiency in inverter applications, a 715 Nm nominal torque and at least a 1.6-fold
maximum torque. But, a 1500 rpm external blower is needed to cool the motor in Sl
applications.

The manufacturing of the prototype was done before the final optimization results were
obtained. While testing the machine it can be concluded that the motor version should be
slightly optimised. The more effective structure must have flux barriers at the magnet ends
to decrease the need of magnet material and tighter end winding to increase the efficiency.
In the improved version of the PM motor the stator winding should be star (Y) connected
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instead of delta (A) connected in order to achieve a smoother torque (Nipp 1999). The end
winding of the prototype appears to be unnecessarily long. Shortening the over 8.5 cm long
end windings by 2.5 cm can reduce the stator resistance. This again may contribute to
obtaining a better efficiency and on the other hand, causes that the stack length may be
made 5 cm longer. A longer rotor needs less magnet material to produce the same
maximum torque. Designing flux barriers at least in the lower part of the magnets is,
however, the most appropriate solution for reducing the magnet material cost, because the
leakage flux around the magnet ends can thus be decreased. The power factor 0.972 is
probably set unnecessary high. Using a lower power factor may reduce the need of magnet
material and thus the manufacturing cost of the motor. Allowing higher flux densities in the
stator teeth and yoke might possibly increase the slot area. From this may result that both
the copper losses and current densities can be kept lower without causing a considerable
increasing of the stator iron losses by relatively low speeds.

Table 4.5 shows calculation results for possible improved prototypes.

Table 4.5 Calculation results of the prototype machine and the improved motor.

Prototype Improved Improved
motor 1 motor 2
Efficiency % 93.03 93.8 94.3
Max. torque/nom. torque 1.9 1.88 2.07
Power factor 0.972 0.92 0.9
Current density A/mm’ 53 4.9 3.5
Resistance Q 0.320 0.238 0.160
Current A 78 83 &3
Back EMF Epy \Y% 351 317 315
Winding turns in slot N, 15 15 12
Magnets kg 11.7 9.5 10.5
Stack length mm 270 240 320
End winding overhang mm 85 60 60
Air-gap diameter mm 250 250 250
Air-gap flux density T 1.03 1.01 0.936
due to magnets
Flux density in the teeth T 1.66 1.70 1.69
Flux density in the yoke T 1.53 1.61 1.62
Fill factor of empty slot 0.571 0.572 0.576
Isolated slot fill factor 0.667 0.663 0.660

The calculation results for the improved motor 1 show that the efficiency of the prototype
motor can be improved using greater slots, a decreased end winding length and a shorter
stack length. Due to the increased slot area the current density is reduced and this improves
the motor cooling. Because of the flux barriers and lower power factor the demanded
maximum torque can be achieved with a shorter stack length and with thinner magnets,
which remarkably (19%) reduces the needed amount of magnet material.

A very good efficiency is obtained using greater slots, a longer rotor and decreased end
windings, which is proven in the calculation results for the improved motor 2. Because the
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stack length is made longer (from 270 mm to 320 mm) the demanded torque is produced
with a decreased air-gap flux density. This means that the slots have more space and the
copper losses are reduced remarkably and this, at the same time, leads also to a very low
current density. Also the winding turns could be reduced, which decreases the stator
resistance improving thus the efficiency. More magnet material is required than for the
improved motor 1, still compared to the prototype the needed amount of magnet material is
reduced by over 11 %.

According to the results of this study the PM motor with a reduced speed can compete
successfully with the IM with gearbox. However, a relatively large amount of magnet
material is needed to achieve the demanded tight performance. This increases the cost of
the motor, but on the other hand offers several qualities such as a high efficiency, an
increased power factor and a maintenance-free system without gearbox and encoder. These
are properties that make the PMSM drive an economical alternative in the long run.
Selecting a longer stator stack length for the PM motor helps to avoid too high current
densities. At the same time the motor cooling is improved since the heat-conducting surface
in the motor increases. A longer stack length can be achieved applying a higher pole pair
number than for the IM. Larger pole numbers reduce also the space required for the end
windings.
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5. Calculation of permanent magnet synchronous motors

Present-day power electronics make it possible to select the nominal frequency of a low
speed, high torque machine without limitations. In many applications the nominal
frequency 50 Hz appears to be invalid. Since the PMSM is usually not designed for
network use at all, it is a task of optimising to select the frequency and other parameters of
the PMSM during the process of designing.

5.1 Introduction to the calculations

Because of the numerous different variables and parameters varying over wide ranges, the
optimisation of the motor in general is a demanding and complicated task. Considering this,
optimisation also depends on the purpose of the designed motor, on the goal of optimisation
and on the optimisation constraints. For these reasons, determining the global point of
optimisation at which all parameters have their maximum or minimum values coexistent
usually appears impossible. It may, however, be successfully sought for a local optimum at
which one or only some of the optimisation goals have their maximum or minimum values.
Object of optimisation could be e.g. increasing the efficiency, achieving the highest
maximum torque or the biggest power factor, or designing the cheapest motor construction.
These are, however, goals that may never be reached simultaneously. Optimisation
constraints are e.g. temperature limits in the magnets and windings, maximum current
densities, maximum magnet flux densities in the stator teeth and yoke, minimum power
factor and maximum efficiency, maximum cost of the magnets etc. Consequently, as
different objects and constraints of optimisation are concerned, calculations will bring as a
result the designing of different motor constructions.

The optimisation constraints should be selected carefully because they determine in a
considerable way the properties of the motor. They must be chosen with the purpose that
comparison between different constructions can be done as close as possible. It should be
noticed that one of the optimisation constraints might also be an object of optimisation and
vice versa.

