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Samenvatting

De windenergiemarkt heeft zich de laatste jaren heel snel ontwikkeld. De

windturbines en het nominale vermogen van de generatoren zijn beduidend

groter geworden. Er werden in het verleden verscheidene windturbinecon-

cepten ontwikkeld. Typische machines in die toepassing zijn inductiege-

neratoren (IG), synchrone generatoren met elektrische bekrachtiging (EESG)

en synchrone generatoren met permanente magneten (PMSG). Als men de

huidige status van de windenergiemarkt bekijkt, komt men snel tot de vast-

stelling dat dit laatste type generatoren heel wat belangstelling geniet bij

de fabrikanten van windturbines voor grote vermogens. Ook in de weten-

schappelijke wereld gaan deze PMSGen niet onopgemerkt voorbij. De meest

naar waarde geschatte voordelen van dit type generator, in vergelijking met

de oudere technologieën zoals de IGs en de EESG, zijn een hoge koppel-

massaverhouding, een hoge efficiëntie en een lage onderhoudskost wegens

het ontbreken van sleepringen. Een ander belangrijk voordeel is dat er geen

energieverlies voor het bekrachtigingssysteem optreedt.

Er zijn echter ook nadelen aan de PMSGen verbonden : de belangrijkste

zijn de nood aan een vermogenselektronische omvormer die het volledige ver-

mogen dient te verwerken en de hoge kost van de permanente magneten. Een

bijkomend nadeel is dat het bekrachtigingssysteem niet kan worden gecon-

troleerd.

In de wetenschappelijke literatuur wordt er veel aandacht besteed aan de

vele aspecten van het elektromagnetisch ontwerp van de PMSG. Er is echter

geen uitgebreid onderzoek gedaan naar de invloed van elektromagnetische

eigenschappen van het gebruikte zacht magnetische materiaal op zowel de

prestatie van de generator als op de dimensionering ervan. Zowel de elek-

tromagnetische als de thermische eigenschappen van het materiaal worden

verondersteld een invloed te hebben op het ontwerp van de elektrische ma-

chine. Bij de PMSGen is in het bijzonder de thermische analyse van groot

belang, vooral voor de hard magnetische materialen, omdat bij een te hoge

temperatuur deze magneten kunnen demagnetiseren. Daarom bestaat de

noodzaak om het elektromagnetisch en thermisch gedrag van de permanente
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magneten zorgvuldig te analyseren. Hiertoe kunnen analytische en numerieke

methoden worden aangewend om de gegeven problemen verder te onder-

zoeken. Bij het ontwerp van de modellen voor generatoren streven we ernaar

om, naast de materiaaleigenschappen, eveneens de statistische gegevens i.v.m.

windsnelheden op te nemen.

In de eerste plaats wordt in dit doctoraatsproefschrift een analytisch

model van een PMSG opgebouwd. Het model houdt rekening met de mate-

riaaleigenschappen van het gebruikte elektrische staal. Voor elk van de staal-

kwaliteiten werd er een geometrische optimalisatie uitgevoerd waarbij van

een genetisch algoritme gebruik werd gemaakt.

De optimalisatie heeft tot doel tendensen te identificeren met betrekking

tot efficiëntie bij vollast of jaarefficiëntie van de generator in functie van ge-

ometrische parameters, gebruikte soort elektrisch staal, gebruikte hoeveel-

heid materiaal (koperwikkelingen, elektrisch staal en permanente magneten),

maximum toelaatbare luchtspleetdiameter en winddistributies. De term ’jaar-

efficiëntie’ verwijst naar de verhouding van de jaarlijkse elektrische ener-

gieproductie Ee van de generator en de jaarlijkse mechanische input Em van

de turbinerotor naar het generatorsysteem. Deze aanpak houdt rekening met

de statistische verandering van de windsnelheid gedurende één jaar op een

specifieke plaats. In dit proefschrift komen twee generatorconcepten voor de

analytische modellering aan bod: het lage snelheidsconcept (concept zonder

tandwieloverbrenging) en het concept met een middelhoge snelheid op basis

van een ééntraps-tandwieloverbrenging.

Ten tweede worden numerieke technieken toegepast voor een elek-

tromagnetische en thermische analyse van de PMSGen. Aan de hand

van verschillende elektromagnetische modellen gebaseerd op de eindige-

elementenmethode (EE methode) worden de elektromagnetische energiever-

liezen zowel in de zachte als de harde magnetische materialen onderzocht.

Elektromagnetische eindige-elementenmodellen werden voor twee types van

generatoren opgebouwd: enerzijds voor de familie van generatoren van 5 MW

verkregen aan de hand van de optimalisatieroutines waarbij gebruik werd

gemaakt van het analytische elektromagnetische model en anderzijds voor

een commerciële sneldraaiende synchrone generator met permanente mag-

neten en een vermogen van 2.1 MW. Naast de elektromagnetische aspecten

van de generator gaat ook aandacht naar de thermische aspecten. De ther-

mische modellering is een belangrijk deel tijdens het ontwerpproces van de

elektrische machine. Dit is te wijten aan het groeiende belang van energie-

efficiëntie en de gewenste kostenverlaging voor elektrische energieproduc-

tie. Voor de thermische analyse van de generator wordt een 2D EE-model

voorgesteld.

Onderzoek werd gedaan naar de invloed van de macroscopische eigen-

schappen van het elektrische staal op de prestatie van generatoren. Deze
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macroscopische eigenschappen worden bepaald door o.a. lameldikte, mi-

crostructuur en materiaalsamenstelling. Aan de hand van de EE- en de opge-

bouwde analytische modellen worden de ijzerverliezen ingeschat. Bij het a-

nalytische model werd de frequentiedomeinbenadering van het statistische

verliesmodel van Bertotti toegepast. Bij de EE-modellen werd dezelfde aan-

pak in het frequentiedomein - enkel de basisfrequentie wordt beschouwd -

vergeleken met een meer nauwkeurige methode in het tijdsdomein. Het ge-

bruik van de theorie impliceert dat voor alle in aanmerking genomen elek-

trische staalsoorten de bepaalde verliesparameters moeten worden geı̈denti-

ficeerd. De identificatie van deze verliesparameters werd gedaan aan de hand

van meetgegevens van verliezen onder sinusoı̈dale magnetische flux. Deze

meetgegevens, verkregen van de staalfabrikanten, hebben betrekking op een

frequentiebereik dat overeenkomt met het operationele gebruik van de ge-

analyseerde generatoren. De verliezen werden aan de hand van een computer

berekend voor generatoren bij verschillende belastingen.

Vooreerst werden er simulaties gedaan bij een sinusoı̈dale statorstroom.

Nadien werd er een realistische stroomvorm in de simulaties opgenomen.

Deze relatische stroomvorm komt overeen met een voedingsspanning op ba-

sis van puls-duur modulatie (PWM). De golfvormen van de PWM stromen

werden verkregen aan de hand van metingen op de reeds hierboven ver-

melde commerciële generator. Bovendien werden hier de wervelstroomver-

liezen in de permanente magneten berekend en vergeleken met 2D en 3D EE-

modellen. Onderzoek werd gedaan naar de invloed van de geometrie van het

magnetisch circuit van de generator en de segmentatie van de permanente

magneten op de elektromagnetische energieverliezen in deze magneten. De

segmentatie van de permanente magneten is een aanpak om de lengte van het

’elektrische pad’ van de wervelstromen te reduceren en hierdoor dan ook de

bijhorende verliezen te beperken. De combinatie van de elektromagnetische

en thermische analyse maakt de studie over de invloed van de elektromag-

netische en thermische materiaaleigenschappen op de temperatuursdistribu-

tie in de generator gemakkelijker en nauwkeuriger.

