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Direct-driven permanent magnet synchronous generator@®bthe most promising topolo-
gies for megawatt-range wind power applications. The iantat speed of the direct-driven
generator is very low compared with the traditional elearimachines. The low rotational
speed requires high torque to produce megawatt-range power special features of the
direct-driven generators caused by the low speed and higheare discussed in this doc-
toral thesis. Low speed and high torque set high demandseaiotue quality. The cogging
torque and the load torque ripple must be as low as possilgest@nt mechanical failures.
In this doctoral thesis, various methods to improve theuerquality are compared with
each other. The rotor surface shaping, magnet skew, magaping, and the asymmetrical
placement of magnets and stator slots are studied not onigdans of torque quality, but
also the effects on the electromagnetic performance andfaetarability of the machine are
discussed.

The heat transfer of the direct-driven generator must biggded to handle the copper losses
of the stator winding carrying high current density and tefkéhe temperature of the magnets
low enough. The cooling system of the direct-driven gererapplying the doubly radial air
cooling with numerous radial cooling ducts was modeled wittumped-parameter-based
thermal network. The performance of the cooling system vissudsed during the steady
and transient states. The effect of the number and widthdieooling ducts was explored.

The large number of radial cooling ducts drastically insemathe impact of the stack end
area effects, because the stator stack consists of nunmrbsacks. The effects of the radial
cooling ducts on the effective axial length of the machineangtudied by analyzing the cross-
section of the machine in the axial direction. The methodtopensate the magnet end area
leakage was considered. The effect of the cooling ductstendtack end area effects on the



no-load voltages and inductances of the machine were e@loy using numerical analysis
tools based on the three-dimensional finite element method.

The electrical efficiency of the permanent magnet machirik different control methods
was estimated analytically over the whole speed and torgonge: The electrical efficien-
cies achieved with the most common control methods were aczdpwith each other. The
stator voltage increase caused by the armature reactiommedgzed. The effect of induc-
tance saturation as a function of load current was impleetetd the analytical efficiency
calculation.

Keywords: Permanent magnet synchronous generator, -direen, torque quality, end ef-
fects, thermal analysis
UDC 621.548:621.311.245:537.612
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Chapter 1

Introduction

At the moment, wind energy is one of the most promising ante§&growing renewable
electric energy source. The output power of the wind turbilsecontinuously increasing,
and multimegawatt wind turbines are already in common us2009, the average installed
turbine size wad.6 MW, and the largest turbine installed was thé MW direct-driven
turbine by Enercon with an electrically excited synchrangenerator. The technical devel-
opment is decreasing the production cost of wind energy temand energy compete with
traditional energy source&]-3].

1.1 Wind generator drive train topologies

The wind turbine systems can be manufactured using mangereliff constructions.
Overviews of different topologies are given for exampledh-{6].

Nowadays, the most common wind turbine drive train conceptains a step-up gear and a
variable-speed Doubly Fed Induction Generator (DFIG) wiffartial-scale converter] [ 8].
The stator of the generator is directly connected to theagidhown in Figl.1 The wound
rotor is fed by a power converter controlling the rotor slipduency. The converter power
capability can be only a fourth of the generator nominal posducing the converter costs
considerably compared with the full power converter. Theesbcan be varied approximately
one-third above or below the synchronous speed.

The advantages of the variable-speed DFIG generator aredioverter costs and quite a large
speed range unlike with the fixed-speed concepts. Thereeaseyeral drawbacks. Slip rings
are needed to conduct the rotor current between the conegrdethe rotor winding. The slip
rings cause electrical and mechanical losses, and themeggibar need for maintenance. As
the rotational speed of the megawatt-range wind turbin@lig t — 20 min~! [9], a multi-
stage gearbox is needed to increase the speed to be sudabie DFIG, typically rotating
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Fig. 1.1: Variable-speed wind turbine with a doubly fed induction generator

up t02000 min~* [7]. The gearbox causes a large proportion of the costs and ofidkse
system. Typically, the cost of the generator itself is onfyagtion of the costs of the gear-
box [10]. The gearbox produces audible noise and considerablean&et losses. It can be
assumed that every stage of the multistage gearbox causegea joss of 1% of the rated
power [L1]. Oil is needed for lubrication and it has to be replaced lady which increases
the maintenance cost significantly especially in offshqugliaations. Despite regular main-
tenance, the gearbox is still vulnerable to faults. At pnesthe largest DFIG wind turbines
are manufactured by Repower and are of the sizelgf MW [12].

The wind generators operate most of the time at partial leazhlbse of the varying wind
speed. The power captured by the turbine is

1
P, = P,C, = 5 LAV (1.1)

where P,, is the power of windC,, the power coefficientp the density of air,A the area
of the rotor of the turbine, and,, the speed of the wind. The theoretical maximum for
the power coefficienC;, is the Betz limitC, = 16/27 ~ 0.6 [13]. As the power of the
wind is proportional to the cube of the wind speed, even alstealease in the wind speed
significantly decreases the power of the wind. Therefore,aberage power of the wind
turbine is typically quite low. For example, in Finland, ttypical average power of a wind
turbine at100 m height is from 25% of the turbine nominal power in inland arap to 50%

in offshore areaslf4]. The nominal power of the megawatt-range wind turbine Bdslly
reached at wind speeds arountim/s. Most of the time, the wind speed is less tH@nm /s
even in offshore locations. The wind speed distributiompbesfor several localities in Finland
and other European countries can be found.bj.[In Finland, the average wind speed, at the
height 0f100 m, is arounds m/s in inland areas and more th@mm/s can be reached only
in some coastal area$4]. This is a very inconvenient characteristic, because kbetrécal
efficiency of the DFIG decreases substantially below theinahtoad as the power of wind
decreases, as shown for examplelifi|

To improve the generator efficiency and eliminate the gearadirect-Driven Permanent
Magnet Synchronous Generator (DDPMSG) can be used. Becétise low speed of the
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turbine, very high and high-quality torque is needed to poedmegawatt-range power. The
PMSG is connected to the grid using a full-power convertesess in Figl.2to enable the
variable-speed operation of the PMSG.

Turbine
PMSG ull-scale

reﬁuenc .
coriverte Grid

vy
v

Fig. 1.2: Variable-speed wind turbine with a direct-driven permanengmea synchronous generator.

Because of the PM excitation, there are only some eddy dulosses in the rotor, and the
efficiency of the DDPMSG is superior compared with the ottemragator types of the same
speed. Especially, the partial load efficiency of the PMSi@gh, because no power is needed
for the excitation. A gearbox is not needed, which savesdktsand mass of the system. The
large diameter, however, makes the generator itself headyegpensive. Furthermore, a lot
of costly PM material containing rare earth metals is needefdll-power converter is more
expensive and generates more losses than the partialeswalerter needed for the DFIG
drive, because the nominal load losses and cost of the denean be assumed to be directly
proportional to the nominal power of the converter asif][ The full-power converter
allows the speed of the generator and the turbine vary fraetlyprovides an opportunity
to maximize the generator efficiency at different operafognts by the machine control.
The converter also enables the grid connection, and therefio other devices are needed.
The requirements for the wind power grid connection arernilesd in the standards and the
transmission system operator requirements, the mosamiefwhich are introduced in brief
in [15]. It could, however, be stated that the full-power conuestestem has the most degrees
of freedom to meet the network code requirements.

1.2 Constraints of the direct-driven generator design

The high torque, low rotational speed, and economic demsetdstrict boundary conditions
for the design of the direct-driven permanent magnet syorahus generator. The high torque
sets very high requirements for the torque quality of theegator. The cogging torque and
the load torque ripple must be kept low enough to preventiplessiechanical failures of the
power drive train.

The low rotational speed makes it necessary to use a largbanwhpoles. The high number
of poles is needed for several reasons. The electrical éregyuof the machine is recom-
mended to be kept high enough, not beldHz, to avoid additional cyclic temperature
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stress on the IGBTSs of the converter. Increasing the polebeuiecreases the copper losses
of the machine and the amount of the stator yoke laminatioterah needed. On the other
hand, the number of poles is limited because the pole pitcst imeilarge enough to fit the
bar-shaped copper conductors to the stator slots. The sfats cannot be too narrow in
order to avoid the unnecessary increase in the stator flica¢ga The high pole number also
decreases the pole pitch increasing the proportion of ttoe flux leakage between the side
by side magnets magnetized in opposite directions.

The high torque and the large number of poles together igerdee size and weight of the
machine so that typically the mass of the megawatt-range @émerator is several tens of
metric tons and the air gap diameter is several meters be¢hadength of the machine is
constrained by the size of the nacelle. For exampie2 &IW DDPMSG by The Switch has
an outer diameter of.4 m, a length of2.8 m, and a mass di5 t [17]. To keep the physical
size of the machine as small as possible in order to decreasadnufacturing and material
costs, the torque density of the machine has to be maximiZéuk tangential air gap stress
can be expressed as

OF,tan — ,U/OHnHtan = BnA7 (12)

whereyy is the vacuum permeability/,, the field strength normal compone#i;,,, the field
strength tangential componer®,, the flux density normal component, ardis the linear
current density 18], [19]. The torque and current densities are, in practice, lichiig the
cooling capability of the machine. The air gap flux densitgdamental wave peak value is
limited to aboutl T by the material properties of both the permanent magnetshenstator
core lamination materials. In direct-drive machines, tiegfiency usually remains low, and
therefore, the iron losses remain limited and do not radtreemachine performance. On the
other hand, although the torque density is maximized, thetetal efficiency of the machine
must be as high as possible to maximize the power productipatility.

The large physical size of the machine sets its own requinsnéThe stator of the PMSG
can be divided into several segments to facilitate the neantufing and transportation of
the machine. All the parallel windings can be driven by irelegent low-voltage converters
to maximize the power without applying high-voltage tedogy as the total power of the
generator is divided into several converters. The segrtientalso increases the reliability
of the machine as all the segments can operate as independehines despite the possible
failures in the other segments, for example a malfunctimmmconverter does not necessarily
stop the operation of the turbine.

The stator winding must be made of bar-shaped copper comduethich makes the stator
skew practically impossible. The large number of polesdases the number of stator slots,
and therefore, it is impossible to use several slots pergnadegphase. The torque as a function
of load angle for a non-salient pole PMSM can be expressed as

3p UsEpm
7= 25
w? L

sin 4, 1.3)
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wherep is the number of pole pairs; the electrical angular frequendy, the stator phase
voltage,Fpy the no-load voltage, the stator synchronous inductance, anlde load angle.

As a very high torque is needed, the synchronous inductanst Ine minimized as the flux
of the machine is maximized, which leads to the use of thertmidace-mounted NdFeB
(neodymium iron boron) magnets.