It has been proven in this study that in low speed applications the 600 rpm permanent
magnet motor can replace a 1500 rpm IM motor with gearbox and with the same frame
size. The first constraints of the PM motor may thus be appointed: the outer diameter
should be equal to that of the IM and the stator stack length plus the end winding length
should be fitted short enough according the IM housing. Because of its greater pole pair
number the PM motor can have a higher air-gap diameter and also the active stack length of
the rotor can vary slightly according to the air-gap diameter and pole pair number.

In optimisation calculations the pole pair number is given values between 2 and 14. A
smaller pole pair number requires more magnetic material to achieve the demanded torque
and a larger pole pair number causes an exceeding of e.g. the mechanical constraints. While
depending on the chosen frame size and pole pair numbers the stator slot per pole and phase
number varies from 1 to 5. A low slot per pole and phase number brings a heavily distorted
MMF wave-form of the stator, which may cause a torque ripple. Therefore, a higher slot
per pole and phase number should be preferred to the lower ones. However, with a greater
pole pair number the value ¢ = 1 is the only possible integer, because with a higher slot per
pole and phase numbers the teeth and slot widths become too thin and fragile. It should be
mentioned that fractional numbers for ¢ may be used but such windings are left out of this
study for reasons of simplicity.
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The initial value for the width of the teeth and yoke is defined by the maximum flux
densities in the teeth and yoke. The maximum flux densities are chosen quite large since in
low frequency machines the iron losses are typically lower than the copper losses and it
may be obtained slightly better values for the efficiency by making the slots larger.

According to Vogt (Vogt 1996) the flux density of the teeth in a well designed salient pole
synchronous machine is between 1.6...2.0 T and the flux density of the stator yoke is
between 1.0... 1.45 T. Considering the high pole numbers and low frequency higher flux
densities can be accepted, since then it is possible to increase the slot area. Increasing the
slot area causes higher iron losses, but these are usually compensated with lower copper
losses, thus the efficiency can be increased. Not only the flux densities but also some
geometrical constraints produce an effect on the slot dimensions. The practicability and
durability of the motor construction is depending on these geometrical constraints avoiding
that the stator yoke or teeth do not become too thin, which would weaken the whole
structure. For example, the stator yoke must be at least half the height of the slot, although
by greater pole number the yoke could magnetically be much smaller. Also the stator slot
width is defined constrainedly; it must be at least 0.15 times the height of the slot but not
higher than half the slot height. The width of the teeth is required to be at least 30 % of the
slot pitch in order to get them rugged enough. (Bianchi 1997, 1998)

The thickness /, and width /, of the permanent magnets depend on the power demanded
and on the dimensions of the pole shoe. In V-magnet motors the thickness and width of the
magnets are variable and should be measured with respect to the pole shoe constructions
and dimensions so that the magnets can be easily located to the poles: at the bottom of the
magnets there should be at least 2 mm distance between two magnets and the distance from
the upper ends of the magnets to the air-gap has to be at least | mm. These measurements
are to ensure that the iron bridges are large enough to maintain the mechanical strength of
the rotor.

In the SPM the magnet width /, is chosen so that it is about 0.7 the pole pitch to ensure that
the contiguous magnets do not short-circuit. Because of the cogging torque the magnet
width should fulfil the following equation (Gieras 1997).

3607

(k +0.14)

p=— L 1)
90

Where £ is an integer number 1, 2, 3... and Q is the number of slots.

The practical maximum value for the current density is in case of a totally enclosed fan
cooled synchronous motor at the nominal point smaller than 6.0 A/mm’ (Vogt 1996). The
ratio of the maximum torque per nominal torque should be at least 1.6 to make the motor
suitable e.g. for paper industry applications where a jerking of the torque can appear. This
1.6-fold crest torque is also normally demanded by the international standards, such as IEC
34.

The air-gap length of the IM should be small. In some cases the optimal air-gap selection is
limited due to mechanical reasons. Normally the air-gap should be at least 0.2 mm. Despite
the fact that a large air-gap length causes a high magnetising current and a lower power
factor it is in some cases necessary to increase the air-gap length from its mechanical
minimum in order to find the highest efficiency for the machine. The magnetisation in the
PM motor is mainly caused by the permanent magnets and thus the effect of the air-gap
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length on the power factor is not that crucial as it is in the IM. Consequently, the air-gap
length of the PM motor may be set longer than that of the induction motor. The air-gap
length in small industrial machines lies between 0.5 mm and 1.5 mm depending on the pole
pair number of the motor, the diameter, flux density and linear current density. (Vogt 1996)

A
8 =0.450, (5.2)

Bs
Where 7, is the pole pitch, 4 is the linear current density and Bsis the total flux density in
the air-gap.

Some of the parameters are kept constant to simplify the optimisation. For example, the slot
opening s as well as the slot heights y, and y., represented in table 5.1, are motor
dimensions that remain constant.

Table 5.1 Constant parameters
Constants Symbol | Value
Slot opening s 2.2 mm
Slot height 2 2 0.6 mm
Slot height 4 Va 1.0 mm
Slot 1solation k; 0.5 mm
thickness
Slot filling factor ke 0.67 mm

The constant filling factor is calculated from the slot without isolation ks,.

A .
kfz - WIresS (5.3)

Aslot - Aisolation

The other filling factor ks defines the wire area per empty slots and can vary. Its value is
normally much lower than kgp.

kfl - Awires (54)
Aglot

Furthermore, it is possible to select some of the optimisation goals and constraints to be
constant in different optimisation calculations. After e.g. the effect of the pole pair number
on the efficiency or torque is determined, the amount of magnets can be kept constant.