Door gebruik te maken van enkel en alleen het analytische elektromag-

netische model van de generator in combinatie met het optimalisatie-

algoritme werden bij de analyse volgende kwalitatieve tendensen

waargenomen. De elektromagnetisch geoptimaliseerde generator opge-

bouwd met een hoge kwaliteit elektrisch staal (lage verliezen) heeft een

hogere jaarefficiëntie in vergelijking met de generator opgebouwd met een

lage kwaliteit elektrisch staal (hogere verliezen). Aan de andere kant is

vanuit een elektromagnetisch standpunt bekeken minder actief materiaal

(koperwikkelingen, elektrisch staal en permanente magneten) nodig voor

dezelfde jaarefficiëntie indien de generator opgebouwd is met het elektrisch

staal van hoge kwaliteit. Uit de numerieke analyse worden er echter meer
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complexe conclusies genomen indien het elektromagnetische model met het

thermische EE- model wordt gecombineerd.

Inderdaad, voor elektrische staalsoorten met toenemende elektrische

geleidbaarheid neemt de thermische geleidbaarheid eveneens toe. Dit

betekent een thermische verbetering door een betere thermische geleid-

baarheid van het materiaal. Dit wil zeggen dat de keuze van een materiaal dat

leidt tot een gemakkelijkere evacuatie van de warmte, aanleiding kan geven

tot een hogere energiedissipatie in het materiaal. Welk van deze fenomenen

het meest doorslaggevend is, hangt af van het ontwerp van de generator, in

het bijzonder de elektrische frequentie. Deze is bij een gegeven rotatiesnelheid

van de bladen van de windturbine onmiddellijk gerelateerd aan het aantal

poolparen van de generator.

De veronderstelling dat de tijdsvariatie van de magnetische flux in de ge-

nerator sinusoı̈daal is, leidt tot een onderschatting van het ijzerverlies in de

machine. Dit is aangetoond via de corresponderende elektromagnetische EE-

modellen. Door het toepassen van ijzerverliesmodellen in het tijdsdomein was

het mogelijk om het verschil in ijzerverlies te berekenen in de gevallen van

een sinusoı̈dale stroom en een PWM gestuurde elektrische stroom. De hogere

verliezen werden waargenomen bij een PWM stroom.

Voor deze vergelijking werden de geometrie en de opgemeten tijdsfunc-

ties van de elektrische stromen van de commerciële machine gebruikt. Boven-

dien werden hier de wervelstroomverliezen in de magneten bestudeerd. De

invloed van zowel de vorm van de statortanden als de segmentatie van de

magneten werd bestudeerd. Vergelijkbaar met de verliezen in het elektrische

staal van de stator heeft de vervanging van de sinusoı̈dale statorstroom door

een PWM stroom geleid tot een verhoogd energieverlies in de permanente

magneten.



Summary

The wind energy market developed very fast over the last few years. The size

of the turbines and the nominal power of the wind generators were increasing

significantly. Various wind turbine concepts have been developed. Typically

applied types of machines are induction generators (IG), electrically excited

synchronous generators (EESG) and permanent magnet synchronous genera-

tors (PMSG). When revising the current status of the wind energy market, it

can be easily observed that the PMSGs have attracted a lot of attention among

large scale wind turbine manufacturers, as well as within the scientific world.

The most appreciated advantages of this generator type compared with older

technologies like IGs and EESGs are the high torque to mass ratio, the high

efficiency, the low maintenance due to the lack of slip rings and brushes and

the absence of the excitation losses. The main disadvantages are the need for

the full rated power inverter, the high cost of the rare earth type magnets and

the fact that the excitation cannot be controlled.

Many aspects of the PMSG design are considered in the scientific litera-

ture. However, the influence of the soft magnetic material properties on the

generator performance as well as on the geometry is not extensively anal-

ysed. Both electromagnetic and thermal properties of the magnetic material

(soft and hard) are expected to have an influence on the design of the elec-

trical machine. In the PMSGs, the thermal analysis is of great importance, in

particular for the hard magnetic material (magnets) as a too high temperature

may demagnetize the magnets. Therefore, a careful analysis of the electromag-

netic and thermal behaviour of the permanent magnets is required. Analytical

and numerical methods can be applied for the investigation of the mentioned

problems. The design of the proper models should allow an inclusion of the

material properties as well as of the statistical data related with the wind speed

distribution.

Firstly, a general analytical model of a PMSG is developed in this thesis.

This model takes into account the electromagnetic properties of the electrical

steel of the magnetic circuit of the generator. For each of the steel grades, a

geometrical optimization was performed using a genetic algorithm. The opti-
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mization aims at a qualitative identification of trends with respect to the rated

as well as the annual efficiency of the generator system, trends regarding the

geometry of the generator and active material usage as a function of different

electrical steels, air gap diameter limits and wind conditions for specific sites.

The term annual efficiency refers to the ratio between the annual electrical en-

ergy output Ee of the generator and the annual mechanical energy input Em

from the turbine rotor to the generator system. This kind of approach takes

into account the statistical variation of wind speed during one year. In this

thesis two windmill concepts were considered for analytical modelling: a low

speed direct-drive solution, and a medium speed solution with a single stage

gearbox.

Secondly, numerical techniques were developed for an electromagnetic

and thermal analysis of PMSGs. Several electromagnetic models based on the

Finite Element Method (FEM), enable the investigation of losses both in soft

and hard magnetic materials. Electromagnetic FE models were adapted for

two types of generator geometries: on the one hand for generator geometries

obtained by the optimization routines using the analytical electromagnetic

model, and on the other hand for the geometry of an existing high power,

industrially applied PMSG. Besides the obvious electromagnetic side of the

electrical machine design, the thermal aspects were studied as well. The ther-

mal modelling became an important part of the electrical machine design (pro-

cess). This is due to the increasing importance of energy efficiency, high power

density as well as cost reduction. A 2D FEM model was proposed for the ther-

mal analysis of the considered machines.

The influence of the properties of the considered electrical steels on the

performance of the generators was investigated by considering a set of electri-

cal steels with different lamination thickness, microstructure and composition.

These properties influence the electromagnetic losses in the electrical steel un-

der the time varying magnetic flux. The iron losses are estimated in the ana-

lytical and in the FE models. For the analytical model, the frequency domain

approach of Bertotti’s statistical loss theory was applied. For the FE models the

same frequency domain approach was compared with time domain iron loss

model. The use of the theory implies the need for the identification of certain

loss parameter values for all considered electrical steels. The identification of

these loss parameter values was performed based on the measurement data of

losses under sinusoidal flux conditions. Measurements were provided, by the

steel manufacturer, for a frequency range corresponding with the operational

range of the analysed machines.

All electromagnetic losses were computed for generators under different load

conditions. Firstly, a simplified case with a sinusoidal stator current was sim-

ulated. Secondly, a realistic current waveform was implemented as obtained

by a voltage supply with pulse width modulation (PWM). The waveforms of
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the PWM current were obtained by measurements on the industrially applied

machine. Moreover, the eddy current losses in the permanent magnets were

calculated and compared with 2D and 3D FEM. The dependence of the ma-

chine geometry as well as electrical steel choice upon magnet losses was inves-

tigated, as well as the influence of the circumferential and axial segmentation

of the magnets. The segmentation of the permanent magnets is a common way

of decreasing the electrical path length of the eddy currents and consequently

of reducing the losses in the magnets.