The tendency to use a high number of poles and the use of sottace-mounted magnets
lead to a situation where the stator leakage inductancehe aame level as the magnetizing
inductance. Therefore, the machine must be designed totkedpakage at an acceptable
level. The armature reaction increases the main flux of thehina, and if the armature re-

action at high loads is not compensated by the demagnetzingol, the armature reaction

can easily increase the stator flux causing the saturatitimeafain flux path and the mag-

netization inductance. As the leakage is not as heavilyat@d as the main flux path, an
increasing proportion of the main flux travels through a &pkflux path through the stator
slots not producing torque.

Typically, the generator must be able to face a short-disitiiation without demagnetization
of the magnets. The NdFeB magnets must be kept cool enougtmtteehthe short circuit and
avoid the loss of the remanent flux density, which decreasesfanction of temperature in-
crease. Typically, air cooling is preferred instead of watmling because of the complexity
of the water cooling system. In offshore applications, ext reliability and a low need for
maintenance is required of the cooling system.

1.3 State of the art in DDPMSGs

There are only a few companies producing megawatt-rangeNIEFs. One of the first
commercially available megawatt-range DDPMSGs was thényieys 272 having a nominal
power of1.5 MW and a nominal speed @8 min~' [20]. ABB is producing DDPMSGs at
powersl.5—3.0 MW operating at speedst—30 min~' [21]. It is said that the DDPMSG
has the lowest maintenance demand of all the wind genefafgk8B. Siemens is producing
DDPMSGs at power€.3—3.0 MW operating at speed$—16 min~' [22]. The nacelle
mass of the Siemens DDPMSGs7ist. The Switch is producing the DDPMSGs at powers
1.65—4.25 MW with nominal operating speeds betwe@n- 18 min ' [17]. The generators
by The Switch are available with either inner or outer rotors

The research activity has been quite intense related toNhgdherators and also with the
DDPMSGs over the last few years. Several different machapelbgies have been investi-
gated P], [23]-[26]. The cogging torque reduction methods are studie®i. [However,
only a few studies deal with the megawatt-range generalaubois compared the different
PM generator topologies with each oth28]| Grauers showed that the DDPMSGs are more
efficient than the conventional wind generator drive traind that the DDPMSG drive train
needs only a slightly larger nacelle than the geared salsifg]. The numbers of poles and
slots were studied ir80]. Different rotor geometries were compared®i]. The new control
strategy for 2 MW DDPMSG is presented ir8p]. The 10 MW DDPMSG applying active
speed stall control is introduced i83].
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1.4 Machine studied

In this doctoral thesis, 4.35 MW DDPMSG by The Switch34] is used as a basis. The
machine has a nominal speedl6fmin~' and a nominal torque of approximatelyMNm.
As there are 120 poles in the machine, the nominal frequentg Hz. The stator outer
diameter of the machine is approximatélyn. The active length of the machine i£2 m.
The mass of thd.25 MW production version of the machinedd t.

Fig. 1.3:4.25 MW direct-driven PMSGs under back-to-back test. Photo courtesy of Whets

The stator of the machine is divided into 12 independentidadly parallel segments. Each
segment has 10 poles and 30 stator slots, and thereforeyrfigen of slots per pole and phase
isone,q = 1. The winding is made of bar-shaped copper conductors, whroh a two-layer
three-phase winding providing a short end winding. As tla¢ostsegments are independent
of each other, the winding cannot reach across two segnmemdshus, there are three only
half-filled slots at both ends of the stator segment. Theeetlmee parallel converters, all
of them controlling four parallel stator segments each fgwthe nominal main voltage of
690 V.

The machine carries NdFeB magnets mounted on the rotorcgurf@he magnets are si-
nusoidally shaped to decrease & and7t" harmonics of the rotor current linkage. The
magnets are placed in rows of twelve magnets in the axiattire Along the air gap mag-
nets, the rows are slightly overlapping to emulate the skaita reduce the cogging torque.
The remanent flux density of the magnetd & T, and the magnets cover 80% of the rotor
surface.

Because of the low rotational speed and frequency, the assek of the machine are low.
The iron losses are only one-tenth of the amount of the stajmper losses. That is why the
cooling system is designed to maximize the stator windiralicg. The doubly radial cooling

is applied where the stator is divided into several substatkhe axial direction, and there
are cooling ducts between each substack. The air is foroeu dixial, high-pressure cooling
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channels behind the stator yoke area radially through thknzpduct to the air gap. In the air
gap, the air moves mainly tangentially to the next coolingtdwhere it travels again radially
from the air gap through the stator to the next, low-presaui@ cooling channel behind the
stator yoke area.

The machine has been extensively tested by The Switch dthimgrocess, and the close
co-operation has guaranteed the necessary feedback faastbarchers. However, the confi-
dentiality requirements set by the collaborating compamit the right to publish any exper-
imental results in this thesis.

1.5 Outline of the thesis

The target of the work is to draw up guidelines on the designgi-performance megawatt-
range direct-driven permanent magnet generators. In thigmethere are two aspects that
have been studied.

The first area to be studied is the torque quality. Severglguality improvement methods
are studied and compared with each other.

The second research area is the effects of the torque denakimization in the DD gen-

erators. This target leads to the requirement of maximigtiegair gap flux density and the
linear current density, which again leads to the requirdrafusing radial cooling ducts and
dividing the lamination stack into several substacks. Tfexeof substacking on the PM flux
and the inductances of the machine is studied.

The stator voltage maximizing the efficiency of the DDPMSGtiglied over the operational
speed and torque range. It is discovered that both the donéxximizing the efficiency and
substacking have a tendency to strengthen the armaturtoredeading to the saturation of
the stator lamination at high loads. The effect of the latidmamaterial saturation on the
machine efficiency is observed.

This doctoral thesis consists of the introductory part ar@sginal publications. The struc-
ture of the introduction is divided into seven chapters fahog conclusions of the relevant
publications.

In Chapter 1, a short introduction to the megawatt-rangenpaent magnet synchronous
generators is given. The state of the art of the DDPMSGs isduted, and finally, the
machine studied in the thesis is introduced.

In Chapter 2 andPublications | andll, the torque quality of the DDPMSGs is discussed.
The cogging torque and load torque ripple mechanisms aredimted. The limits for the
acceptable torque ripples are presented. Several metbadduce the cogging torque and
the load torque ripple are studied. The studied methodsharshtaping of the rotor surface,
magnet skew, magnet shaping, and asymmetric placemere ofdignets or stator slots. The
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methods are compared with each other in terms of the torqaktyjugenerator efficiency,
and manufacturing. The best methods to reduce torque ripplsuggested.

The torque ripple reduction techniques were studied andethdts were reported by the au-
thor of the thesis. The mechanical model of Publication | degeloped and the mechanical
analysis carried out by Dr. Jussi Sopanen. The torque rippigponents used as the input
for the mechanical model were calculated by the author. Haéytical model of the induc-
tion of torque ripple components in the case of asymmetniéise machine was produced by
the author. The author wrote the manuscript of Publicati@ntl participated in writing the
sections concerning the torque ripple produced by the PMSublication | with Dr. Janne
Nerg.

In Chapter 3 andPublication Il , the heat transfer of the air-cooled PMSG is discussed.
The thermal lumped-parameter model is described for tlalgtetate and transient analysis.
Several combinations of the number of the radial coolingtsland the width of the ducts
are studied. The temperature distribution and the flow raggron the different parts of the
machine are investigated. It is found that a large numbeadiaf cooling ducts are needed
for the air cooling of the DDPMSG.

The thermal model was originally constructed by Dr. JannegN&he model was modified
by the author to simulate the transient states. The modelm@®ved by the author to cal-
culate the temperature distribution of the machine withraatde number and width of radial
cooling ducts affecting also the amount of copper losses®itachine. By the improved
model, the author determined the allowable combinationth@fmumber and width of the
radial cooling ducts for the DDPMSG studied.

In Chapter 4 an®ublication 1V, the effect of radial cooling ducts and the end effects on the
PM flux and the effective length of the PMSG is studied with2BeFinite Element Method.
The method to estimate the effective length by integratiregflux density in the air gap of

a 2D cross-section of the machine is developed and applied.nfethod to compensate the
permanent magnet end leakage by making the magnets slighgigr than the stator stack is
presented.

The problem was originally formulated by Prof. Juha Pyrimin&he method to calculate

the effective stack length with the 2D FEM was developed lgyatthor. The results were
found and the conclusions made by the author. The publicatianuscript was written by

Prof. Juha Pyrhdnen and Dr. Janne Nerg, who also reprodheactsults provided by the

author. The method developed was also applied to an axiakfaochine, and the results were
published in B5].

In Chapter 5 anéPublication V, the effect of the radial cooling ducts on the no-load vatag
and synchronous inductances of the PMSGs is studied witlBBEh&EM. The effects of
extending the magnets are analyzed with several geomeffias saturation effects on the
PM end flux leakage compensation and the synchronous inttegas a function of stator
current are investigated with different air gap flux deesiti

The models were built and the calculations were carried guhe author. The author also
made the conclusions and wrote the manuscript of the puiolica
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In Chapter 6 an@ublication VI, the different control methods of PMSGs are compared with
each other. The control methods are applied to both saliehban-salient pole PMSMs. An
analytical model to determine the efficiency of the PMSG dkierwhole speed and torque
range applying several control methods is developed. Thagmrise caused by the armature
reaction when using thg = 0 control is studied. As an addition to the Publication VI, the
effect of inductance saturation on the machine performanstudied in this thesis.

The algorithm was made and the publication manuscript ewrith co-operation with Ms

Paula Immonen, M.Sc. The results dealing with the wind getnes were calculated by the
author and the results dealing with the hybrid drive mactind/s Immonen. The author
improved the model by adding the option to take the indu@aaturation into account.

In Chapter 7, the scientific contributions of the doctoralsértation are discussed and sug-
gestions are given for the future work.
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1.6 Scientific contributions

The main scientific contributions of the thesis are the foilg:

1. Comparative analysis of the torque ripple reduction washfrom the perspective of
megawatt-range DDPMSGs.

2. Development of an analytical tool to estimate the tordpele of the DDPMSG with
different current linkage distributions including the asyetries of the machine geom-
etry.

3. Analytical analysis of the effect of the number and widtleaoling ducts on the elec-
tromagnetic and thermal performance of the doubly rad@ilyled DDPMSG.

4. Development of the method to calculate the effective tleraf the PMSM with the
FEM by applying the axial cross-section of the machine.

5. Proposal and verification of the method to compensateos®edf the PM flux caused
by the stack end area leakage by making the magnets longethtbatator substacks.