5.1.1 Calculation procedure

The optimisation procedure is based on the tabulation method, which is one of the direct
search methods (Gieras 1997). It is assumed that the minimum or maximum is located in a
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known region. By means of this method the region in which the optimal motor is to be
located can be estimated and is coated with a grid, as it is shown in Fig. 5.1. The grid is
indicated with a grey point at every point of the region where the design of the motor could
be performed.

® ® g%ﬁ

© © o o
1. cycle 2.cycle 3.cycle e n. cycle
Fig.5.1 Progression of the motor calculation in finding the optimal construction.

The calculated motors are illustrated with grey points and the best combination is shown
with a black point. If the boundary conditions are not fulfilled in the motor indicated as
optimal, the next best will be selected and so on until the motor is acceptable. The next
calculation cycle is directed to the area in which the most suitable motor has been pointed
out and this area is then surrounded with a tighter grid. If the optimal motor is placed on the
edge, calculation is performed over the original region.

Practical application shows that this method is not very effective. Quite many cycles are
needed to achieve the optimal point and, besides this, the method is sensitive to the initial
parameters. The first region should be calculated large enough to ensure that the optimum
lies in the region or at least very near to the region. The method is, however, easy to use
and the boundary constraints can be taken into account in the calculations. A large amount
of variables are to be considered along while optimising a motor construction. The method
described above appears to be suitable enough — despite of its shortcomings — to deal with
the task.

5.2 Effect of the pole pair number

The pole pair number is a most important motor parameter since it considerably affects the
other parameters. At high speeds the pole number should be low to avoid the large iron
losses in the stator and to limit the switching frequency and losses in inverter applications.
At low speeds the iron losses are normally not a problem and a higher pole number is
preferred especially when a smooth torque is wanted.

In some cases it may be recommended a higher pole number in relatively slow speed
applications to reduce the required thickness and the mass of the stator yoke. This facilitates
a larger air-gap diameter, which again has as a result that

* More torque is produced at the same outer diameter

* A shorter end turn of stator windings is possible, which increases the efficiency
* A smoother torque is achieved

* The synchronous inductances are decreased, which may increase the torque

* A larger amount of poles decreases the demagnetization risk of the magnets
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The following study investigates and compares the influence of the pole number on the
motor efficiency, the torque and power factor of the IPM and SPM in 45kW and 600 rpm.

Calculation is performed varying only three parameters at the same time. The varying
parameters for the IPM are the magnet thickness /,,, the magnet angle a, and the air-gap
diameter Dg

The iron bridges are to be at least 2 mm but not more than 2.1 mm and must be fitted
correctly by calculating the magnet width /, and by locating the magnets. This is an
iterative calculation, which makes the V-magnet calculation more complex and slower than
the calculation of the SPM. The iron bridges determine the permanent magnet flux leakage.
In future research the strength of the iron bridges should be examined carefully in order to
achieve the optimal iron bridge dimensions: the smaller the iron bridges are made the less
the permanent flux leakage remains and the more fragile the rotor construction appears. The
variables for the SPM are the magnet thickness, the magnet width and the air-gap diameter.
However, according to eq. (5.1) the magnet width can have only certain values. Variable k
is to be chosen with the purpose of achieving for Sthe value nearest to 0.7.

Slot dimensions are also calculated iteratively from the air-gap flux density taking into
account the outcome that the flux densities in stator teeth and yoke may not exceed the
given maximum flux density values. The motor length is a function of the pole number and
the air-gap length: if the pole number increases the end turn needs less space and the motor
stack length can be increased. But, if also the air-gap diameter increases the end turn needs
more space in the axial direction, which again decreases the stack length. Calculations are
done for pole numbers from 4 to 14 and for slots per pole and phase number from 1 to 5.

The process of calculating was carried out first to optimise the efficiency until the value of
93.2% could be achieved. Sometimes, it is not possible to reach the demanded efficiency.
Optimisation is stopped, when the efficiency does not change more than 0.2% in an
iteration round. If the efficiency could be attained the second optimisation is to be done for
the magnet material with the end of achieving the required efficiency with a minimum
amount of magnet material.

The back EMF Epy was initially set to be 0.9 times the voltage U, which gives about 368 V
for the inverter drive. The lower back EMF was chosen for two fundamental reasons:
firstly, it keeps the motor flux linkage small enough to maintain the motor nominal flux
linkage at its nominal speed (no field weakening before the nominal speed) and, secondly,
it allows the reducing of the amount of permanent magnet material. Because the question of
the permanent magnet material cost is of most influential importance, also lower power
factors are considered in the study. The current density maximum is selected to be 6
A/mm’. The winding turns should be an integer, which means that e.g. the back EMF, base
speed, current density, efficiency and power can vary only in discrete steps and the
optimisation lines are not smooth. To decrease the necessary rounding the amount of
parallel current paths a are also varying.

With present-day permanent magnet materials the air-gap flux density may reach
remarkably larger values in the IPM construction adopting the flux concentration technique
than in the SPM construction. However, the heavy armature reaction in the quadrature axis
partly cancels the effects of the high no-load flux density of the IPM construction. The
results of the optimisation processes are given in the following. Firstly: Fig. 5.2 describes
one of the most interesting results, the variation of the nominal load efficiency as a function
of the pole pair number.
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Fig. 5.2 Efficiency 77 of 45 kW, 600 rpm IPM and SPM as a function of the pole pair number p.

Because of the high air-gap flux density and, accordingly, fewer winding turns of the IPM,
the IPM construction brings clearly a better efficiency than the SPM construction.