Combining the electromagnetic and thermal analysis facilitates the study

and the comparison of the influence of electromagnetic and thermal material

(soft and hard magnetic) properties on the temperature distribution. Based on

the electromagnetic analysis with the analytical model of the generator com-

bined with the optimization algorithm, the following qualitative trends were

recognized. From an electromagnetic point of view, for the same annual ef-

ficiency aimed at, the consumption of active mass in the generator is lower

for the low loss steel grade. On the other hand, the generator optimized for

the low loss steel grade has higher annual efficiency compared to the genera-

tor with high loss grade. However, if the electromagnetic model is combined

with the thermal FE model, more complex observations are made. For electri-

cal steel grades with increasing electrical conductivity the thermal conductiv-

ity value is also increasing. This means, a thermal improvement by increasing

the thermal conductivity of the material i.e. an easier evacuation of heat, re-

sults in an increase of the dynamic iron loss value. Which of the phenomena

is more significant depends on the arrangement of the generator, mainly the

electrical frequency, which is for a given rotational speed of the wind turbine

blades directly related to the pole pair number of the generator.

Using the electromagnetic FE models, it is shown that the assumption of

a sinusoidal magnetic flux variation in the stator lamination leads to an un-

derestimation of iron losses in the machine. By applying the time dependent

iron loss model it is possible to calculate the difference in total iron losses per

machine between the case of the sinusoidal stator current and the PWM sta-

tor current. The higher losses were observed in the case of PWM current. For

this comparison the geometry and measured current waveforms of the indus-

trially applied machine were used. Moreover, the eddy current losses in the

magnets were studied. The influence of the shape of the stator teeth was rec-

ognized, together with the influence of segmentation of the magnets. Similar

to the case of iron losses in the stator the fact of replacing sinusoidal stator cur-

rent by a PWM current resulted in the increase of permanent magnet losses.
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A magnetic vector potential

t time



xxx LIST OF SYMBOLS



List of Publications

Articles in international SCI journals

1. D. Kowal, P. Sergeant, L. Dupre, A. Van den Bossche, “Comparison of

non-oriented and grain oriented material in an axial flux permanent

magnetic machine“, IEEE Transactions on Magnetics, vol. 46, pp.279-285,

2010.

2. D. Kowal, L. Dupre, P. Sergeant, L. Vandenbossche, and M. De Wulf,

“The influence of the electrical steel grade on the performance of the

direct-drive and single stage gearbox permanent magnet machine for

wind energy generation, based on an analytical model“, IEEE Transactions

on Magnetics , vol. 47, pp.4781-4790, 2011.

3. D. Kowal, L. Dupre, P. Sergeant and L. Vandenbossche, “The effect of the

electrical steel properties on the temperature distribution in direct-drive

PM synchronous generators for 5 MW wind turbines“, accepted for publica-

tion in the IEEE Transactions on Magnetics.

Articles in conference proceedings

1. D. Kowal, P. Sergeant, L. Dupre, L. Vandenbossche, “Influence of elec-

trical steel grade on the temperature distribution in direct-drive PM

synchronous generators for 5 MW wind turbines,“ Proceedings of 2012

XXth International Conference on Electrical Machines (ICEM) , Marseille,

France, September 2-5, 2012.



xxxii LIST OF PUBLICATIONS

Conference abstracts

1. D. Kowal, L. Dupre, P. Sergeant, L. Vandenbossche, and M. De Wulf, “In-

fluence of the electrical steel grade on the performance of the direct-drive

permanent magnet machine for wind energy generation,“ Book of abstracts

of the CEFC , Chicago, USA, May 9-12, 2010.

2. D. Kowal, L. Dupre, P. Sergeant, L. Vandenbossche, “Relation between

electrical steel grade, active mass and efficiency in a direct-drive per-

manent magnet synchronous generator for large scale wind energy

application ,“ Book of abstracts of the Intermag Conference, Taipei, Taiwan,

April 25-29, 2011.

3. D. Kowal, P. Sergeant, L. Dupre, L. Vandenbossche, “Temperature distribu-

tion for several material grades in direct-drive PM synchronous generators

for 5 MW wind turbines,“ Book of abstracts of the SMM20 Conference, Kos,

Grece, September 25-29, 2011.

4. D. Kowal, P. Sergeant, L. Dupre, L. Vandenbossche, “Site specific geomet-

rical optimization of 5MW direct drive permanent magnet synchronous

generator for different steel grades,“ Book of abstracts of the Intermag

Conference, Vancouver, Canada, May 7-11, 2012.



List of attended conferences

Attended conferences

1. SMM19, Soft Magnetic Materials Conference, Torino, Italy, September,

2009.

2. CEFC, Conference on Electromagnetic Field Computation, Chicago, USA,

May 9-12, 2010.

3. EWEA, European Wind Energy Annual Event, Brussels, Belgium, March,

2011.

4. Intermag, International Magnetics conference, Taipei, Taiwan, April 25-29,

2011.

5. SMM20, Soft Magnetic Materials Conference, Kos, Greece, September

18-22, 2011.

6. Intermag, International Magnetics conference, Vancouver, Canada, May

7-11, 2012.

7. ICEM, International Conference on Electrical Machines, Marseille, France,

September 2-5, 2012.





Introduction

The modern world has become totally dependent from electricity. Hardly any-

one can imagine life without it. Moreover, the demand for electricity keeps

increasing for daily used electronics, different means of transport like trains,

trams, buses, cars and devices raising the comfort of life. Till now the high-

est amount of electrical energy is raised by burning fossil fuels. However, the

problem of the increasing demand cannot be solved in the long run by in-

creasing the exploitation of fossil fuels simply because of their finite resources.

Moreover, in view of the debate on global warming and its connection with

the emission of carbon dioxide there is a need to reduce greenhouse gas emis-

sions. Taking into account the above criteria, the interest in energy sources

free of emission is growing. These sources can include solar, geothermal, hy-

dro, wind, as well as nuclear energy. The last one struggles with the problem

of storage and disposal of radioactive waste as well as safety issues in case of

a breakdown.

In recent years, the wind energy is of particular interest as one of the emis-

sion free energy sources. Wind is an energy source of high availability and

it has a large potential, especially with respect to offshore farms. Like every

maturing technology, the wind energy sector has to face a number of chal-

lenges to continue growing. For example, to sustain the growth of the sin-

gle turbine unit power a number of technological barriers must be overcome.

Therefore, a lot of research is conducted with respect to the constructional

and aerodynamical issues of the wind turbine tower and blades. Moreover, to

reduce costly maintenance and servicing of the turbines a lot of work is car-

ried out to minimize the number of moving parts. This can be achieved by

reducing the amount of bearings, simplification or elimination of gearboxes

etc. For the same purpose, generators without brushes are utilized. Another

very popular aspect of recently conducted research on the wind turbines is

the maximization of the efficiency of particular elements of the generator sys-

tem. This includes power electronics and generators, among others. The focus

of this thesis is on the generators for wind energy applications. As will be
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presented in the following chapter, the generator type of high interest for the

given application is the permanent magnet synchronous generator (PMSG).

The maximization of efficiency is equivalent to the minimization of energy

losses. In case of a generator, the main sources of losses are related to the cop-

per windings, the electrical steel, the permanent magnets (in case of PMSG)

and the friction losses. This thesis will mainly focus on the accurate approxi-

mation of the iron and magnet losses in the generator.