6. Analysis of the effect of radial cooling ducts on the efifexlength of the PMSM with
the 2D and 3D FEM.

7. Analysis of the effect of radial cooling ducts on the nadwoltage and inductances of
the PMSM with the 3D FEM.

8. Development of an analytical algorithm to calculate tfiigiency of the PMSM over
the whole speed and torque plane with several control method

9. Implementing the effect of the inductance saturation tendnalytical algorithm to
calculate the efficiency of the PMSM and to analyze the efféatductance saturation
on the PMSMs.
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Chapter 2

Torgque quality

The high torque and low rotational speed of the direct-dripermanent magnet synchronous
generators set high demands on the torque quality, becawdieett drives the mechanical
system has poorly damped resonances at the torque ripgleefreies. The torque ripple is
divided into cogging torque and load torque ripple. The @oggorque is a consequence of
the varying permeance of the magnetic circuit, and the loaglie ripple is excited by the
flux harmonics produced by the stator current.

There are several factors affecting the torque quality e DDPMSGs. The winding of the
DDPMSG studied has only one slot per pole and phase. Herewjitiing produces lots of
harmonics, and it is not possible to use short pitching tocedhe harmonics. Furthermore,
the only half-filled slots at the edges of the stator segmiedisce subharmonic components
to the stator current linkage. The bar-shaped winding matt prevents the use of the
stator skew and shaping of the stator slot. The rectangatar-surface-mounted magnets
best covering the rotor area produce a rectangular-shapeent linkage including all the
odd harmonic components described as

4 X sin((2k — 1)27 ft)
%kzzl 2%k —1 ’ (2.1)

wherek is the order of harmonic.
The torque of the electrical machine can be presented asa product of the machine flux
linkage components

3p, > = 3p 1
= W x il = 5 1 x il (2.2)

wherep is the number of pole pairs}, the stator flux linkage space vectéythe stator cur-
rent space vector, the stator synchronous inductance, andhe rotor flux linkage space
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vector equal to the permanent magnet flux linkage space Né@»ﬁq. All the other terms
are real multipliers, and thus, the torque harmonics canbisereed by analyzing the cross
product only. The space vectors describing the directiahaamplitude of the individual si-
nusoidally distributed machine quantity components orsoirthe sinusoidally distributed
components are simply called vectors later on in this thedike most important harmonic
flux components produced by the winding and the rectanguldase magnets are tHg"
and7t® harmonic. At the stator, th&" harmonic is traveling in the opposite direction with
a speed of one-fifth compared with the fundamental wave. 7fhéarmonic is traveling in
the same direction with a speed of one-seventh comparedtvetftundamental wavelp]. If
the permeance variations are ignored, it is possible tesegmt the PM flux density distribu-
tion by a Fourier series depending on the rotor periphenjtipas As the rotor rotates, the
Fourier series components are seen by the stator as tipgga&omponents that all have the
same peripheral speed as the rotor itself. The stator and ftak densities containing the
fundamental wave, th&" harmonic, and th&*" harmonic are presented as complex phasors
as follows

B. = 5,605 4 g o(50-wt)i | g o(T0+wt)] (2.3)
Bg'r _ Tle(wt+9+5)j + T56(59+5wt+55)j + T7e(70+7‘*’t+75)j, (2_4)

where# describes the position change along the air gapwanthe change as a function
of time. The termssy, s5, s7, r1, r5, andr; denote the amplitudes of the stator and rotor
harmonics. The cross product of the flux densities is

— —

By x B, = s1r18in(d) - - -
+ s1758in(40 + 4wt + 50) - -
+ s1778in(66 + 6wt + 70) - -
—40 + 2wt + 6)
6wt + 58) - (2.5)
260 + 8wt + 75)
60 +9)---
20 + 4wt + 50) - -
+ s7r7sin(6wt + 76).

+ s5771 sin
+ s575 sin

+ s577sin
+ s771 sin
+ s775sin
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(=
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(

By integrating the cross product over one pole gait [0, 27], several terms are canceled
because the multiplier afis an integer. The cross product after cancellation is

—

Be x B, = si11 sin(d) - -
+ 8575 sin(6wt + 59) - - - (2.6)
+ s7r7 sin(6wt 4 79).
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It can be seen that thg" and7t" harmonic both produce th&" torque harmonic. Let us
now study the cross product of two flux components with thenoaic orders: andb, which
can also be fractional numbers smaller than one in the caagbbarmonic flux components.
The multiplier of the time term of the rotor harmonic is thengeas the order of the harmonic
because the rotor harmonic, induced by the permanent nggntraveling at the same speed
as the fundamental wave. The stator wave is traveling atedgp®portional to the harmonic
order so that the time termigt and the direction is described with the sign of the time term.
The stator and rotor flux components are

B, = sqel@0Ewti (2.7)
B, = rye(b0+bwt+bd)i (2.8)

Now, the cross product is
By x B, = sqrysin([b— ald + [b T 1wt + b). (2.9)

If the machine has a large number of poles, the place termtivétlcoefficienth — a gets

a zero value, whed is integrated over the whole machine. That is why also in tee®f
subharmonics the same subharmonic component must exirs stdtor and the roter = b.
Hence, to mitigate torque harmonics, it suffices to remoeeh@rmonic components either
from the stator or from the rotor. The frequency of the toraemonic induced by the stator
and rotor harmonics with the harmonic frequeiddyas a frequency F 1, where the sign is
determined by the traveling direction of the stator harraoni

The low rotational speed and supply frequency keep the &rgyiof the torque ripple moder-
ate. The low frequency of the torque ripple is problematicase the resonance frequencies
of the DDPMSGs are also low as shown in Publication I. Therrasoe frequency of the
DDPMSG drive train is mainly determined by the propertieshef shaft and the turbine. In
this case, the turbine is modeled as a rigid body, and thegelsain the inertia of the turbine
do not have a significant effect because the turbine inertiad decades as high as the iner-
tias of the rotor of the PMSG. In the case of the DDPMSGs, thgumripple is less harmful

if the frequency is increased. It was found out that the mosblpmatic torque ripple is
the cogging torque, because the resonance frequenciesatrkad during the startup below
the nominal speed, where the load torque of the generatowisbiut the cogging torque is
independent of the load torque.

2.1 Torque ripple reduction methods

Several methods to reduce torque ripple are introduceckititdrature. In this section, only
the methods suitable for DDPMSGs are investigated. Mettmdsduce the cogging torque
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by lamination shaping of the PMSM with rotor-buried magretse recently been presented
in [36]-[38]. The effect of skew has been widely studied on differentet/pf permanent
magnet machines3p|-[46]. Modifying the air gap flux waveform with surface-mounted
magnets by shaping the magnets is described for examphgjn[§7]. The asymmetrical
magnet placement is investigated for cases where it is negtilpe to use skew4Bl—[50].
The asymmetrical placement of the stator slots is introdurcg¢51].

In the following sections, several methods to decreasedtgqi¢ ripple are introduced in
brief. The benefits and drawbacks of the methods are distugde torque quality of the
methods presented are compared with each other in Publidéti

2.1.1 Rotor-buried magnets

By burying the magnets inside the rotor lamination it is flassto affect the shape of the
air gap flux by shaping the rotor laminate on the magnets. Arosi sinusoidal air gap flux
can be achieved even with rectangular magnets. At the samee tiie magnet can easily be
isolated from the surrounding air and additional fastemififpe magnets is not needed. Mag-
nets are also better protected against demagnetizatiorgchossible short-circuit situations,
although the short-circuit demagnetization is typicalty an issue with the DDPMSGs with
a large magnetic air gap, large leakage inductance, and sraghetizing inductances.

On the other hand, the lamination of the rotor surface irs@gshe mass of the rotor consid-
erably, because the lamination is not able to be part of thehamécal support structure as the
solid steel rotor is. As there is high-permeability lam@ataterial around the magnets, the
amount of rotor leakage flux increases. Magnet material adto magnetize the necks of
the lamination material between and along the magnetsgiramythe mechanical support for
the lamination material on the magnets. The rotor-buriedmats typically cause negative
saliency Cq < Lg) to the machine. The quadrature-axis inductance can beatssd by
shaping the air gap in the quadrature-axis area.

2.1.2 Magnet skew

Because it is not possible to skew the stator winding in tise cdithe bar-shaped conductors,
the skew can be used in the rotor by magnet placing. In lacgke $MSGs, it is practically
impossible to produce continuous skew in the rotor but megeen be divided into several
rows in the axial direction that are slightly shifted as shawFig.2.1 It was found out that
two rows give almost as good results as several rows, buingldlbe magnets in two rows
eases the manufacturing process.

The no-load voltage decreases a little when using skewouadith the stacking factor of the
rotor does not change. The no-load voltage is reduced bedhadluxes produced by the
different parts of the machine are in a phase shift definedhéymount of skew. Typically,
the decrease in the no-load voltage is a couple of percengibe of the magnet skew.
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Fig. 2.1: Magnet placement geometries with rectangular rotor-surfaceinted magnets; a) without
skew b) with the two-row skew.

The two-row skew is a powerful tool to decrease the coggimgu®. In the case of the
two-row skew, the magnet rows are shifted half of the stdtmrgtch from each other. The
amplitude of the cogging torque can be decreased to a fracfithe cogging of the non-
skewed machine. The frequency of the cogging torque is @dliblthe case of the two-row
skew, which is beneficial in DDPMSGs. The skew decreasesdtktbrque ripple also, but
the amplitude is not decreased as much as the cogging tongpiéwde, and the frequency
of the lowest load torque ripple harmonic component is notbdied.

2.1.3 Magnet shaping

With the surface-mounted magnets, the only way to affecsttege of the current linkage
distribution produced by a single magnet is to shape the ptatgelf. The magnets can be
shaped to produce a sinusoidal current linkage in the tarzen axial direction. By shaping
the magnet, several harmonics can be canceled from the flkagée distribution produced
by the magnet. Because the amount of magnet material andthiestacking factor are
decreased, part of the no-load voltage is lost. To incrdaseator stacking factor, the third
harmonic shape can be added to the magnets as shown RiEigecause the third harmonic
effects are canceled in the three-phase systems. The mstgapEhg has been patented by
Prof. Pyrhonen and The SwitchZ].

Fig. 2.2: Shaped rotor-surface-mounted magnets with skew; a) pousaidal magnets b) tha™
harmonic added.
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The shaping of the magnets does not change the assemblygraligh sinusoidal magnets
it is also possible to use magnet skew similarly as with tictarggular magnets.

It was discovered that the magnet shaping decreases thehiasf the machine so much
that the torque quality is very good even without skew. With skew, the shaped magnets
give almost as good torque quality as the rotor-buried nggtar magnets with skew. The use
of skew is highly recommended because the frequency of thgilcg torque can be doubled
also in the case of the shaped magnets.