In induction machine use the totally enclosed fan cooled frame 225 is capable of
transferring about 3.5 kW heat out of the machine. This means an efficiency of 92.7 % at
45 kW output power. It is obvious that the calculated 6-, 8- and 10-pole IPM machines may
replace the four-pole IM, if it would be possible to maintain the same cooling conditions. In
case of a surface mounted machine type replacement can be done only if 8 poles are used.
The amount of permanent magnet material needed in different constructions is shown in
Fig. 5.3.

E 21
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g 17
= 15.16
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13.81
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Fig. 5.3 Need for magnet material for the 45 kW, 600 rpm IPM and SPM as a function of the pole pair
number.

The SPM machine requires considerably (3 ... 32 %) less magnet material than the IPM
machine. However, the efficiencies obtained do not fulfill the original target to produce a
PMSM having a same amount of losses as the 45 kW, 1500 rpm IM. The frame is not
capable of cooling the machine. This shortcoming especially concerns the SPM machine. If
reducing of the amount of permanent magnet material is required more efficient cooling
methods are needed and a lower efficiency as a result must be accepted.
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The current densities in the designed motors are shown in Fig. 5.4. It proves that the higher
efficiency of the IPM causes also a lower current density.
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Fig. 5.4 Current density for the 45 kW, 600 rpm IPM and SPM as a function of different pole pair numbers.

The torque production of both the IPM and SPM is high and increases by increasing the
pole number. A large pole number may also cause a growing of the air-gap diameter. This
increases the power capability, Fig. 5.5.
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Fig. 5.5 Maximum output power for the 45 kW, 600 rpm IPM and SPM as a function of the pole number.

Here, only the electrical limit of the maximum power is estimated. It should be noticed that
the electrical limit of the maximum power is not the same as the thermal limit of the
maximum power.

A more suitable power factor may be the reason for the lower copper losses of the IPM:
Fig. 5.6 shows that due to its better power factor the IPM has an about 10% lower current at
a lower pole number than the SPM.
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Fig. 5.6 Power factor and current as a function of the pole pair number in cases of 45 kW, 600 rpm IPM and
SPM. Currents are marked with dotted lines and power factors with solid lines. “0.9” means that the back
EMF is 0.9 times the stator voltage.

In the following paragraph the power factor of the SPM and IPM is studied more in detail.

5.2.1 How does the power factor depend on the pole number?

The angle ¢ between voltage and current vectors specifies the power factor cosg. The
power factor of a permanent magnet motor is easy to set near unity. However, a smaller
power factor may offer a better solution, because as a result, cheaper magnets can be used
without decreasing the other motor performances too much.

The load angle indicates e.g. the angle between voltage vector us and the g-axis. To
estimate the direction of the current and voltage vectors, the motor inductances, the load
angle and current components must be known.

\ .
q-axis

d-axis
>

Fig. 5.7 Diagram showing the current and voltage vectors of the PM motor. Here, the load angle is right only
if the stator resistance is insignificant

The inductances of the IPM and SPM decrease with an increasing pole number. This is easy
to understand, because the inductances depend on the inverse of the pole pair number, the
pole pitch and the square of the amount of winding turns.

1
lmd,q :f(parpaNsh] (5.5)
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The winding turns are sensitive both to the frequency and the air-gap flux created by the
permanent magnets

S

Nop = f(i,wa,pMJ- (5.6)

Both the direct and quadrature axis reactances depend on the inductance and frequency.

2
1 1
xd,q:f s’lmd,q):f fs’;’Tp’(T%’PMJ
S
11
*d,q :f[TS’;’Tpa((”J,PM)zj (5.7)

By increasing the pole number the quadrature reactance of a salient pole PM motor
decreases quicker than the direct reluctance, which causes a decreased saliency at higher
pole numbers.
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Fig. 5.8 Reactances of the SPM and IPM machine. The direct axis reactances decrease relatively slowly as a
function of the pole pair number, as a consequence of which the quadrature reluctance of the IPM drops down
remarkably as the pole pair number increases from 2 to 5.

The decreasing direct axis reactance reduces the load angle of both the salient pole and non-
salient pole machine. In examining the power angle equation of a non-salient machine the
decreasing of the power angle can easily be defined. The equation is solved for p = pnom =
1, us=1 and epm = 1 p.u. and the stator resistance is assumed to be zero.

sin &, gpy = {Mj = f(xq) (5.8)

mug epm

While increasing the pole number, the reactance will increase and the power angle will be
reduced. In a salient pole machine the pole angle is dependent also on the reactance
difference.
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. 1 1
8in 20y = _f(Prel) ==fl—— (5.9)
xq Xd

With unity saliency ratio the reluctance torque and the reluctance part of the load angle is
zero. With lower pole numbers the saliency reaches its maximum and the reluctance power
at low power angles is negative depending on the rotor construction. Then, the load angle of
the IPM is much greater than the load angle of a similar SPM.

Oa1PM = Oa8PM * Orel (5.10)

In the case of the IPM large pole numbers cause a decreasing saliency ratio. This means
that the load angle of the IPM approaches that of the SPM as it is shown in Fig. 5.9.
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Fig. 5.9 Load angles of the 45 kW, 600 rpm IPM and SPM. Because of the decreasing saliency ratio the load
angle of the IPM decreases considerably. The slight decrease of the SPM depends on the decreasing of the
direct axis inductance.

The direction of the current vector depends on the magnitudes of the current components ipg
and i If the stator resistance is negligible and the back EMF epy and voltage us are
supposed to be the same and stay constant at unity value 1 p.u., then the currents can be
estimated by the following equations:

o, - o, -1
~igq = Us COSCa “E€PM _ €OSCa 71 _ f(cosda -1, lj (5.11)
Xd Xd Xd

Because the reactance decreases with an increasing load angle, both 1/x4 and cosd, terms
increase, causing an increasing d-axis current i,4 from the negative to the near zero current.