The iron losses are caused by hysteresis effects and by eddy currents ap-

pearing in the electrical steel. The presence of eddy currents in the iron due to

the time varying magnetic field is dependent on the properties of the electri-

cal steel. The rotor yoke and the stator core of the generator can be made of

laminated or sintered steel. In this thesis only laminated steel will be consid-

ered. The properties of laminated steel depend on the thickness of the lamina-

tion and the microstructural properties of the alloy. The losses in the electri-

cal steels are mainly defined by the electromagnetic properties. However, the

thermal properties will also play a role in the functioning of generators. Thus,

they are also considered in this thesis. As the magnets in a PMSG may be sen-

sitive to thermal demagnetization, it is important to learn about the thermal

behaviour of the machine. Permanent magnets exposed to high temperatures

may be subject to an irreversible demagnetization.

The aim of this thesis is the adaptation of proper modelling techniques

for the study of the influence of electrical steel properties on the perfor-

mance and geometry of the generators for wind energy application. In par-

ticular, the following aspects have to be addressed:

• To answer the above question a preliminary study of the magnetic be-

haviour of PMSGs has to be conducted. Thus, proper electromagnetic

models of the PMSGs are needed. The electromagnetic models should be

combined with an algorithm allowing the geometrical optimization of the

generator. However, if we aim at an acceptable computation time for the

optimization algorithm the electromagnetic model describing the PMSG

should be computationally fast. Therefore, at the cost of the accuracy of the

nonlinear Finite Element Method (FEM) an analytical model is employed.

The electromagnetic analytical model of the PMSG requires material data

as an input and allows a preliminary study of the influence of electrical

steel properties on the performance of a PMSG.

• The next goal of this study is a detailed analysis of the iron and magnet

losses in the PMSG. The analytical magnetic model can only give qualita-

tive answers with respect to the main goal of the thesis. To asses the iron

losses for different steel grades with satisfying accuracy, numerical tech-

niques as well as more complex models for iron loss computation are used.

Moreover, to provide results for conditions as close as possible to reality,

the analysis of the influence of the higher harmonics caused by the pulse
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width modulation (PWM) of the stator current is crucial. For the iron loss

computation 2D FEM models are used. However, when the study of losses

in the permanent magnets is considered, 3D eddy current loss computa-

tions are needed. In this case, the influence of higher harmonics on magnet

losses is also investigated.

• Finally, the study of the influence of the magnetic and thermal properties

of the steel grade on the temperature distribution in the generator is con-

sidered. With the increasing need of maximal exploitation of the materials

used, the thermal aspects play an even more important role in the machine

design. To take into account thermal properties of different steel grades it

is necessary to perform a thermal analysis of the considered generators.

Thermal FE models are used. One of the biggest challenges in the thermal

modelling is the identification of the heat transfer coefficients for different

parts of the machine. The identification of the coefficients is preceded by a

choice of the cooling strategy of the generator.

Outline of the thesis

The thesis contains 5 chapters and 4 related appendices.

The aim of the first chapter is to introduce the reader to the principles of

wind energy conversion, different generator concepts applied in this particu-

lar application and to present an overview of the wind energy market. More-

over the promising generator concepts are chosen for further investigation.

The aims and objectives of the research are explicitly mentioned. Furthermore,

the content of the thesis is briefly introduced.

In Chapter 2, an analytical magnetic model of the PMSG is developed. The

optimization technique is chosen and the model is adjusted for different goals

of optimization. The geometrical optimization of a PMSG is performed for

several electrical steel grades to investigate the influence of magnetic proper-

ties of steel grades on the geometry of the generator as well as active mass

consumption. Two generator systems are investigated: a direct-drive and a

single stage gearbox generator system. In the optimization, the probability

density function of the wind speed is taken into account. The influence of dif-

ferent probability density functions on the geometry and performances of the

generator was investigated.

Chapter 3 presents the models for the calculation of the electromagnetic

losses in the generators for a wind energy application. The losses in two gen-

erators are investigated. The first is the direct-drive PMSG with 5MW rated

power, the geometry of which follows from the optimization in chapter 2. The

second one is a commercial high speed machine (3 stage gearbox) of 2.1 MW

rated power. The applied numerical model allows the calculation of the mag-

net losses in the generators. The effect of the shape of the stator teeth, as well
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as the axial and radial segmentation of the magnets was studied. Moreover,

based on the magnetic induction waveforms recorded in the stator iron of the

generator, Bertotti’s formulas are applied for the iron loss computation. The

iron losses in the stator of the PMSG were studied for several electrical steel

grades applied in the numerical model. Furthermore, the effect of higher har-

monics in the stator current on the iron losses is investigated.

In chapter 4, a FE thermal model of the PMSG is developed. The cooling

strategy of the generator is chosen. The heat transfer coefficients are identified

according to the cooling strategy used and the geometry of the generator. The

heat sources in the generator are identified based on the previously developed

models (analytical and numerical magnetic models). The model takes into ac-

count the temperature dependence of the copper and iron losses. By using the

model the temperature distribution in the generator is analyzed. The analysis

is performed for two PMSG configurations: one with 50 and a second one with

150 pole pairs in the generator.

In chapter 5, general conclusions and recommendations for future research

are formulated.



METHODOLOGY TO EVALUATE THE INFLUENCE OF

ELECTRICAL STEEL PROPERTIES ON THE DESIGN OF

WIND TURBINE GENERATORS





CHAPTER 1

Overview of generator systems

for wind energy applications

1.1. Introduction

In this section the reader will be introduced to the wind energy market and the

principles of wind energy conversion. First, the world’s electricity demand

and reasons for the development of renewable energy sources will be pre-

sented. Then the current situation and the future potential of the wind energy

market will be reviewed. Secondly, the wind energy conversion principles are

shortly described. Finally, an overview of the generator systems is presented

for large and small scale wind turbines.

1.1.1 Wind energy market

Nowadays, it becomes clear that the world’s growing need for electricity in

combination with environmental considerations leads to a quest for alterna-

tives for conventional power plants. These conventional plants are burning

fossil fuels and emitting large amounts of carbon dioxide which is considered

as the main reason for the global warming. Some alternatives to these conven-

tional power plants already exist on the market for decades. Those are nuclear

or renewable sources of energy. Each has its strengths and weaknesses. None

is without an impact on the environment. Over the last years, wind energy is

considered to be one of the most promising sources of energy and so it is also

the fastest growing market of renewable energy. This is due to the availabil-

ity of wind and many improvements in the corresponding technology, lead-

ing to high power units with improved reliability. Moreover, according to [1],

the price of wind-generated electricity is decreasing annually and is becoming
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Figure 1.1: World cumulative wind power installed capacity (1995-2012). [3]

very competitive. Since 1995 the annual growth rate of wind turbines installed

worldwide is in an average way, 30% [2]. At the end of 2012 the global installed

capacity increased to 276 GW from 237 GW in 2011 (Fig. 1.1).

Forecasts for the next years presume keeping the same rate of growth for

the wind energy market. This will lead to the problem of finding new areas for

wind farm constructions. It already became a problem for densely populated

Europe, which in 2011 was producing 41% of the energy obtained from wind

worldwide [2]. The solution that is gaining popularity over the last years is

the offshore energy production. This means, constructing wind farms on sea.

The offshore solution has several advantages, like stronger and more uniform

wind, no limitations related with noise emission or with the shadow of the

turbine. Since wind farms are mostly situated a few kilometers from the shore

they are hardly visible from the coast. However, there are also some concerns

about the offshore solution. Weather conditions are much more severe on sea

than on land. The salty environment results in high corrosion and causes con-

structional problems. The maintenance of the wind turbines becomes more

expensive and strongly depends on the weather. Placement of the offshore

wind farms requires deactivating of the sea area from maritime traffic. This

is causing a strong opposition from the side of sea transport organizations.