2.1.4 Asymmetric magnet placement

In some cases, it is difficult or impossible to use skew. Soind kf a skew effect can

be achieved by placing magnets asymmetrically. For exammdgnets in one segment are
set a little closer to each other than the whole pole pitcd, some free space is left at the
edges of the segments as shown in Bi§. There are numerous ways to place the magnets.
Obviously, the free space implementing the asymmetry dseethe fundamental winding
factor and the no-load voltage. Also the stacking factohefrotor surface can be decreased,
because narrower magnets may be required to assemble thetsiagpre densely than in the
case of the symmetrical placement.

Fig. 2.3: Principle of the magnet asymmetry of the machine with four statgments.

The asymmetric magnet placement significantly reducesdbging torque amplitude, but
it is not able to multiply the main cogging torque ripple fueqcy as the skew does. The
main drawback of the asymmetric magnet placement is thessaofnic flux components in-
duced by the magnet asymmetry. The effects of the subhacneoniponents were analyzed
analytically to explain the results achieved with the FEM.

The analytical calculation was performed by starting whth turrent linkage waveforms of

the stator and the rotor as a function of time and place aloagir gap. For every time step,

the current linkages were expressed as a sum of harmonicar@nfs. The current linkage

waveforms for one moment of time are presented in Eid. As the harmonic components

were known as a function of time, the torque was calculatedvery time step and place as
a cross product neglecting the scalar coefficient tern2 @.( The torque of the machine for

every time step was calculated by integrating the torquepcomants over the segment or the
whole machine.
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Fig. 2.4: Sums of the lowest harmonics of the stator and rotor currekadie over one segment with
asymmetric magnet placement. The asymmetry in the rotor current éndagbe seen near the zero
angle. The effect of the half-filled stator slots can be seen from the outssarent linkage edges that

differ from the others and from the offset of the current linkage at therebdd¢ime step.

The amplitudes of the flux components produced by the pemtanagnets do not change
as a function of time. The rotor subharmonics are espedialtynful because there are half-
filled slots in the segment edge areas in the stator, whiah @isduce subharmonic flux

components. The amplitude of the stator subharmonic coamiens varying as a function

of time but the amplitude of the fundamental is constant.aBee there are subharmonic flux
components in the rotor and the stator circuit, there a@ sibharmonic load torque com-
ponents. Typically, the subharmonic torque componentssokerable in the DDPMSGs.

2.1.5 Asymmetric stator slot placement

Subharmonic torque components are induced if there areasmomic flux components both
in the stator and in the rotor. It is also possible to imitdtevs by placing the stator slots
asymmetrically and keeping the rotor symmetric as showngnZs.

In the analytical analysis described above, it was foundtioatt the asymmetric placement
of the slots and the half-filled slots at the edges of the sagmduce both the subharmonic
and harmonic low-frequency multiples of the fundamentalavaAlso the amplitude of the
harmonics and the fundamental wave change as a functiomef fThe stator current link-
age waveform and the sum of the lowest harmonic componemiseatnoment of time are
presented in Fig2.6. Also the fundamental wave and one subharmonic componergrer
sented.
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Fig. 2.5: Principle of the stator slot asymmetry of the machine with four ssgments.
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Fig. 2.6: Stator current linkage stair curve (black) and the sum of tts féam harmonics of the current
linkage (blue) over one segment with asymmetrically placed stator slots fufldamental wave and
a subharmonic component with a wavelength five times the fundamentlewgth are presented in
green. The effect of the half-filled stator slots is demonstrated by the fadh#hamplitudes of the

outermost current linkage steps are only half the amplitude of the othps sted by the offset of the
current linkage at the observed time step. The effect of the asymnhstocplacement is shown by the
longer current linkage plateaus at the edges of the segment and byctitbdathe phase shift between
the stair curve and the fundamental wave increases towards the segduymareas.

Now, there is asymmetry in the stator only, and thus, thezenarsubharmonics on the rotor
side. Therefore, the stator subharmonics do not produdeasuimnic torque components.
The lowest torque ripple component is caused by the timatian of the fundamental wave
amplitude, which is the second harmonic in the studied case.

With asymmetric stator slots, subharmonic torque compienare not induced, but the load
torque ripple is at a lower harmonic than without skew. Iis ttase, the orders of harmonics
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are 2, 4, and 6 in the order of decreasing amplitude. The érguof the cogging torque
is not doubled. The stator slot asymmetry is a useful tooletduce the cogging torque
amplitude, but the existence of low-harmonic load torquaonents must be considered.

2.2 Conclusions

The torque of the DDPMSG should be very smooth. The coggirguiis the most harmful
torque ripple component. For the DDPMSGs, the torque rigdiess harmful, the higher the
frequency of the ripple is.

By burying the magnets inside the shaped rotor laminatioa,tbrque quality can be im-
proved compared with the rotor surface magnets, but the aratdeakage of the rotor are
both increased. The shaping of the magnets significantlycesithe torque ripple, but also
reduces the air gap flux as less magnetic material is useceawotibr surface.

In particular, the magnet skew significantly reduces thegoagtorque and multiplies the
frequency of the main cogging torque component as the skageid by assembling magnets
in several rows slightly shifted from each other. Applioatiof the magnet skew is recom-
mended whenever possible.

If it is impossible to apply skew, it can be imitated by proihgcasymmetry in the rotor or in

the stator. Cogging can be reduced, but the frequency ofagileg torque main component
remains unchanged. The asymmetric placement of magnetsiésily not allowed because
of the subharmonic torque components with a relativelydamplitude. The asymmetric
placement of the stator slots can be used if the low-ordenbaic components at the load
torque are allowed.
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Chapter 3

Heat transfer

Heat transfer is among the most critical aspects when diegign electrical machine, be-
cause the cooling capability eventually determines thditmpcapability of the machine. The
operating temperature of the machine is limited becauseeofitat endurance of the insula-
tions, and in the PM machines, in particular because of thérman operating temperature
of the magnets without demagnetization.

Traditionally, electrical machines have been cooled witbraed air flow by using a blower
assembled on the machine shaft. The stator core is dirdcttpaled and the air flow can
also be steered through the ventilation channels into trehime air gap to directly cool the
surface of the rotor. Liquid cooling is also used becauséefiptably higher heat transfer
capability compared with air cooling. The stator outer acef can be liquid cooled or the
cooling channels can go through the stator lamination gt&@lk Direct water cooling of the
stator windings has been patented but not widely used in thd turbine generatorsH).
The stator winding is made of copper pipes with water flowmgide.

In low-speed DDPMSGs, up to 90% of the losses are generathd stator winding, because
the low frequency keeps the iron losses of the machine low.rdtor losses of the PMSM are
typically low, but some losses are induced in the magnetauszcof the flux pulsation. The
direct forced air cooling of the rotor is needed to keep tmepierature of the magnets low
enough. The decrease in the temperature increases theaetflar density and the coersive
force of the magnets increasing the machine performanceanapibving the short-circuit
ride-through capability without demagnetitization of thagnets.

In the studied machine, a doubly radial air cooling descfilpePublication Il is used. The
doubly radial cooling provides powerful heat transfer fug stator winding because the cool-
ing air flow travels between the stator winding bars in théostaooling ducts both in the
cold and hot air ducts. The magnets are effectively cooledlse the air flow travels from
the cold air duct to the hot air duct through the air gap. Ondteer hand, magnets are
mounted on the massive rotor core with a large heat transéerat the rotor inner surface.
The drawback of the doubly radial cooling is the fact thatrtregnets are cooled with the air
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that already is heated to some extent when passing throegitdtor. Because of this, quite a
large amount of air has to be flowing in the machine as only @diftemperature difference
can be allowed for the cooling air.

3.1 Thermal resistance network

Heat transfer network models are used in the thermal maglelinthe machines3y], [56].
The thermal resistance network model can estimate the tatope distribution of the ma-
chine both in the steady state and during the transientsstdtiee lumped-parameter-based
thermal resistance network model for radial flux electrinakchines is described iBT].

The temperature rise of each node compared with the refetengerature can be expressed
as

AT = (G + Gguig) " 'P, (3.1)

whereG is the thermal conductance matr®g.iq the cooling matrix, an® the loss vector
containing the power loss of each node. The thermal condoetaatrixG is defined as

_n _
Z 1 __1 R
: Ry, Ry,2 Ry n
=1
1 i 1 1
-z R TR
G— 2,1 = fe 2.n ’ (32)
1 1 N1
_7R711 " Rpp2 121 Rni |

where the elements in the diagonal are the sums of the camhes( W /K) connected to
that node. The other conductand@s$i, j) are the thermal conductances connected to the
nodes: andj. The cooling flow can be expressed as a thermal resistanagangiract the
cooling matrix

Ry—— (3.3)

- b)
PmassqvCp

wherepmass, ¢v andc, are the mass densifkg/m?), the volume flow ratdm?/s) and the
specific heat capacityJ /(kgK)) of the cooling fluid, respectively. The cooling matrix is

1
Furl 0 0
1 1 :
S EE U

Gfuid = B_'/q“ R‘f” e (3.4)
1 Bl 1

anl an2 ann
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whereR; is the thermal resistand¢& /W) of the cooling fluid passing the nodend R
is the thermal resistance of the cooling fluid between nodesl ;.

To analyze the transient states, the cooling capacitantexisaneeded. The thermal capac-
itance for each element is defined as

Cth,i = ijcp’j, (35)

wherem is the masgkg) andc, the material specific heat capacftl/ (kgK)) of the element.
The index; represents the different materials of the element. Therthkerapacitance matrix
is

Cin 0 .. 0
0 Cin2 - 0
C=| . . . (3.6)
0 0 -+ Cinn

The temperature differences during the transient statefoand by solving the differential
equation of the temperature difference

d
aAT = Cil(P - (G + Gﬂuid)AT)' (37)

3.2 Results

The steady state of the machine was studied with a constambeuand width of cooling
ducts. It was found that the highest temperature of the madkireached in the windings
where the most of the losses are generated. The rotor aifithié machine remains relatively
cool, aroundr0 °C, as the temperature of the inlet air48 °C and the temperature of the
outlet air is just belov60 °C, and the temperature of the magnets is low enough. The highes
speed of the air flow is observed in the cooling ducts at thiarstaeth area where the slot
wedge narrows the teeth, and there is a spacer keeping thegric as shown in Fig. 1 in
Publication Il1.