_ugsing, _ sing, _

=f sinda,L (5.12)
q Xq

laq

X, X,

q

In the case of the SPM the decreasing sind, term and the increasing 1/x4 term cancel each
other out, as a consequence of which the quadrature axis current stays nearly constant with
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the increasing pole number. For the IPM the situation is, however, different, because the
saliency changes with the increasing pole number. Then, also the reactance x4 decreases
faster than it does for the SPM causing the increased quadrature axis current as a function
of the pole angle.
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/_
-0.5
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-1
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Fig. 5.10 Stator current components of the IPM and SPM. The direct axis currents increase from negative to
near zero currents as a function of the increasing pole pair number. The g-axis current of the SPM stays nearly
constant, while the g-axis current of the IPM increases with the growing pole pair number.

It may thus be shown that the power factor is a function of the load angle and current
components.

cos@ =cos| 0, + atan_'l—ad (5.13)
faq

The power factor of the SPM stays nearly constant when increasing the pole number. This
is a result of the fact that both the load angle J, and current components i,q and i,q change
only slightly or not at all as Fig. 5.8 and 5.9 illustrate. With small pole numbers the power
factor of the IPM is near to unity depending on the back EMF values, but it approaches the
value of the similar SPM with larger pole numbers p > 6. See Fig. 5.5.

5.3 Effect of the back EMF in the IPM

This chapter evaluates the influence of the back EMF. Calculations were performed for an
IPM with 6 poles, 600rpm speed and 45kW power. The slot per pole and phase number ¢
varies between 3 and 4. The torque is kept constant so that the maximum torque per
nominal torque is about 1.6.

Fig. 5.11 illustrates how the power factor depends almost linearly on the back EMF Epy in
the case of IPM. The current decreases as a function of the increasing power factor.
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Fig. 5.11 Back EMF, current and power factor of 6-pole 45 kW, 600 rpm IPM machines as a function of back
EMF. The solid line describes the behaviour of the power factors and the dotted line the behaviour of the
currents. The grey lines are calculated for the number of pole and phase 4 and the black lines for number 3. In
the Figure the back EMF corresponds to a Epy=0.75...0.99U..

More magnet material is required with a higher power factor, shown in Fig. 5.12.
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Fig. 5.12 Need for magnet material for a 6-pole, 45 kW, 600 rpm IPM machines [PM.

Due to the decreasing stator current it may be supposed that also the copper losses decrease.
Thus, the efficiency should grow with a higher Epy value. Because the flux densities are
kept constant 1.74 T and 1.55 T in the stator teeth and yoke, the slot area loses volume for
the teeth and yoke when a higher back EMF and a higher air-gap flux density is used. Then,
the slot resistance increases as well and the copper losses stay nearly constant. Because of
the constant iron flux densities the iron losses remain also constant in the whole region.
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Fig. 5.13 Losses in the 6-pole 45 kW, 600 rpm IPMas a function of back EMF. Black line g=3 and grey line
q=4.

Fig. 5.14 shows the efficiency with different back EMF.
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Fig. 5.14 Efficiency of 6-pole 45 kW, 600 rpm IPM machines as a function of back EMF.

According to Fig. 5.14 it may be concluded that the motor with only 3 slots per pole and
phase appears to be the best alternative, because of its lower losses and higher efficiency.
Then, the slot filling factor kg is slightly better than in the case of g=4, since the isolation
may take less area (wider slots) and the resistance is lower, as there is more space
remaining for the copper. But, it should also be remembered that the insulated slot is filled
using only a limited number of different copper wire diameters and this may have as a
result a non-optimal filling factor in the calculations, which consequently may mislead to
the false interpretation.

5.4 Effect of the back EMF in the SPM

It is shown for the IPM how the decreased back EMF and power factor influences
propitiously the need for magnet material. Fig. 5.15 makes clear that the same effect can be
noticed as the SPM is concerned.
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Fig. 5.15 Need for magnet material for a 6-pole 45 kW, 600 rpm SPM with ¢=2 and ¢=3 as a function of back
EMF.

The need for magnet material for the SPM can, in optimal circumstances, be reduced by
about 30% of that of the IPM with the same back EMF. But the 6-pole IPM has a much
better power factor with the same back EMF than the 6-pole SPM: The approximate value
0.96-0.97 for the power factor is achieved with back EMF 0.9U; for the IPM and with 0.99
Us for the SPM. And when comparing the obtained results for the same power factor, for
example power factor 0.96 approximate, the IPM needs only about one percent more
magnets.
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Fig. 5.16 Power factor and stator current of the 6-pole, 45 kW, 600 rpm SPM as a function of the back EMF.

Nevertheless, the efficiency of the SPM may be resumed to be lower than the efficiency of
a similar IPM. (See Fig. 5.17)
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Fig. 5.17 Efficiency of the 6-pole, 45 kW, 600 rpm SPM as a function of the back EMF.

Also with a lower pole number the SPM requires a higher back EMF to produce the same
power factor as the IPM. If then a certain power factor is demanded, the amount of magnet
material needed for the IPM as well as for the SPM is almost the same.
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6. Calculation for the PMSM with lower speeds and higher power

As it was proven in chapters 4 and 5 the 600 rpm PMSM may produce a torque that is 2.5
fold the torque of the 1500 rpm IM. In paper industry speeds are often even lower than 600
rpm and also the demanded power lies from 100kW to 1 MW. This chapter analyses
whether the results discussed in the previous chapters are valid also with lower speeds or
higher powers.