These concerns set the trend in wind turbines development. The tendency is

to choose for reliable solutions, requiring minimal maintenance. Due to the

current size of the wind energy market, companies can afford to design com-

ponents of a generator system specifically for this application. In the past,

standard components from other branches of industry were used. The pace

of the wind energy market development is presented in Fig. 1.2 by the grow-

ing scale of a single turbine unit over the last years.
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Figure 1.2: The increase of rotor diameter size and capacity of wind turbines [4].

1.1.2 Principles of wind energy conversion

The relation between wind speed and mechanical power Pt of a wind turbine

shaft can be expressed by [5]:

Pt =
1

2
ρairCpw Arvw

3, (1.1)

where ρair is the air mass density [kg/m3], Ar is the area swept by the rotor

blades [m2] (dependent on rotor radius r) and vw is the wind speed [m/s].

Cpw is the so-called power coefficient, describing the efficiency for converting

the wind energy into mechanical energy. The power coefficient is dependent

on the specific design of the wind converter and its orientation to the wind

direction. For fixed rotor blades, Cpw depends on the pitch angle θ and on

the tip speed ratio λWe, which is defined as the ratio between rotor tip speed

and wind speed. The pitch angle θ is defined as the angle between the cord

of the blade and the plane of the rotor. The maximal theoretical value of Cpw

is limited by the Betz limit, which is 0.593 [6]. For the given rotor blades with

radius r the expression for the power is as follows:

Pt =
1

2
ρairCpw(λWe,θ)πr2vw

3, (1.2)
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Figure 1.3: Typical power curves of a constant speed (dashed) and a variable speed (solid)
wind turbine [5].

Wind turbines can be divided into two types: fixed and variable speed

wind turbines. Power curves for both types can be derived from (1.2). Typi-

cal curves are presented in Fig.1.3. Mechanical power generation starts when

the wind speed exceeds the value of cut-in wind speed. Below that value the

turbine rotor is stopped. The increase of the shaft power is approximately cu-

bically proportional to the wind speed. For a wind speed lower than the rated

wind speed, less than the rated power is generated. This part of the curves

represents however, the highest aerodynamical efficiency (highest Cpw). For

the wind speed range between rated wind speed and cut-out wind speed, the

difference between two power curves presented in Fig. 1.3 is a result of apply-

ing different control strategies. For the fixed speed wind turbines, a so-called

stall control is typically applied. The variable speed system is mostly using the

pitch control strategy. Above the nominal wind speed the rated power is gen-

erated, because the energy content of the wind is in that case sufficiently high.

The aerodynamical efficiency is then reduced due to the decreasing tip speed

ratio λWe. Finally, when a wind speed exceeds the cut-out value the turbine is

shut down to prevent damage.

Power control strategies

A power control strategy has to be applied for a wind speed above the rated

speed to ensure that the generator is not overloaded. Ideally, the power should

rise with the increase of the wind speed till reaching the maximum and then

remain constant regardless of the increase in the wind speed. Two common

strategies of power output regulation are the active pitch control and the pas-

sive stall control [7].

The passive stall control (see Fig. 1.3 dashed line) is about designing the

blade in a way that above a certain wind speed, it starts loosing ability to ex-
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tract energy from the wind. With increasing wind speed the angle at which

wind hits the blade will increase as well. With a certain angle the wind will

no longer flow smoothly along the blade and behind the turbine, but will start

creating large wind eddy’s behind the blade [5]. With this phenomenon the

power coefficient Cpw will drastically decrease. When the stall effect occurs,

the shaft power will be approximately constant with increasing wind speed,

till reaching cut-out speed [8]. This solution is mostly applied for the fixed

speed wind turbines. The main advantage of the passive stall control is sim-

plicity, due to the lack of active control system. However, it has also disad-

vantages such as inaccurate prediction of power levels for rated power and

above, as well as the possibility of having large vibration displacement ampli-

tudes which are accompanied by large bending moments and stresses, causing

fatigue damage of the blade [7].

With the active pitch control the pitch angle θ is changed and the stall con-

trol does not occur (λWe is constant). To keep the shaft power constant above

the rated power the pitch angle θ is increased. This results in a Cpw reduc-

tion. The pitch control is fluent enough to maintain a constant torque above

the nominal wind speed as depicted in Fig. 1.3 (solid line). Increase of θ is

achieved by rotational motion of blades, putting them in the vane position.

The rotation is realized by hydraulic or electric actuators. The pitch control is

mostly used for variable speed turbines.

Wind distribution and annual energy yield

It is well known that at a certain location the wind speed is not constant in

time. In general the wind speed is described by a probability density distribu-

tion function u(vw). Each location is characterized by the value of the average

wind speed. The probability function is often described by the Weibull distri-

bution function [7]:

u(vw) =
kWe

cWe

(

vw

cWe

)kWe−1

e

(

−( vw
cWe

)kWe
)

, (1.3)

where kWe is a dimensionless Weibull shape parameter and cWe is a Weibull

scale parameter in m/s. Fig. 1.4 presents a probability density function for a

typical site in Europe with average wind speed of vav=7 m/s, where kWe=2

and cWe=7.9 m/s. The unit of u(vw) is s/m.

The mechanical annual energy yield Et is dependent on a power curve

Pt(vw) defined by (1.2) and a wind distribution function u(vw) for the specific

site. The power distribution function can be obtained by multiplying those

two functions:

e(vw) = Pt(vw)u(vw), (1.4)
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Figure 1.4: Probability density function of wind speed. Weibull distribution (kWe=2,
cWe=7.9).
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Figure 1.5: Power curve Pt(vw)(dashed-dotted), probability density distribution function
of wind speed u(vw) (solid) and power distribution function (dashed) as a function of wind
speed.

where e(vw) is expressed in J/m.

The power distribution function is presented in Fig. 1.5 as a dashed line. It

can be observed that for a wind speed above 17 m/s only around 10% of the

energy is extracted during the year. This is due to the very small probability

of the wind in the high speed range. Because of this, the rated power of the

system is achieved for a wind speed approximately two times smaller than the

cut-out wind speed. From Fig. 1.5 it can be concluded that the maximum of
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the power density function (which corresponds with a wind speed of 9 m/s)

is in between the maxima of the wind distribution function (6 m/s) and of

the power curve (13 m/s). Annual energy yield is obtained by the integration

of the power distribution function e(vw) over the wind speed range. This is a

theoretical maximum, not taking into account losses in the drive train.

Et =
∫ +∞

0
Pt(vw)u(vw)dvw8760, (1.5)

where 8760 stands for the number of hours per year.

1.2. Large power generators

Since 1970, the development of modern wind turbines has been in progress.

Many different concepts have been applied for the wind energy conversion.

These concepts can be divided into 4 major groups:

• fixed speed concept applying a multi-stage gearbox with the standard

squirrel-cage induction generator (SCIG), directly connected to the power

grid;

• limited variable speed system with a gearbox and a wound rotor induction

generator (WRIG);

• variable speed turbine concept with a partial power converter used for

connection with the grid. This type is using a multi-stage gearbox and a

high-speed doubly fed induction generator (DFIG);

• variable speed turbine, but with a full power converter and applying a

synchronous generator. This concept can be realized in two ways. The first

way is without a gearbox, when the generator shaft is the same as the tur-

bine rotor shaft. In this case two types of low speed synchronous gener-

ators are used: the electrically excited synchronous generator (EESG) and

the permanent magnet synchronous generator (PMSG). The second way of

realization of the concept of a variable speed turbine, that can be observed

on the market is combining the PMSG with a gearbox that is increasing the

speed of the generator shaft.

The following section will present turbine concepts more in details. Some

nonstandard concepts will be presented as well.