In the transient analysis during the machine startup, itdissovered that the time constant
of the rotor circuit is much larger than the time constanthef stator. The low temperature
rise of the rotor is a consequence of the high thermal capani the low losses of the rotor.
During the shutdown of the machine, a cooling-down of the irex is detected with the

blower turned off. After the shutdown, the temperature @& winding decreases rapidly
because the ohmic losses are no longer affecting. The temopenf the stator teeth and the
yoke increase until they nearly reach the winding tempeeatoecause the stator cooling is
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significantly decreased by the turning off of the blower, #mg inner heat of the winding
spreads to the stator teeth and the yoke as a result of camaludthe temperature of the
magnets does not increase, although the temperature dhtioe is significantly higher than
the temperature of the rotor and there is no air flow in the ap. grhe temperature of the
magnets is continuously decreasing because the air gagiiedly isolates the rotor circuit
from the stator, and the rotor circuit is cooled down throtlghlarge rotor inner surface.

The effect of the number of cooling ducts and the cooling duidth was investigated by
varying them under certain boundary conditions. The nurnbehannels should not exceed
35, and the width of ducts cannot be less thbanm. Because the axial length of the machine
is 1.2 m, 35 cooling channels would mean the substack length 88bam. The maximum
temperature of the winding was set 180 °C and for the magnets to0 °C. The copper
losses of the stator winding are limited to less théf6 kW. The maximum allowable flow
rate in the cooling duct was set36 m/s and the total volume flow rate of the machine was
kept constant. It was found that the cooling duct width ardrthmber combinations meeting
all the requirements have a number of ducts between 18 and 84cavn in Fig3.1 The
cooling duct width was between5 and 9 mm.

[\ [N} [N}
(e} t (e}

Number of channels [-]

—_
at

10 —
2 4 6 8 10 12 14 16
Channel width [mm]

Fig. 3.1: Allowable combinations of the number and width of radial coolingts.

3.3 Conclusions

By applying the lumped-parameter-based thermal modeh, that steady-state temperatures
and transient states were studied. It was discovered thatahbly radial cooling is able to
keep the temperature of the stator winding and the rotoasariagnets low enough with
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reasonable cooling air flow rates. It was shown that in thebfjoradial-cooled DDPMSGs
studied, the optimal number of radial cooling ducts is atbtwenty. That is why the effects
of the cooling ducts on the design and performance of the P88®uld be investigated
further.
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Chapter 4

Effective stack length of the
substacked PMSM

It was shown in the previous chapter that several coolingscare needed for the heat transfer
of the large-scale DDPMSG using the doubly radial coolingpidally, the number of axial
stator substacks is around twenty and the relative prapodi the cooling ducts of the active
length of the machine exceeds 10%. Every radial cooling donostitutes two additional
end areas for the stator substacks. Therefore, it is extyggmeportant to examine the stator
stack end effects on the performance of the PMSM. The pedoca of the PMSG can be
considerably improved by compensating the harmful effetthe cooling ducts whenever
possible. Also the effect of cooling ducts has to be takem attcount when determining the
parameters, such as the no-load voltage and inductanassiruthe analytical analyses or in
the control design of the machine.

When field windings are used, the current linkage is contisuotthe axial direction even

in the case of cooling ducts. Permanent magnet currentgmkiowever, stops where the
magnet ends. Therefore, if there are any spaces betweeertimapent magnets in the axial
direction, the permanent magnet excitation sees a diffeféective length compared with a
continuous current linkage.

In this chapter, determination of the effective stator lstaagths for permanent magnet and
armature coil excitations is studied. The axial crossiseaf the machine is studied by
the 2D FEM and the air gap flux density integral is analyzedthinext chapter, the ef-
fects determined by the 2D FEM are verified by studying thdoaat voltages and the stator
synchronous inductances of the machine by the 3D FEM.

4.1 Analytical determination of the effective stack length

Traditionally, the end effects have been taken into accbynising the effective length of
the machine in the analytical calculations. The effecterggth means the length of the vir-
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tual machine with homogeneous flux density in the axial dioacwith the same electrical
properties, such as the no-load voltage and the torque ptiodicapability, as in the studied
machine.

The most common way to calculate the effective length of tideiction machine is Carter’s
theory, originally developed to describe the effects ofdtaor slots in induction machines
[58], [59). In Carter’s theory, the physical air gap length of the niaehs replaced by the

equivalent air gap similarly as the physical length of thehiae is replaced by the effective
length when the stack end effects are considered. Basedrter€theory and presented for
example in 19, the equivalent length of the machine with radial coolings is

' =1 — nkb + 26, (4.1)

wherel is the total physical length of the machinethe number of radial cooling ducts,
the physical length of the radial cooling duétthe length of the physical air gap, ardhe
factor defined as

2 b 20 b\ b
== [R—— | 1 — PON B 4.2
K= [arctan% ;o8 + (25) ] 5t (4.2)

From the approximation we can easily see that the facttam only have values smaller than
one. Wherk is smaller than one, according t4.1) the equivalent length of the machine is
always longer than the physical total length of the machémeimation substacks. However,
Carter’s theory was not developed for permanent magnet ime&h The major drawback

in the use of Carter’s theory on PMSMs is that it does not take account the permanent
magnet leakage flux in the end areas. Instead, Carter'sytheateveloped for machines

with a continuous current linkage produced by the windingchéng beyond the stack and
between possible substacks, but the current linkage of thgnets does not exceed the
magnet area. The end area leakage flux is also a functiontof gg@ometry, and the rotor

magnetic circuits are not taken into account despite thgtieof the radial cooling ducts and

the physical air gap. On the other hand, saturation typicfiects the permanent magnet
machines, but this is also neglected in Carter’s theory.

Because Carter’s theory seems not to be suitable to deshghend effects of the permanent
magnet machines, the end effects are studied by applyingitite Element Method. To de-
fine the equivalent length of the machine, the cross secfitireanachine is studied with the
2D FEM, and the integral of the flux along the air gap is exahine method to implement
stack fringing in the 2D by analyzing the cross-section &f tilachine and then modifying
the material properties is described @oJ.
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4.2 2D analysis of the effective stack length

The effective length of the machine can be studied with thé&EM by examining the cross-
section of the machine in the axial direction. The effectarggths differ from each other in
the case of the rotor and stator magnetizations. In the datbe gotor magnetization, the
magnetic flux is produced by the rotor-mounted permanennetag The stator magnetiza-
tion means that the flux is produced by the stator winding,ithahe armature reaction. The
stator magnetization can be emulated by setting the renhfiogrdensity of the magnets to
zero and adding the magnetization coils around the steiok stAn example of the cross-
section described with the 2D FEM of the machine with onealacholing duct is presented
in Fig. 4.1

[y = 10°
- Stator Stator -
] stack stack ]
Air Air
Rotor Rotor
stack stack

Fig. 4.1: Cross-section of the machine with one radial cooling duct atafisurface magnets described
for the 2D FEM. The stator coils are used in the case of stator magnetizatign ©his figure is for
illustrative purposes alone, for example the air regions around the staeksviger in the geometry
used for calculations to prevent flux leakage from the stack to the surirogihadyh-permeability yoke.

The lamination stacks of the machine are short circuitet witmaterial having a very high
relative permeability:,, = 10° to produce the path for the flux to travel between the stator
and rotor circuit. The material of the lamination stacksasatibed as an anisotropic linear
magnetic material. In the axial direction, the flux must élatrough the lamination and the
non-magnetic insulation between the laminates, whichedesgrs the permeability drastically
in the axial direction. If the proportions of the steel and thsulation material are 0.97 and
0.03, respectively, the total relative permeability in #xéal direction is

1
Hraxial = 597 0.03 ~ 33, (4.3)

Hr Fe Ho,r

where , is the relative permeability of the vacuum that is equal toThe relative per-
meability of the non-saturated steel does not significaaffigct the permeability in the axial
direction, because with any, re > 1300 1, axia1 ~ 33, if the proportions of the steel and
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the insulation material are as mentioned above. The magnetiescribed as linear magnets
with a constant remanent flux densiy and a relative permeability, py; = 1.05.

The equivalent length of the machine is defined by dividingititegral of the flux normal
component along the middle line of the air gap in the axiaation shown in Fig4.1by the
flux of the homogeneous machine

[ Bdz

l/
- )
B homog

4.4

where z is the coordinate in the axial direction. The flux of the inf#hy long machine
without cooling ductsBy.m.s Can be defined by the FEM by setting boundary conditions at
the ends of the machine stack area thereby preventing thadedlux belly to the end air
areas. On the other hand, the effect of the non-saturatedsiquite small on the reluctance
of the magnetic circuit. Thus, the air gap flux density for laenogeneous machine can be
calculated, neglecting the iron parts, by

hpMBr 1

_hem 97
Hr, PM T + 1

Bhomog = (45)

wherehpy, is the height of the permanent magnet. In the case of ther statgnetization,
the current linkage is produced by the armature windingsthaair gap flux density for the
homogeneous machine is

C)
Bromog = 105

(4.6)
5
1

Hr,PM

where@ is the current linkage of the magnetizing armature coils.

4.3 Results

As presented in Publication 1V, the end effects both at thehime ends and at the cooling
duct areas decrease the effective length of the machine watenpermanent magnet exci-
tation is used. This shows that it is impossible to apply €&ttheory to the calculation
of the effective length of the PMSM, ag.() shows that the effective length must be longer
that the sum of the physical lengths of the stacks. The deerieethe effective length is a
consequence of the magnet leakage fluxes traveling thrdweghit at the stack ends. The
effective length for the permanent magnet excitation of ttechine was shorter than the
physical length of the stacks for both the machines withrrstoface-mounted magnets and
rotor-buried magnets.
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It seems that it is very difficult to formulate a generic equato determine the effective
length of the PMSM. The effect of the end region phenomenamigp on the geometry of
the magnetic circuit and the magnetic state of the circuitusl there are too many degrees
of freedom in the design of the magnetic circuit of a PMSM taabée to fully examine all
the related effects and cross-effects.

In the case of the stator magnetization, the equivalenttheafjthe machine is, however,
longer than the physical length of the stacks with and witltmoling ducts because of the
flux fringing in the end areas. For example, with the rotor PEgmetization, the equivalent
length of the60 mm stack shown in Fig. 5 in Publication IV is less than the phgisiength
of the stack, but with the stator coil magnetization, theeeff/e length,l’ = 75.7 mm,
significantly exceeds the physical length of the stack. Turedknsity normal components in
the middle of the air gap with the rotor and stator magnetimatfor the geometry examined
in Fig. 10 in Publication 1V are presented in Fig2

T T T T

i

Rotor PM magnetization
——— Stator coil magnetization

0.8

o
o

B / Bhomog

o
IS
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Distance [mm]

Fig. 4.2: Air gap flux density normal component waveforms in the axiatdon with the rotor PM
and stator coil magnetizations. The physical stack area is indicated byldhk dotted line.