6.1 Calculations for the IPM with lower speed

Calculations are now done for a 22kW permanent magnet motor with 300 rpm. The same
225 frame size is used and the same calculations are performed for the IPM as it is
proceeded in chapter 5. The efficiency of a 22kW and 1500 rpm ABB induction motors is
about 93.1% with sinusoidal supply. This means that the efficiency in inverter applications
is about 92 %, which is then the needed efficiency also for the similar PMSM.

First, calculations are carried out for the IPM motor with different efficiency demands to
test, which is the efficiency that can be achieved. The efficiency demand is set first to 91%
and after that to 92 % and then to 93.5%. The efficiency of 91 % is obtained easily with
pole pair numbers 4, 5 and 6. If the efficiency as target of optimisation is further increased
to 93.5%, neither efficiency nor other performance improvement can be proven, because
the about 92 % efficiency seems to be the maximum achievable with this power, speed and
motor construction with given boundary conditions. This is shown in Fig. 6.1.
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Fig. 6.1 Efficiency of the IPM at 300 rpm and 22 kW. The efficiency demands are set from 91% to 93.5%.

With pole numbers 8 and 10 the 92% efficiency demand can be fulfilled, but
simultaneously the magnet material requirement increases, as it is obvious from Fig. 6.2.
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Fig. 6.2 Magnet material need with different pole pair numbers and efficiency demands of the IPM at 300 rpm
and 22 kW.

Also the maximum power seems to increase with the increasing pole number, Fig. 6.3.
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Fig. 6.3 Maximum power of the 300 rpm, 22 kW IPM as a function of the pole pair number.

In the following calculations the maximum power is also kept constant demanding firstly
the maximum power to be about 1.75 times the nominal power. After that, it is also
analyzed which are the results achieved if the maximum power is near 1.9 times the
nominal power and even 2.1 times the nominal power, as it is described in Fig. 6.4.
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Fig. 6.4 Maximum power of the 300 rpm, 22 kW IPM as a function of the pole pair number.

Fig. 6.5 shows how the efficiency depends on the maximum power demands.
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Fig. 6.5 Efficiency for the 300 rpm, 22 kW IPM, when the maximum power stays constant.

The figures show that if the maximum torque is increased also the efficiency will grow.
However, there is a maximum value for the efficiency. This means that over that value the
efficiency does not grow any more despite of an increasing of the maximum power. If here
the maximum power is increased to 2.2 times the nominal power, the efficiency does not
rise any more.

Fig. 6.5 proves that high maximum powers, that are e.g. 1.9 and 2.1 times the nominal
power, cannot be achieved any more with a smaller pole number (p = 4).

On the other hand, again, due to the better efficiency and also the higher maximum torque
much more magnet material is required, Fig. 6.6.
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Fig. 6.6 Need for magnet material with different pole pair numbers and efficiency demands of the 300 rpm, 22
kW IPM.

For this reason, it should be considered if the achievement of the biggest maximum torque
and highest efficiency still presents the most attractive solution for the problem of choosing
the best alternative. In fact, it should be sought for a compromise that for each specific case
offers the best suitable efficiency and maximum power while taking into account all other
boundary conditions.

6.2 Calculations for the IPM and SPM with higher power

Using frame size 400 in a 4-pole IM with synchronous speed 1500 rpm the nominal power
is now increased to 560 kW. This IM brings an efficiency of about 96.9% and has a power
factor 0.87 in sinusoidal supply.

Figure 6.7 shows the efficiency of the optimized 600 rpm, 560kW IPM and SPM as a
function of the pole pair number. Here again, the efficiency obtains its best values with pole
pair numbers 3 and 4. It could be noticed in earlier cases the same tendency that the IPM
gets a better efficiency than the SPM. Calculations are made for the IPM with the efficiency
demand 96% and 97% and for the SPM with the efficiency demand 95% and 97%.
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Fig. 6.7 Efficiency for the 560 kW, 600 rpm IPM and SPM.

The need for magnet material is also depending on both the pole pair number and maximum
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Calculation for the PMSM with lower speeds and higher power

torque. Here, the need for magnet material for the IPM achieves its minimum with pole
number 6, which at the same time gives the lowest maximum torque level.
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Fig. 6.8 Need for magnet material with 560kW, 600 rpm IPM and SPM.

7 8
Pole pair number

34
g 331
€324 ——IPM97%
% 304 """ IPM 96%
& og SPM 97%
SPM 95%
2.6
2.4
2.2
2.0 1.V
1.8 .
164  m======-
1.4 T T T T T
2 3 4 5 6 7 8

Fig. 6.9 Maximum torque of the 560 kW 600 rpm IPM and SPM.

Pole pair number

With pole number 10 it is achieved the minimum need for magnet material for the SPM but

also the lowest maximum torque.

The current density of the 560kW, 600 rpm motor remains very low as it is illustrated in

Fig. 6.10.
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Fig. 6.10 Current density of the 560 kW, 600 rpm IPM and SPM.

The power factor of the IPM and SPM tends to behave in a similar way as it is shown in
earlier cases: the power factor of the IPM decreases as a function of the pole number as the
power factor of the SPM stays nearly constant.
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Fig. 6.11 Power factor of the 560 kW, 600 rpm IPM and SPM.

6.3 Conclusion based on the calculations

The optimization results discussed in the previous chapters prove that with the IPM
construction the targeted 2.5-fold torque compared to the respective IM may be reached
with a high efficiency. This, however, requires a careful designing of the machine, since
also the commercial aspects, such as the consumption of magnet material, are to be
optimized accurately.