1.2.1 Fixed speed

The fixed speed wind generator system, using a multi-stage gearbox and a

squirrel-cage induction generator (SCIG) has been in use since the 1980’s. It

was popular among many Danish manufacturers and because of that it is

called a ’Danish concept’ [9]. It consists of a stall-controlled (see paragraph
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Figure 1.6: Scheme of a fixed speed concept with SCIG.

1.1.2), three-bladed wind turbine with a generator directly connected to the

grid through a transformer, see e.g. Fig.1.6. Since a SCIG always draws re-

active power from the grid, in most cases a capacitor is connected in paral-

lel with the stator for reactive power compensation as presented in Fig. 1.6.

For a smoother grid connection a soft-starter has been included in the design.

The SCIG operates only within a very narrow speed range around the syn-

chronous speed. For wind speed higher than the rated speed the stall effect

occurs and the power curve of the turbine looks like in Fig. 1.3.

The pole-changeable SCIG was developed to enable energy extraction be-

low the rated wind speed. For a low wind speed the generator is in a mode

with higher number of pole pairs to ensure the correct frequency for direct

connection with a grid. When the wind speed exceeds the rated value the

generator is switched to a mode with decreased number of pole pairs [10], [11]

and [12].

The SCIG concept has some advantages like robustness and availability.

It is relatively cheap and easy for mass production. The applied stall-control

strategy enables a stable control frequency. Consequently, a converter for grid

connection is not required.

The following features can be classified as main disadvantages of the SCIG.

The speed of the generator is not controllable and varies over a very narrow

range. For example, for a 1 MW wind turbine the slip is normally not higher

than 1% [10]. In case of a higher slip, the energy has to be dissipated in the

rotor bars. Furthermore, any fluctuations of the wind speed are translated to

the drive-train causing fatigue stresses on the system and fluctuations in the

output voltage. Even applying the pole-changeable solution does not provide

a continuous speed variation and does not allow to optimize the aerodynam-

ical efficiency. The SCIG solution requires a multi-stage gearbox which is a

heavy and relatively expensive component of a wind turbine. It consists of

many moving parts and therefore needs more maintenance and lubrication.

For compensation of the reactive power consumption, a capacitor is necessary.
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Figure 1.7: Scheme of a limited variable speed speed concept with WRIG.

1.2.2 Limited variable speed

The limited variable speed wind turbine makes use of a multi-stage gearbox

and a wound rotor induction generator (WRIG) with controllable resistance of

the rotor, see Fig. 1.7. This is known as the Optislip concept, which has been

applied by Vestas in the middle of the 1990s.

For a mechanical power regulation, the pitch control strategy (see para-

graph 1.1.2) is applied in this concept. The stator is directly connected with

the power grid. The controlled rotor resistance is achieved by means of power

electronics, connected in parallel with the rotor. The speed control range is

typically around 10% above the synchronous speed. Variable-speed can be

achieved by controlling the energy extraction in the rotor. This means dissipa-

tion of the extracted energy by the rotor in the external resistor. With a higher

speed range, a higher slip is possible and so the energy extracted by the rotor

is increased. Therefore, the limitation for the speed range is defined by the size

of the external resistor.

The main advantage is - as already mentioned - the extended speed range

compared to SCIG. Moreover, slip rings can be avoided by putting a power

converter and a resistor on the rotor and using an optical device for control.

However, the WRIG consumes reactive power, which has to be compensated

by the converter. It also requires a soft-starter.

1.2.3 Variable speed with partial-scale power converter

Another concept is based on a Doubly Fed Induction Generator (DFIG). Basi-

cally it is similar to a WRIG with the difference in the rotor configuration. For

a DFIG the stator is connected directly to the grid and the rotor is connected

to the power grid through a bidirectional power converter, see Fig.1.8. The

power converter is controlling the voltage of the rotor. The energy extracted

in the rotor is not dissipated as in a WRIG but fed to the grid by a converter.

The speed range depends on the size of the converter, typically it is +/-30% of

the synchronous speed. When a generator works with a speed below the syn-

chronous speed then the energy flows from the power grid to the rotor. If it
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Figure 1.8: Scheme of a variable speed concept with DFIG.

works with a speed above the synchronous speed then the rotor supplies the

grid with additional power. The rating of a bidirectional power converter is

25-30% of the generator capacity, which makes the converter smaller and less

expensive than for solutions with a full power converter. The grid side of the

converter provides control of an active and reactive power supplied and/or

drawn from the power grid. That makes an additional capacitor redundant

and provides a smooth grid connection. The pitch control strategy is typically

applied for a regulation of the turbine rotational speed above the rated speed.

Since the standard speed of the typically used DFIG is 1000-1500 rpm, it

also requires a multi-stage gearbox that adjusts the turbine rotational speed

of 10-25 rpm to the operational range for the generator. A gearbox has sig-

nificant drawbacks like heavy construction, audible noise and many moving

parts that require maintenance and that are the source of possible failures. The

same holds for the slip rings for supplying the rotor. For the protection of the

DFIG system, power electronics has to be provided in case of a grid fault. Con-

trol strategies can become complicated to fulfil requirements of a ride-through

capability in case of a grid disturbance.

1.2.4 Variable speed direct-drive with a full-scale power converter

Another popular configuration for wind energy application is a variable speed

direct-drive generator with a full-scale power converter. The main difference

in comparison with previously discussed types is the low rotational speed of

the generator. This configuration does not contain a gearbox. That means that

the generator rotor has the same rotational speed as the turbine rotor. This

speed for large scale wind turbines is in the range of 10-25 rpm. To extract a

certain power with low speed, a high torque is required and results in a large

size of the generator. Low speed and high torque require a high number of

poles, but to implement a large number of poles with satisfying pole pitch,

a large diameter is necessary. Therefore, typically used geometries for direct-

drive generators have a large diameter and short pole pitch in order to reduce

weight and to maximize efficiency.
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Figure 1.9: Scheme of a variable speed concept with EESG.

The main advantage of direct-drive wind turbines with a synchronous

generator is a low number of moving elements in the drive train. The sys-

tem does not need a gearbox. Moreover, the overall efficiency is high due to a

possible energy extraction within a wide range of wind speeds. A wide range

of wind speed is feasible thanks to the presence of a full power converter.

The disadvantage is that the power electronics is more expensive and

causes more power losses since 100% of the power has to pass through the

power converter. Moreover, the generator dimensions and mass are high.

Direct-drive electrically excited synchronous generator

The electrically excited synchronous generator (EESG) is another popular type

of machine for wind energy application, see Fig.1.9. The stator carries a three

phase winding. The rotor in an EESG can be salient or can have a cylindri-

cal shape. Its winding is provided with a DC excitation. Since this type of

generator is applied for a direct-drive wind turbine, the speed of the shaft is

low and usually the rotor has salient poles, a large diameter and a short axial

length. The machine is connected with the power grid through a full power

converter. This enables full control of amplitude, phase and frequency of the

voltage. The generator has a wide range of operational speeds. Moreover, the

rotor side converter is able to control the excitation current and thus reduces

losses for different power ranges. The EESG has a number of drawbacks for

this specific application. For a given torque rating it is vital to increase the

pole pair number to obtain mass and cost reduction. However, the EESG is

not adapted for pole pitch reduction as can be observed in Fig. 1.10. To pro-

vide the same flux density in the air gap and to make the pole pitch shorter,

the pole height is increasing together with the mass of the generator. This also

means, that to provide enough space for the excitation winding and pole shoe,

the rotor has to have a large diameter. With the increase of the power range

of a single generator unit, the problem of a very large diameter, heavy weight

and high cost arises. Additionally, the rotor winding requires brushes and slip

rings for excitation which decreases the reliability of the system.
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Figure 1.10: Increase of pole height in electrically-excited coils with short pole pitches [13].