The PM flux leakage near the substack end areas is clearlyasabe flux density is consid-

erably lower than in the middle of the substacks. The fluxgirig, increasing the effective

length of the machine, in the stack end areas is much moresiate the case of the stator
coil magnetization although some flux fringing takes pladt whe rotor PM magnetization

also. Examples of the flux lines of the leakage and fringing fituthe stack end areas are
presented in Figd.3.

The effective length of the thre&.5 mm stacks is172.3 mm in the case of the rotor PM
magnetization an@05.9 mm in the case of the stator coil magnetization. In the case of
the stator coil magnetization, the approximation for ttfeative length of the machine with
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Fig. 4.3: Flux leakage and fringing in the end areas near the air gap with therrsurface magnets.

rotor-surface-mounted magnets can be calculated 4y &s the magnet height is taken into
account in the air gap length. When the modified air gap lergth # 8/, pv) mm, the
analytically calculated value 208.8 mm, and a less than 2% error is made compared with
the value calculated by the 2D FEM. For the singlenm stack, the analytically calculated
equivalent length i9.4 mm, which is approximately 5% more than with the FEM.

From the machine performance point of view, the decreasharPM flux is harmful. As
the flux and no-load voltage of the machine decrease, moratarencurrent is needed to
produce the same power or torque. Consequently, methodsiipensate the harmful end
effects are needed. In Publication 1V, it is proposed thatrthtor stack should be designed
slightly longer than the stator stack. It was shown that aereston of the rotor stack can
usually compensate the flux dissipated into the stack erddgaflux. Again, it was found
that it is not possible to give an exact equation for the retdension needed to compensate
the end effects. It was also found that the extension of ther siack ends by the air gap
length could be a good initial guess, but the effect of themsion should be verified by the
FEM. It must be borne in mind that the extension of the rotdrssacks decreases the width
of the rotor cooling ducts, and the heat transfer capalufithe narrowed rotor cooling ducts
has to be ensured. If the doubly radial cooling is used, thar mucts can even be totally
filled to maximize the air gap flux.

4.4 Conclusions

A method to calculate the effective stack length by the 2D Fipglying the axial cross-

section of the machine was introduced. It was shown thatrideeéfects in the stack end and
cooling ducts areas significantly decrease the PM flux of taehime. The loss of the PM flux
can be compensated by making the rotor stack and magnetsritran the corresponding
stator stack.
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In the case of the stator magnetization, the equivalentthenfthe machine exceeds the
physical length of the stacks because of the intense flugifrinin the substack end areas.
Consequently, the equivalent length is different in theesasf the rotor PM and stator coil
magnetizations.
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Chapter 5

Effect of substacking on the no-load
voltage and synchronous inductances

The effect of radial cooling ducts on the no-load voltage syrthronous inductances of the
PMSM were studied by the 3D FEM to verify the effects deteediby the 2D analysis of the

air gap flux in the previous chapter. For several reasons3Ehanalysis gives more accurate
results compared with the 2D analysis. First, the third dishen is described, and the whole
machine geometry is present instead of the cross-sectiow, te effects at the stator yoke
and the effects of the non-homogeneous air gap length asgdeoad. Further, the lamination
model of the Flux3D allows the modeling of the anisotropia4tinear lamination material.

Several different geometries are studied with differembbimations of cooling ducts in the
stator and the rotor. Two different air gaps are used to oldéimg permeance of the magnetic
circuit and thus the flux density to analyze the effects airsdion.

5.1 Geometries studied

To study the end effects of the PMSM by the 3D FEML5akW machine with rotor-buried
magnets and a nominal speedsof) min~! was investigated. More detailed information of
the original machine can be found i61]. The studied machine was chosen instead of the
DDPMSG for two reasons. First, there was an actual PMSM otwtere were measured
no-load voltage data available to verify the 3D FEM modebbefadding the cooling ducts.
The second reason was that the 3D FEM analysis of one segrnitiet DDPMSG with ten
poles and numerous radial cooling ducts would provide ninéurinformation of the studied
phenomena compared with the selected machine regardléss dfastically increased com-
putational load that would be practically excessive forghesent-day desktop computers.

To further decrease the number of elements and the commnahtoad, only one pole of the
machine was modeled as shown in FidL. Because of the axial symmetry, only one half of
the machine was needed in the axial direction.
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Fig. 5.1: Geometry of the machine without non-meshed coil condugtacgd in the stator slots.

The winding of the machine is replaced by the bar-shapedmeshed coil conductors. The
end area winding is imitated by extending the non-meshedusior beyond the stator stack
area. The anisotropic lamination material is describedfdphdng the lamination model of
the Flux3D software with the space factor for irbn= 0.98.

Six different geometries were studied. Three of the gedegelrave no cooling ducts at all.
Two of the geometries have cooling ducts both in the statdriarthe rotor, and one of the
geometries has cooling ducts in the stator only. The lengfttise substacks and the cooling
ducts are presented in Talilel. Model A is the original form of the machine without cooling
ducts. The stator of Model B equals the stator of Model A, hatrbtor is somewhat longer
than the rotor of Model A. In Model C, threl) mm cooling ducts are added to Model A
both in the stator and in the rotor. Model D is equal to Modeb@, all the rotor substacks
are slightly longer than the stator substacks. Model E hasdme stator as Model D, but
all the rotor cooling ducts are filled. There is also an addal geometry to investigate the
end effects without cooling ducts. The shape of the machiregual to Model A, but both

the stator and rotor stacks are essentially longer. Mowlddtillustrations of the geometries
can be found in Publication V. All the geometries were stddigh 1.2 mm and5.0 mm air

gaps.

5.2 No-load voltages

The no-load voltages were calculated by rotating the machtrits nominal speed for one
period of the voltage after stabilization. All the phasesaveymmetrical and the voltage
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Table 5.1: GEOMETRIES EXPLORED

Rotor stack and cooling channels

Stator stack and cooling channels Geometry
R 280 mm

S 280 mm Model A
R 282.4 mm

S 280 mm Model B
R 300 mm ]

S 300 mm

R4 x 70 mm + 3 x 10 mm

S4 x 70 mm + 3 x 10 mm Model C
R4 x 72.4 mm + 3 x 7.6 mm

S4 x 70 mm + 3 x 10 mm Model D
R 312.4 mm

S4 x 70 mm + 3 x 10 mm Model E
2D 280 mm 2D

waveform was sinusoidal. The measured phase voltage RM@ veds353.4 V. As the
RMS voltage for Model A with the original.2 mm air gap was354.2 V, it can be assumed
that the 3D model corresponds very well with the measurethgel The 2D FEM over-
estimates the no-load voltage approximately by 4%, becaeiteer the end effects nor the
lamination space factor are taken into account. The nosoHddges with thd.2 mm air gap
are presented in Tabe2

Table 5.2:NO-LOAD VOLTAGE RMS VALUES WITH A 1.2 mm AIR GAP

Geometry Epy (V)
Model A 354.2

Model B 356.2

R 300 mm

S 300 mm 380.2

Model C 349.0
Model D 359.0

Model E 374.7
2D 368.2

The effect of the end area phenomena can be estimated byaperfion

1280 mm T lends o EPM,280 mm

= , (5.1)
1300 mm + lends  £PM,300 mm

wherel, .. is the physical length: of the stack,..qs is the sum of the effective length
of the end regions, anflpn  mm iS the no-load voltage with the physical stack length
By solving and discarding the effective length of the endaeg, the machine witB80 mm
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stacks should produc®4.3 V no-load voltage, which is quite close to the value calcdlate
by the 2D FEM. It can also be seen that the end area PM flux leadtegreases the no-load
voltage approximately by 3%. The air gap length rotor stagkresion of Model B increases
the no-load voltage a little, but not enough to totally comgagte the voltage loss caused by
the end area leakage.

The cooling ducts of Model C decrease the no-load voltagecappately by 1.5% compared
with Model A with uniform stacks. In this case, lengtheniig trotor substacks by the air
gap length in Model D is enough to compensate the effect oftlnding ducts by means of
the no-load voltage. But still, the no-load voltage is loilean the no-load voltage of the
virtual uniform machine without cooling ducts and stack effdcts.

If the rotor cooling ducts are totally filled by the rotor dtaxs in Model E, the no-load voltage
is higher than the no-load voltage of the virtual machinéaiitt cooling ducts and stack end
effects. Because of the saturation in the stator, the nd4o#tage of the machine with the
uniform rotor and cooling ducts in the stator has a loweraamlvoltage than the machine
with the 300 mm uniform stator and rotor stacks, although the physical tlerg the rotor
stack and magnets is now more than in Model A.

With the 5.0 mm air gap, the no-load voltages presented in T&bBare all lower than with
the1.2 mm air gap because of the increased reluctance of the magireti@.c

Table 5.3:NO-LOAD VOLTAGE RMS VALUES WITH A 5.0 mm AIR GAP

Geometry Epy (V)
Model A 202.9

Model B 206.5
R 300 mm

S 300 mm 217.9

Model C 201.5
Model D 219.9

Model E 222.5
2D 209.9

The results give mainly the same conclusions as with theteshair gap. In this case, the
magnetic circuit is not as close to the saturation as eaaliet the extensions of the substacks
are considerably larger. The no-load voltage of the virtnathine with280 mm homoge-
neous stacks would produ2@9.9 V no-load voltage. The extension of the rotor stack by the
air gap length at both ends is not able to totally compené&t®M flux end area leakage in
the case of the uniform stacks, but by extending the rotostsicks in the case of three cool-
ing ducts, the effect of cooling ducts on the no-load voltege be compensated. Because
of the lower saturation with th&.0 mm air gap, the no-load voltage of Model E with a long
uniform rotor is higher than the no-load voltage of the maehwith300 mm stacks.
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5.3 Inductances

The direct- and quadrature-axis inductances were camlikas a function of current for all

of the geometries presented above. The direct- and quaekaxis current values were var-
ied beyond the nominal current value for both the positivd aagative directions. Also

the inductances were studied witt2 mm and5.0 mm air gaps to determine the effect of
saturation.

The studied inductance is the stator total inductance d@ictuthe magnetization inductance
and the leakage inductance of the stator. The inductanedaslated by

Ld _ A¢d/qj\[ph _ Arwd/q _ 2A¢d/q (52)
[T T AOusq Digasg Disasg

whereyy / is the flux linkage of the coil@,q /4 the direct-/quadrature-axis coil current link-
age, Ny, the number of series-connected coil turag,, the flux linkage seen by one coll
side, and,q 4 the direct-/quadrature-axis current component of onetaail.
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Fig. 5.2: Direct-axis total inductance with B2 mm air gap.