The SPM construction produces a high torque requiring less magnet material than the IPM.
However, it cannot reach an efficiency of the same high level as it is possible to achieve
with an optimal IPM.

In summary, if it is demanded the highest power per motor volume — as this was the focus
of this study — the IPM appears to be a suitable solution. If the magnet material amount
must be minimized a lower efficiency and a larger machine must be accepted.
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Conclusions

7. Conclusions

This thesis is a profound examination of the permanent magnet synchronous motor. The
air-gap flux of the motor, the flux densities, inductances and torque of the motor were
analysed in calculations that were performed and proven with the aid of Finite Element
methods and the prototype motor.

The first chapter describes briefly the different types of the permanent magnet synchronous
motors (PMSMs) and their corresponding applications. It also compares the advantages and
disadvantages of the salient pole and non-salient pole PMSM. It could be concluded that it
should be considered carefully whether to use a surface or a buried construction. The choice
depends evidently on the requirements to be attained as e.g. the torque, speed, efficiency,
endurance and cost of motor.

The starting point for this research is the question whether a 600 rpm PMSM can replace a
same frame size 1500 rpm IM equipped with a gear. In order to resolve this question it
should be examined whether the outer dimensions of the PMSM can remain the same while
it has to produce a 2.5 fold torque as a consequence of which the same power could be
possibly achieved.

The prototype machine used for the testing in this research is a 45kW permanent magnet
motor with buried V-magnets. This choice is based on the fact that this motor type is easy
to manufacture and does not cause gluing or bonding problems with the permanent
magnets. In addition to this, the magnets can be rectangular. By means of the purpose-built
prototype analytical calculations could be tested and improved and it could be proven that
the demanded torque can be achieved with the PMSM even if the size of the motor frame is
not changed.

The active parts of the PMSM are assembled in a standard IM frame size of 225 that is
totally enclosed and fan cooled. The measured efficiency of the prototype motor is 93.2%,
which is exactly the same value measured with the original 4-pole 1500 rpm IM with
inverter supply. The motor may be loaded at 715 Nm nominal torque. The power angle at
this torque is 49°. At power angle 80° the motor develops 1287 Nm which is 1.8 times the
nominal torque. Thus, the motor fulfils the design criteria and the IEC standard with respect
to the crest torque. However, the temperature test shows that by the desired 45kW power an
external blower is needed to cool the motor. This is because the original fan of the motor
rotates only at 600 rpm, which is a speed that is far too slow for a 1500 rpm fan.

The efficiency or need for magnet material of the prototype is not optimised. A better
structure may contain at least flux barriers at the magnet ends, which may reduce the need
for magnet material. The end winding should be made tighter to ensure that the length of
the motor stack may grow about 5 cm, which again may reduce the need for motor magnet
material. Decreasing the power factor from 0.97 to 0.9 reduces the need for magnet material
remarkably. Also the flux densities in the stator teeth and yoke may be increased in order to
give more space to the slots, which brings a better efficiency. By applying these
modifications it is possible to obtain an efficiency of even 94.3% and a current density of
3.4 A/mm’® without causing any weakening in the torque capabilities of the motor.

The next sections treat in detail the pole pair number and back EMF of both the IPM and
SPM. At high speeds the pole number is normally low to avoid iron losses in the stator and
to limit the switching frequency and losses in inverter applications. At low speeds iron
losses are normally no problem and a higher pole number is preferred especially then if the
torque is required to be smooth. A higher pole number causes a reducing of the thickness
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and mass of the stator yoke, shorter end windings of the stator and a smoother torque.
Shorter end windings increase the efficiency. Since the thickness of the stator yoke could be
reduced it is possible to set the air-gap diameter larger, which again leads to a higher
torque.

The calculations done with different pole numbers from 4 to 14 show that the efficiency
and power factor of the IPM are higher compared to those of the SPM. However, the SPM
machine needs considerably less (3 ... 32 %) magnet material than the IPM machine. The
pole numbers of 6 and 8 seem to be most appropriate for both cases, because the efficiency
obtained is then the highest possible and less magnet material is needed to produce the
required torque. The lower copper losses of the IPM may be explained by the fact that the
power factor occurs to be more suitable: at a lower pole number the IPM, which has the
higher power factor (IPM 0.97...1.0 and SPM about 0.9), produces a current that is about
10% lower than that of the SPM.

Furthermore, the influence of the back EMF is evaluated by setting the back EMF from Epy
= 0.75 Us to 0.99 Us. Calculations show that the power factor of IPM and SPM are in a
different way depending on the back EMF and pole number. With a higher pole number the
IPM and SPM have nearly a similar power factor, whereas with a lower pole number the
power factor of the IPM can be improved if the same back EMF is used. If the iron losses in
the stator teeth and yoke are kept constant the iron losses do not change by setting different
back EMFs. Also the copper losses seem to stay constant, even if the power factor increases
by increasing the back EMF. This is because at the same time the slot area loses volume for
the teeth and yoke by higher back EMF and higher air-gap flux densities. Then, the slot
resistance increases as well and the copper losses stay nearly constant. This means that the
back EMF influences in a relevant way only the need for magnet material and the power
factor.