Figure 1.11: Constant thickness in PM-excited rotor poles with varying pole pitches. [13].

Direct-drive permanent magnet synchronous generator

A PMSG has usually a three phase winding on the stator and magnets on

the rotor, see Fig.1.11.The scheme of the direct-drive permanent magnet syn-

chronous generator (PMSG) is presented in Fig. 1.12. In the past ferrite mag-

nets have been used. Currently, rare earth type (NdFeB) magnets are used.

The PMSG presents significant advantages in comparison with the EESG:

• higher efficiency and energy yield,

• no need for an additional excitation source for the rotor,

• a higher reliability due to the lack of brushes and slip rings in the rotor,

• the possibility of applying a short pole pitch while creating an equivalent

flux density in the air gap, presented in Fig. 1.11,

• a reduced volume and weight due to a smaller pole pitch and less volume

for the construction of the rotor,

• a PMSG has usually lower losses in the magnets than an EESG has copper

losses in the rotor winding (excitation winding) [13].



1.2 Large power generators 15

PMSG

Converter

Grid

Figure 1.12: Scheme of a variable speed concept with PMSG.

However, PM generators have also some disadvantages like the risk of magnet

demagnetization. Another drawback is the higher cost of NdFeB magnets and

difficulties in manufacturing the rotor.

During the last years the PMSG were getting popular in wind energy ap-

plications. This is because they are reliable, and therefore very suitable for a

direct-drive solution. The PMSGs are not standard machines and therefore

a freedom in topology is allowed. Basically, the topologies can be divided

into three types taking into account the flux direction in the machine. These

are radial, axial and transverse flux PMSGs. Based on the literature, a short

overview is presented [10] [13] [14] [15] [16] [17].

Radial-flux PM (RFPM) machine. This type of machine is producing flux

in a radial direction with a PM radially oriented. It allows easy application

of a high pole number. Structural stability can be easily achieved. The air gap

diameter is chosen independently from the machine length, therefore, if nec-

essary, a design with small air gap diameter and long axial length is feasible.

However, for direct-drive applications the most popular topology is a ring

shape machine. Both inner and outer rotor designs appear in the literature.

With a PM generator, the direct-drive concept has a good performance and is

reliable along a wide range of speeds. In comparison with the radial EESG, the

RFPM has a better torque density, however the assembling process including

positioning of NdFeB magnets is more difficult [10].

Five different ideas of incorporating magnets into the structure were pre-

sented in [18], which resulted in a surface mounted PM type, an inset sur-

face mounted PM type, an outer rotor surface mounted PM type, a V-shaped

buried PM type, and a tangentially magnetized PM type. The goal of the re-

search in [18] was to achieve a better efficiency and less weight than the in-

duction machine (DIFG) with its gearbox. The conclusion is that the V-shaped

buried PM type is not appropriate for a high pole number configuration. The

outer rotor type has a light construction in comparison with the inner rotor

type. The inset PM type is slightly lighter than the surface mounted PM type.

According to [18], the tangentially magnetized PM type gives the best perfor-

mance in the application. In [13], comparison was made between two types of

RFPM machines: the slotted surface mounted versus the slotted flux concen-
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(a)

(b)

Figure 1.13: (a) Surface mounted PM (b) Concentrated flux PM [13].

trating PM machine, see Fig. 1.13. The surface mounted PM machine appeared

to have a simpler and lighter rotor design than the flux concentrating machine.

The outer rotor configuration was discussed in [1] [18] [19] [20] presenting

the following advantages in comparison with the inner rotor type: the outer

rotor configuration is a lighter construction for the same pole number, and as

the rotor is exposed to the wind, sufficient cooling is achieved and the PM’s

are better protected from demagnetization.

Hanitsch and Korouji have designed a new topology for the RFPM ma-

chine, which is constructed from two rotors and one stator. Short end wind-

ings are applied. With the new design a reduction of weight, an increase in

efficiency and a reduction in cost of active materials are achieved [21].

An Axial-flux PM (AFPM) machine is producing a magnetic flux in the ax-

ial direction. Many topologies are available in the literature. The basic dis-

tinction can be made between slotless and slotted stator configurations (Fig.

1.14 [13]). Moreover, a coreless stator was investigated in [22], but without sat-

isfying results. A characteristic feature of a slotless type AFPM construction is

the easy manufacturing of the stator lamination. It is basically steel tape rolled
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(a) (b)

Figure 1.14: (a) Slotless axial machine (Torus) (b) Slotted axial machine [13].

in a shape of a ring. Other advantages are compactness, short axial length and

simple stator windings, which are wound directly on the toothless stator core.

However, this construction has also a few drawbacks. For example, the lack

of stator teeth facilitates repositioning of the winding and imposes a need for

thicker magnets to get a satisfying flux density level in the air gap. A common

slotless configuration of AFPM, named Torus (Fig. 1.14 a), was successfully

applied for direct-drive wind turbines in [23]. The Torus consists of one sta-

tor and two rotors. Each rotor has PMs glued to the surface facing the stator

side. Fig. 1.14 b presents a slotted type AFPM machine. In this case the sta-

tor lamination is a serious constraint for manufacturing. The stator core must

be laminated in a surface parallel to the machine motion direction. Difficul-

ties appears due to the changing tooth width with the stator radius. However,

a slotted machine requires thinner magnets than a slotless machine. In liter-

ature, many configurations can be found for an AFPM machine, concerning

the number of rotors and stators. Some examples are presented in Fig. 1.15.

In [24], a Double Rotor Single yokeless Stator was presented.

Advantages of AFPM machines in comparison with RFPM machines are

as follows [15], [25]:

• simple winding in some configurations of AFPM machines

• low cogging torque and noise (in slotless machine)

• short axial length of the machine

• higher torque/volume ratio

However, there are some disadvantages like:

• larger outer diameter, a large amount of PMs, and structural instability (in

slotless machine)



18 OVERVIEW OF GENERATOR SYSTEMS FOR WIND ENERGY APPLICATIONS

(a)

(b)

(c)

Figure 1.15: Different configurations of AFPM (a) Single Stator-Double Rotor (SSDR) (b)
Double Stator-Single Rotor (DSSR) (b) Double Stator-Double Rotor (DSDR)

• the difficulty to maintain a constant air gap in large diameter machine (in

slotted machine)

• the difficult production of the stator core (in slotted machine)

Significant disadvantages have to be taken into account while consider-

ing the application of the AFPM machine for large scale direct-drive wind

turbines. Maintaining the air gap requires a stiff and complicated construc-

tion. This heavy construction could be avoided by implementing a flexible

generator concept as is done for radial PMSM in [26]. Moreover, slotless axial

machines need a large outer diameter and slotted ones have a difficult stator
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core production process. This makes the AFPM solution not suitable for high

power wind energy applications [13] [15] [27].

Transverse-flux PM (TFPM) machine. The principal characteristic of this

machine type is that the electrical current is in circumferential direction. The

major difference of the TFPM in comparison with the RFPM and the AFPM

generators is that it allows enlarging the space for the windings without de-

creasing the space for the main flux. With the TFPM machines the diameter

can be comparatively low due to the possibility of applying a short pole pitch.

A large variety of topologies has been examined in literature. Some examples

are presented in Fig. 1.16. The stator core can be made as a C-core, U-core or

E-core, while the rotor can be single-sided, single-sided bridged and double-

sided [13]. Each topology has its advantages. In general, TFPM machines have

the following advantages in comparison with the longitudinal machines [15]:

• higher force density

• considerably lower copper losses

• simple windings

However, the main disadvantage is the construction of the machine. This in-

cludes a complicated manufacturing of the stator, due to the three dimensional

flux path, as well as a stability problem of the rotor, especially for a concen-

trating flux topology.