The direct-axis inductances as a function of stator cureeatshown in Fig5.2 It can

be seen that the direct-axis inductances are almost cdriatéime demagnetization. The
inductance of Model E is highest because of the longest sttmks. The extension of the
rotor increases the inductances regardless of whetherdinecooling ducts in the machine or
not. The difference compared with the no-load calculatieribat the cooling ducts increase
the inductance, as they decreased the no-load voltage. nEnease in the inductance is
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probably explained by the increase in the stator flux lealkangkthe stator flux fringing. Part
of the leakage flux travels through the substack laminatesedsing the reluctance of the
leakage flux path. The flux paths in the stack end regions aeribed in p2]. The 2D
cross-section simulations with the stator magnetizatidiicated an increase in the armature-
produced air gap flux as a consequence of the cooling ductshwéfers to an increase in the
magnetization inductance. However, with the 3D, the iratign of the air gap flux contained
too much inaccuracy to determine the magnetization incheetaeparately by integrating the
air gap flux density.

The inductance calculated by the 2D is higher than the irzcheet of Models A and B because
of the higher space factor of the stacks. On the other haed2Ehinductance is lower than
the inductance of Models C, D, and E because the effect ofdbéing ducts is not taken

into account. Because the inductance is increased as thiegdaocts are added, it can be
said that in the case of stator magnetization the effecéimgth of the machine is increased
because of the cooling ducts.

In the positive current region, the significant decreaséhénihductances can be seen as a
result of saturation. The most interesting observatiohas Models D and E saturate most
drastically. This is probably explained by the high safiorabf the stator teeth in the areas
near the rotor stack extensions. Because of the insulaéitweeen laminates, the flux cannot
easily move from a laminate sheet to another, leading toyhsaturation of the outermost
lamination sheets. With a longer air gap, the phenomenairetina same, but the saturation
shifts to the higher stator currents.
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Fig. 5.3: Quadrature-axis total inductance withl&2 mm air gap.

The quadrature-axis inductances presented inrB=8are not dependent on the sign of the cur-
rent because the magnets do not produce flux in the quadiatigelirection. Surprisingly,
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the inductance of the machine with uniform rotor and cootingts in the stator has the low-
est quadrature-axis inductance. The inductance of Modsliigher than the inductance of
Model D where the rotor stacks are extended. The explanatigst be the cross-saturation
between the permanent magnets in the direct-axis direatohthe quadrature-axis induc-
tances. The higher flux density in the direct-axis direc8aturates the magnetic circuit at
the stator teeth when the rotor extensions are used, angdthieuguadrature-axis inductance
decreases.

5.4 Conclusions

It was found that the cooling ducts and the stack end areeteffiave a significant effect on
the machine no-load voltage and inductances. The end £fiectthe cooling ducts decrease
the permanent magnet flux, and thereby the no-load voltagkcansequently, the effective
length of the machine. Thus, the traditional 2D FEM caldalakasily overestimates the
no-load voltage of the machine.

With the 2D FEM, the inductances are typically overestirddite the machine without cool-
ing ducts because the stacking factor of the laminatiorkstatypically neglected. In the
case of several cooling ducts, the inductances are unaeagst with the 2D FEM because
the increase in the stator flux leakage and fringing in thdimgaluct areas are not taken into
account.

The loss of the no-load voltage in the case of several coalirgys can be compensated by
making the rotor substacks slightly longer than the comadmg stator substack. If the rotor
stacks are extended too much, the stator teeth laminatibs #tarate heavily in the vicinity
of the cooling duct. The optimal extension must be found @&l &amd error, but the air gap
length is a good initial guess.

It was found that the end area effects and the cooling duci®dse the no-load voltage, but
increase the inductances. That is why different effectiselslengths should be used when
determining the no-load voltage and the inductances wigh2ld FEM for a PMSM. The
decreased voltage and increased inductances reduce gfoe foroduction capability of the
machine. The increased inductances can easily cause thratgat of the stator circuit at
higher loads with an intense armature reaction, if the flexdase caused by the armature
reaction is not compensated by the control.

On the other hand, the effective length of the machine whéulzing the performance of

the machine at load should be somewhere between the effdetigths determined for the
no-load voltage and inductance calculations. In the fytilne problem can be easily solved
when the computation power increases so much that it islgedsi study the machine under
load with the 3D FEM.
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Chapter 6

Determining the efficiency of the
PMSGs analytically including
saturation

The no-load voltages and inductances determined in théqu®ehapter can be used in the
analytical calculation and control design of the PMSGs. ublRation VI, the efficiencies
of several PMSMs are calculated applying four differenttoarstrategies over the whole
speed and torque ranges of the machines. The studied maehimea DDPMSG, a salient-
pole PMSG, and a PMSM for hybrid drive applications. In thisgter, also the effect of
inductance saturation on the efficiency of the PMSMs is stlithy comparing the efficien-
cies of the45 kW machine described in the previous chapter with and withaturating
inductances.

By the definition of the electromagnetic torque, based ortitentz force as a cross product
of the flux and the current, the torque equation for a permtamagnet machine is

3p > = 3p . .
T= ?hﬁb X ZS| = ?(¢dlq - qud)- (61)

When the flux linkage components; and, are replaced with currents and synchronous
inductances, the torque equation can be written in a morplsifarm

T= 3?[) [(La — Lq)iaiq + YpMmiq] - (6.2)

To produce the desired torque, a definite combination of tiheots;4 andi, must be found.
At the same time, the current combination must meet the rexpgints of the desired control
principle.
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6.1 Control methods

Various control methods for the PMSMs are introduced in ttexdture. The traditional
control methods are based on different principles of thecsieln of the load angle. The
torque production capability as a function of currentad ¢ = 1 control and the maximum
torque per ampere control are compared with each othe83h [The torque production
capabilities and the power factors of the = 0 control, cos ¢ = 1 control, linear torque
control, and the constant flux linkage control are compasged function of current ing4).
Torques, power factors, and stator voltages ofithe 0 control, cos ¢ =1 control, and the
constant flux linkage control are compared as a function okatiin [65]. In [66], a method
to minimize the losses of the PMSM is introduced. The leakadactances are neglected
and the iron losses are implemented using the constantassresistance. The effect of
the machine parameters on the machine control is studielaanethod to minimize the
stator current by on-line control of the stator flux linkagéerence in the case of the direct
torque control is introduced ir6[/]. Next, the control methods studied in Publication VI are
introduced in brief.

6.1.1 i4=0 control

In theiq =0 control, the direct-axis current is set to zero, and hereestator flux linkage
is determined by the permanent magnet flux linkage and toofitiee machine. In non-
salient pole machines, the direct-axis current does nadym® torque, and therefore, the
iq = 0 control minimizes the copper losses of the non-salient ptkehines. The use of
theiq = 0 control is typically limited because the voltage increagased by the armature
reaction cannot be compensated as shown ing=ig.

Not only the voltage increases as the torque increases|dmthe power factor of the ma-
chine decreases substantially at high loads because tee phgle is equal to the load angle
in the case of thé; =0 control. Theig =0 control is best suited for non-salient pole machines
with low inductances.

6.1.2 cos¢=1 control

In thecos ¢ =1 control, the power factor is kept equal to one. This meartstittgastator cur-
rent and stator voltage vectors are pointing in the sametitire and the machine is neither
producing nor consuming reactive power, and the apparemépis minimized. Typically,
the cos ¢ = 1 control requires demagnetizing current to at least part@mpensate the ar-
mature reaction and to decrease the stator voltage amglitughroportionality equation for
the stator current and voltage components is

Ud _da _ Rl —wtg (6.3)
Ug g Rslq +wihq ’ '
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Fig. 6.1: Phasor diagram of the direct-driven wind generator at norhapeeed and torque.

whereuq andu, are the direct- and quadrature-axis stator voltage comysmadR; is the
stator resistance. When the quadrature-axis cugggistknown, the direct-axis curreny is
derived by 6.3). The equation of thé; current in thecos ¢ =1 control is

et [URy — 4LaLgi2 s
d = 2Ld ) ( . )

whereLy = La+ Ls andLq = Liq + Lo are the direct- and quadrature-axis synchronous
inductances, respectively.

Thecos ¢ =1 control can be used if the radicand ®.4) is positive. The root is positive if
the inductanced.q, L4, and the current, that depend on the torque are small enough and
the permanent magnet flux linkage; is large enough.

6.1.3 i;=minimum control

The implementation of this control method that minimizes #tator current is presented
in [68]. Contrary to thei4 =0 control, thei;=minimum control allows the use of the reluc-
tance torque by exploiting the direct-axis current in theecaf the salient pole machines. In
this method, the normalized values of the torque and thetdiamd quadrature-axis currents
are used

T ) 1
. q - d
Tn = >y lgn = 75 W = T, (65)
Ty, in in
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where

YPM

3 .
Ty, = §P1/JPMZb7 1y, =

All motor parameters are eliminated from the normalizeduerand currents. As seen from
the denominator of the current base value, the current naimon is valid for the salient
pole machines only. The references of thendi, currents that minimize the stator current
are a solution of

|anef| = \/id,nref (id,nref - 1)37 (67)

anef = Zq’;ref (1 + \/ 1 + 4'L’(21,11ref) N (68)

The references of the currenitsandi, are independent of each other and determined by the
torque reference value alone. The current values are niriirthased on the saliency of the
machine, and the effects of the iron losses are neglected.

6.1.4 wu,=optimum control

This is not an actual control method, but the stator voltagierated to find the highest
efficiency. The stator current is determined from the statttage

2 _ 2 2
Uy = Ug + Uy

) ) ) ) (6.9)
= (Rgiq — wiq)” + (Rsiq + wiba)”.
The direct-axis current can be determined by
, 1 2 .
1d :m X —2w depM - QRSWZqAL:l:
2
\/ [2w2dePM + 2stiqAL) — 4(R? + w2L2)x (6.10)

(w2 + (B2 +w2L2)i2 + 2w Retbpriq — 2 ) ] ,

whereAL = Lq — Lq. As it can be seen in6(10 the direct-axis current depends on the
quadrature-axis curreff, the frequency, and the stator voltage. At rotation speégtseh
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than the nominal speed, the stator voltage rises above thanabvoltage, which means that
stator flux weakening must be used. Usually, the statorgeltaust be constrained to match
the inverter voltage limit. In this control method, the dir@xis currenty, the quadrature-
axis current,, and the power factotos ¢ are determined based on torque, rotation speed,
and stator voltage.

6.2 Control comparison

The efficiencies were calculated for three test machindaditmy one DDPMSG with all the
control methods over the whole speed and torque range titteraas needed to solve the
current components for the salient pole machines. Theiberprocess is described as a flow
chart in Publication VI.