Summarizing this study it may be concluded that the IPM with V-magnets and with only a
few poles is the most appropriate construction for applications requiring relatively slow
speeds and a relatively big, high efficiency motor. If the costs of investigation should be
reduced to the minimum, this will be possible in decreasing the cost of the magnet material.
This can be achieved with the SPM, which has a quite poor power factor and only a few
poles. If, on the other hand, a very high torque is demanded both the IPM and SPM may be
used and many poles are needed. However, if at the same time the torque is required to be
very smooth the IPM is obviously the better alternative.
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List of Symbols

Roman letters

A Linear current density

Awires Wire area in slots

Agot  Slot area

a Parallel current paths

as Width of the stator yoke

B Flux density

Bs Air-gap flux density created by stator current and permanent magnets
Bspm  Air-gap flux density created by permanent magnets

B. Remanence flux density
B Peak magnetic flux density at the stator yoke

B Saturation flux density

B Peak magnetic flux density on the teeth
Cs Correction factor

cos¢ Power factor

D Diameter

Ds  Air-gap diameter

D, Outer diameter

Epv Induced phase voltage, EMF

er Single-tooth EMF

fe Stacking factor for the iron lamination

fs Frequency

H Field intensity

H, Coercive field intensity of the permanent magnet material, Coercive force
H; Intrinsic coercive force

H, Field intensity at the teeth

I, Stator phase current

L Stator phase current d-axis

Ioq Stator phase current g-axis

Imag  Fictive current generated by the magnet MMF
Ksat Saturation factor

kc Carter’s factor
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Inductance, rotor length, stack length
Direct axis inductance

Effective length of the motor
Magnetising inductance of the direct axis
Magnetising inductance of the quadrature axis
Quadrature axis inductance

Stray inductance

Average length of stray flux route
Thickness of the permanent magnets
Effective thickness of permanent magnets
Width of the permanent magnets

Thickness of the surrounding air-gaps

Amount of winding turns in series per stator phase

Winding turns in stator slot

Nominal speed

Nominal power

Pole pair number

Pole number

Stator slots

Slots per pole and phase

Reluctance, resistance, stator phase resistance
Reluctance of iron parts in stator

Reluctance of permanent magnets
Equivalent reluctance of the stator yoke area
Equivalent reluctance of the teeth area

Reluctance of the air-gap

Reluctance of the air-gap between magnets in SPM

Stray reluctance at the upper and lower part of the magnets

Current density
Electromagnetic torque
Reluctance torque
Fundamental or mutual torque
Stator phase voltage

Magnetic energy

Average width of stray flux route
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Wyl Average width of the iron bridges
Vs Height of the stator slot

z Width of the tooth

X Synchronous reactance d-axis

Xsq  Synchronous reactance g-axis

Greek letters
a Angle
a. Saturation form factor

a, Saturation flattening factor

a; Electrical angle between two slots

B Angle, factor of magnets width per pole pitch

b5 Current angle between current vector and flux linkage vector of permanent magnets
Ax Length of the air-gap element

fo} Load angle

Qs Effective air-gap length

Shortest air-gap length in the middle of pole shoe

Efficiency

N

@ Magnetic flux

@y Total magnetic flux of the permanent magnets

@,  Flux, which is needed to saturate the iron bridges

PDs Air-gap flux created by permanent magnet and stator current
@spm  Air-gap flux produced by permanent magnets

Dy Stray flux, which occurs in the iron bridges after saturation

@’s1  Stray flux of one permanent magnets at the upper part of magnets
@51 Stray flux of two magnets at the upper part of magnets

@’s;  Stray flux of one permanent magnets at the lower part of magnets
@53 Stray flux of two magnets at the lower part of magnets

1 Flux linkage

Y% \m  Flux linkage due to permanent magnets

774 Stator flux linkage

Y Air-gap flux linkage

& Winding factor

Oy Equivalent magneto motive force of the rotor
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Opyv Magneto motive force of permanent magnet
[O8 Stator MMF

a Position angle of the air-gap element

7, Pole pitch
L. Width of the slot and the tooth

Y7 magnetic permeability

Mpv permeability of permanent magnet material

Mo constant, permeability of air

Tt constant 3.14159...
@ phase shift

v Magnetic voltage drop

Us Magnetic voltage drop at the air-gap

Ure  Magnetic voltage trop along the armature teeth and yoke

Upm  Magnetic voltage trop across the permanent magnets

U, Magnetic voltage drop at the stator teeth

Q Mechanical angular speed

w Angular speed

Acronyms
AC
AINiCo
DC

DTC

EMF

M

IPM
LS-PMSM
MMF
PMSM
NeFeB
SPM
SmCo

Alternate current

Aluminium- Nicel-Cobalt, permanent magnet material

Direct current

Direct torque control

Electromagnetic force

Induction motor

Motor with insert/buried permanent magnets, salient pole machine
Line started permanent magnet synchronous motor
Magneto-motive force

Permanent magnet synchronous motor
Neodymium-Iron-boron, permanent magnet material

Motor with surface mounted magnets, non-salient pole machine

Samarium- Cobalt, permanent magnet material
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Appendix I

Algorithm

Choose

- Nominal power

- Pole pair number
- Frame size

Calculate

- Reluctances

- Guess iron reluctance
- Guess saturation factor
- Magneto motive force

Y

Calculate

- Air gap flux and flux density |<
- Other fluxes / flux densities
- Magnetic voltage drops

- Saturation factor

v

Calculate
- New air gap flux
- New air gap flux density

Calculate
- Iron reluctances

- Saturation factor

A

BA1)B4(2) <0.01

\L Yes

Calculate

- Electromagnetic motive force

- Saturation in stator

- Effective thickness of permanent magnets
- Magnetising inductance

- Leakage inductances (Richter 1963)

Y

- Choose winding wires

Calculate

- Currents (Gieras 1996)

- Power and torque (using eq. 3.1)
- Maximum power

- Losses (Vogt 1996, Gieras 1997)
- Power factor

- Efficiency

- Temperatures
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Appendix IT

Winding concept

The stator winding consept of 45kW and 600rpm prototype machine
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Appendix III

Short circuit currents
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