For the non-salient pole DDPMSG the current minimizatian=optimum, andiy =0 con-
trols all give the same results because tlhe= 0 control obviously minimizes the copper
losses of the non-salient pole machine. The¢ =1 control gives significantly lower perfor-
mance for the machine. It is clearly seen that the voltagbefit= 0 control is higher than
the nominal voltage at higher loads. Because the iron lasste DDPMSG are neglected
as a result of the low frequency, the efficiency of the DDPMS%@rdases as the torque and
current increase. As the armature reaction increases lahigrques, also the power factor
of the DDPMSG decreases.

In Publication VI, the iron losses were neglected in the céifige non-salient pole DDPMSG.
To illustrate the effect of iron losses, the iron loss of tbenmnal point calculated by the FEM
was scaled to the whole speed and torque range, becauseatgcahcalculation of the iron
losses may contain significant inaccuracy. It was assumnagdhi iron loss depends on the

voltage and the frequendik. o (Us/Us..)” (f/f.)* although the iron loss in the demagne-
tization zone can be underestimated. The efficiency of th®MBG with and without iron
losses with thew, =optimum andiq4 =0 controls is presented in Fi§.2

When iron losses are not taken into account, dhe= optimum andigy = 0 controls both
minimize the current and yield the same efficiency. When iomsés are taken into account,
the us =optimum control gives a slightly better efficiency at speabisve the nominal speed
where the flux weakening is used to decrease the stator eolfdwe optimal stator voltages
with and without iron losses are presented in Bi@.

The optimal voltage is slightly lower when the iron losses taken into account compared
with the case where the iron losses are neglected. Espeiaialteas above the nominal speed
and below the nominal torque, demagnetizing current is usecrease the stator voltage
and iron losses of the machine. Even taking into accountrdrelosses, the voltage of the

nominal operating point is significantly higher than the mrmahvoltage, which was observed

also in Publication VI.

In Publication VI, it is shown that for a salient pole wind geator operating at a higher
speed than the DDPMSG studied above ithe optimum and the current minimization give
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Fig. 6.2: Efficiency of the DDPMSG with and without iron losses. Thergliees indicate the efficiency
with iron losses with both thes =optimum andiq = 0 controls. The blue lines represent the=0
control with iron losses and the red lines the=optimum control with iron losses.
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Fig. 6.3: Optimal stator voltage of the DDPMSG with (green) and withoutegpiron losses.
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a slightly better performance than the= 0 control. Because the iron losses are now taken
into account, the best performance is not achieved at veagll sorques as in the case of
the DDPMSG without iron losses. It was found that the ¢ = 1 control cannot be used
for the PMSG with negative saliency at torques higher thar@pmately half the nominal
torque. At the nominal operating point, the highest efficiewas reached with a voltage
approximately 1.5 times the nominal voltage. Although ¢hisra demagnetizing current to
utilize the reluctance torque, the armature reaction istotaily compensated to reach the
best performance.

6.3 Effect of inductance saturation

The assumption of constant inductances gives inaccursiseavith higher loads, where the
armature reaction is significant. To investigate the eféeédhductance saturation, the same
efficiency calculations were repeated with constant inahums, saturating inductances, and
cross-saturating inductances. The cross-saturation srteah the effects in the direct-axis
direction affect the inductance of the quadrature axis doe versa. In this case, saturat-
ing inductances mean that the inductance saturation i take account separately in the
cases of the direct- and quadrature-axis and cross-datuggspite the fact that the effect
of permanent magnets is neglected. The inductance valuesoatkeulated by the FEM and
imported into the analytical model. Actually, the importeadues for the direct-axis are the
flux linkages because the interpolation of the inductanegaining discontinuities where the
current changes its sign is impossible and the flux linkagkides also the change in the PM
flux caused by saturation.

The machine studied is4b kW PMSM used in the 3D calculations. TH8 kW machine
was chosen instead of the DDPMSG to determine the effectdiefhisy caused by the rotor-
buried magnets. The iron losses are calculated for the radrojrerating point by the 2D
FEM, applying Bertotti's equations, and scaled to all tHeeotoperating points as a function
of frequency. The inductance values around the currenepaa presented in Figé.4 and
6.5.

The efficiencies with different inductances applying the-optimum control are presented
in Fig. 6.6. We can see that the efficiency of the saturated machine &rlatshigher torques,
where the currents and especially the quadrature-axismuare high, than the efficiency of
the non-saturated machine. The lower efficiency is expthinyethe decreased absolute value
of the inductance differenckq — L, producing the reluctance torque as seerti@)( The
decrease in the inductance difference results from theshiggturation of the quadrature-axis
inductance as the increase in torque mainly increases tdragure-axis current. The effi-
ciency taking into account the cross-saturation is lowesgalbse the significantly increased
guadrature-axis current cross-saturates the path of thdlitecreasing the direct-axis
magnetizing inductance and the PM flux. The absolute valtieeahductance difference also
decreases because the quadrature-axis inductance, vasiehHigher non-saturated value in
the machines with rotor-buried magnets, saturates morélye¢han the direct-axis induc-
tance.
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Fig. 6.5: Quadrature-axis stator inductance as a function of currents.

6.4 Conclusions

An analytical model to determine the efficiency of the PMSMaay operating point was
developed. Several control methods were compared with ethen. It was found that the
iq = 0 control gives the best efficiency for the non-salient poleAMBG. When applying
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Fig. 6.6: Efficiency of the machine with different inductances.

theiq = 0 control, the armature reaction significantly increasestasor flux and the voltage
at higher loads.

The effect of inductance saturation on the efficiency of kSRl was studied. The saturation
changes the torque production capability of the machindgiten loads as the inductance
ratio of the machine changes and the proportion of the leaieag increases as the main flux
path saturates.

Both theiq = 0 control and the radial cooling ducts of the machine, by iasiteg the induc-
tances, lead to a strong armature reaction easily caustogatian in the magnetic circuit.
Because the saturation was found harmful to the machindesitig, the powerful armature
reaction should be taken into account in the magnetic ¢idasign process to avoid excessive
saturation and performance loss.
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Chapter 7

Conclusions and future work

In this doctoral thesis, the special aspects of designingamatt-range direct-driven perma-
nent magnet synchronous generators for wind turbine egtjmits were discussed. Special
attention was paid to the torque quality and the effect of#lakal cooling ducts on the elec-
tromagnetic performance of the machine.

7.1 Torque quality

The low rotational speed and the high torque set high reopgngs for the torque quality of
the DDPMSG. Several methods to reduce torque ripple wediestuMagnet skew is able to
multiply the cogging torque frequency and decrease theiandplof the cogging torque to a
fraction of the initial value. The load torque amplitude liscedecreased with skew. Although
some of the no-load voltage is lost, the skew should be appileenever possible.

Magnet shaping reduces both the cogging and the load toippie significantly. The best
torque quality for the machine with the rotor-surface-mednmagnets was achieved with
shaped magnets applying skew. Burying the magnets ins@&eotior lamination material
makes it possible to modify the air gap flux density distiitby lamination shaping. With
rotor-buried magnets, very good torque quality can be a&ekiebut the rotor leakage flux
and the rotor mass increase significantly.

If it is not possible to use skew, it can be imitated by prodgcasymmetry either in the
rotor or in the stator. In the large, segmented stator DDPM86 rotor asymmetry with

half-filled slots at the edges of the stator segments pradsigeharmonic load torque ripple
components, which are typically not tolerated. By utilgzithe stator asymmetry, both the
cogging and the load torque ripple amplitudes can be redumedow-order harmonics are
induced to the load torque.
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7.2 Effect of cooling ducts on the machine performance

The temperature distribution of the doubly radially cool@dPMSG was observed with a
thermal resistance network model both in the steady statedaring the transient states.
The doubly radial cooling was found effective to keep theferature of the magnets low
enough. The number and width of the radial cooling ducts eeadere investigated based
on the temperature distribution of the machine, the coddindlow rates in the cooling duct
areas and the copper losses of the machine. In multi-megBEB&RMSGSs, numerous radial
cooling ducts are needed, which essentially increasedfant of the stack end effects.

The effects of the stack end area fringing on the effectiaelstength of the PMSM with
several cooling ducts were determined by studying the 2Bsesection of the machine in
the case of permanent magnet magnetization. Carter'sythess found not suitable for the
PM magnetization, because typically the end effects rethe®M flux of the machine. The
effect of stack ends can be compensated by making the raidkssand the magnets slightly
longer than the stator stacks. In the case of the doublylredading, the rotor stack can be
made even uniform if the stator magnetic circuit is desigioesvoid saturation.

The results obtained by studying the cross-section of thehina by the 2D FEM were
verified by calculating by the 3D FEM the no-load voltages BNSM with several different
cooling duct geometries. The voltage loss caused by thengpducts was defined and the
compensation by extending the rotor stack was found beakfici

To study the effects under stator magnetization, the irmtheets of the PMSM with several
different cooling duct geometries were analyzed as a fanaif current. The radial cooling

ducts increase the stator inductance of the PMSM becaube @idreased flux fringing and

the stator leakage flux in the cooling duct areas. The stédok $amination easily saturates
heavily near the cooling ducts because of the increaseadeattux. It was found that the

inductance of the machine without cooling ducts is typicallerestimated with the 2D FEM,

and the inductance of the machine with several cooling dsicssderestimated. The effective
length of the machine is different in the cases of the rotoma@ent magnet and stator coil
magnetizations.

The different control methods for DDPMSGs were comparedh weéch other. Theé; =

0 control gives the best efficiency for the non-salient polechizes with negligible iron
losses, but the voltage rise caused by the anchor reactite dtigher load must be taken
into account. The cross-saturation of the magnetic ciraod the inductances decreases
the efficiency of the machine at high loads. Because the peefé; = 0 control and the
radial cooling ducts of the machine strengthen the armatmetion effects by saturating
the magnetic circuit, the strong armature reaction shoeldaken into account during the
machine design process to maximize the machine performance
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7.3 Suggestions for the future work

It would be interesting to study the methods to reduce trepripple by analyzing a small-
scale prototype machine. In particular, it could be usef@xperimentally detect the subhar-
monic torque ripple components caused by the asymmetries.

Furthermore, the effect of the cooling ducts on the PM flux imcldictances of the machine
could be verified by a prototype machine. An option to applyesa different combinations
of rotor and stator substack lengths would be required tootstnate the effect of different
cooling duct structures.

It was found that the strengthened armature reaction shmutdken into account when de-
signing the magnetic circuit of the machine with severalatacboling ducts to avoid satura-
tion. The optimal dimensioning of the magnetic circuit toxinaize the PM flux and avoid
saturation without excessive use of lamination materiatkhbe studied in more detail.
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