The TFPM machines seem to be suitable for large direct-drive applications

because of their high specific torque. However, for large air gaps, the force

density is noticeably decreased and lower in comparison with longitudinal

machines. Also constructional concerns make this solution less attractive for

large scale generators. Combining advantages of different topologies could

make the TFPM machines more suitable for the application in the future.

1.2.5 Permanent magnet synchronous generator with a gearbox

With the increase of the rated power level of single turbine units, the direct-

drive PMSG concept may have disadvantages such as a large diameter, heavy

weight and high cost. For the rated power of the generator above 3MW, the

air gap diameter may exceed 5 m [10]. This becomes a serious problem for

transportation of components (generator, nacelle) and assembly of a turbine.

The German company Multibrid (currently Areva), as first, came up with a

solution which is mixing a single-stage planetary gearbox with a PMSG. The

designs including two, three and four stage gearbox has followed. Fig. 1.17

presents a scheme of the concept. Due to the applied gearbox, a reduction in

generator dimensions is achieved. However, gearbox weight, cost and losses

are introduced to the overall turbine system. Moreover, if the lifetime of the

wind turbine is considered it is necessary to replace the entire gearbox. Ac-

cording to [28] if conversion is from 5-22 rpm rotor blade rotational speed to
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(a)

(b)

(c)

Figure 1.16: (a) TFPM machine double-sided with double-winding (b) Double-sided,
Single-winding TFPM machine with C-Core arrangement (c) TFPM machine with E-core
configuration [13].

1000-1600 rpm generator rotational speed (gearbox ratio 70-200), the gearbox

requires a replacement every 5 year (replacement of a gearbox accounts for

about 10% of the cost of construction and installation of the wind turbine).
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Figure 1.17: Scheme of a single-stage gearbox drive PMSG system with a full scale con-
verter.

According to [29] and [30] the gearbox has to be replaced by a new one every

5 to 10 years 1.

For large machines, to facilitate large bearings with adequate lifetime, large

planet gears are required. Therefore, a ratio range of 3:1 to 15:1 is possible for a

single-stage planetary gearbox [31]. Weight and cost of it is dependent on the

gear ratio and power rating. The optimization of the gear ratio for the Multi-

brid turbine concept is presented in [31]. The estimated generator system cost,

as well as the annual energy production (AEP) cost was compared for gear

ratios from 1 to 15 and for a rated power level of the generator from 750 kW to

10 MW. Gear ratio ”1” represents the direct-drive solution. It was concluded

that with an increase of gear ratio the generator system cost is decreasing.

This is because the generator size and cost are decreasing faster than the size

and cost of a gearbox increase. However, for higher gear ratios the gearbox

cost is rapidly increasing making the generator system cost higher than for a

direct-drive solution, see Fig. 1.18. For higher rated power a geared system is

preferable (in comparison with direct-drive system) for a wider range of gear

ratio’s. However, the improvement in AEP per cost is less significant above 5

MW. The optimum gear ratio is dependent on the rated power level [31].

Optimization shows that the Multibrid system is more cost effective than

the direct-drive turbine concept. The highest improvement of cost-effective

performances is achieved for around 5 MW rated power of the generator. The

stator outer diameter is reduced by a factor two. However, the Multibrid sys-

tem has slightly lower energy yield due to the gearbox losses.

Another wind turbine system employing a single-stage gearbox is the so-

called Clipper. Fig 1.19 presents a view of a nacelle interior containing four

medium size PMSG’s connected by shafts with a single stage gearbox. Each

generator output is connected to a dedicated power electronic converter.

Market position of the concept

Currently three companies offer wind turbine systems with a single-stage

gearbox. Multibrid and WinWind offer a concept with one single generator

1 Notice, that the typical design lifetime of a wind turbine is 20 years
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Figure 1.18: 3D representation of the optimized system cost [31]. The considered gener-
ator system is a wind turbine with PMSG. The single-stage gearbox is considered and a
generator power range from 1 to 10 MW.

type and Clipper offers a configuration with four types of generators con-

nected to one gearbox.

The Multibrid company developed its first prototype in 2004. Prepared

for series production is the model M5000. The rated power of this generator

is 5 MW. It has a rotor diameter of 116 meters and a hub height of 60 me-

ters. A single-stage planetary gearbox with a ratio of almost 10:1 is placed

between the turbine rotor and the generator. Connection with the power grid

is through a four-quadrant inverter, which enables-variable speed operation.

Advantages of the concept highlighted by the company are weight reduction,

easy assembling, low cost, long lifetime and high reliability achieved by min-

imizing the number of moving parts and developing hermetic sealing of the

nacelle, which protects machinery against humidity and salt. In 2009, the first

6 M5000s were assembled offshore in Germany: the first offshore wind farm

on the high seas called Alpha Ventus . Turbines were placed in 30 meter deep

sea using novel tripod-type foundations.

The WinWind company has applied the Multibrid technology in its own

turbine systems. In 2001, the turbine model with rated power of 1 MW was

introduced to the market. The rotor diameter of the turbine is around 60 me-

ters. In 2004, a 3 MW turbine system was developed with a rotor diameter of
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Figure 1.19: Clipper wind turbine with single-stage gearbox. 1- hub, 2- nacelle, 3- gearbox,
4- main shaft, 5- generators, 6- parking brakes, 7- yaw system, 8- machine base, 9- turbine
control unit, 10- hydraulic power unit

[32]

100 meters. The WinWind company guarantees high operating reliability of

its products and good energy efficiency even at lower wind.

The Clipper company offers a Liberty wind turbine with the rated power

of 2.5 MW. This turbine employs a single-stage planetary gearbox, running

simultaneously four shafts connected to four PMSGs. Each generator has a

rated power of 660 kW. The main advantage of this concept is the compact-

ness and therefore, less expensive construction with increased value, on per

megawatt basis. The first commercial Liberty wind turbine, has been chal-

lenged and tested since 2005 (Wyoming, USA).

1.2.6 Special designs

Stator interior PM

The stator interior permanent magnet (SIPM) generator has a doubly salient

stator and rugged brushless rotor. As presented in Fig 1.20 the stator carries

magnets and power windings. It is built of U-shaped laminated iron segments.

Permanent magnets are inserted between two iron segments. The generator is

based on a flux switching principle [33].
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Figure 1.20: Cross-section of a 10/12-pole SIPM machine. [33].

Advantages of a SIPM generator in comparison with PMSG are smaller

consumption of expensive magnets, higher power density per unit weight, a

robust and simple rotor. Due to the segmented stator and rectangular magnets

applied in the design, an easier manufacturing and transportation is achieved

for large power applications. However, it is mentioned in [33] that the SIPM

may lead to vibrations and early fatigue damage of the generator due to higher

torque ripples.

Brushless doubly fed generator

In this concept the stator wears two sets of 3-phase windings with different

pole numbers. The first is connected directly to the grid (power winding) and

the second winding is connected to the converter (control winding). In litera-

ture [34] [35] two types of rotors were applied for this concept. That is a rotor

as in reluctance machines or like in inductance machines.

1.2.7 Overview of cooling systems in wind energy turbines

In case of large scale wind turbines cooling systems received much more at-

tention due to the increasing requirements for volume to power minimization

and energy efficiency maximization. This resulted in employing complex wa-

ter cooled systems for cooling the generator as well as converter and gearbox.
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Figure 1.21: Air cooled Vensys turbine with outer rotor PMSG (www.vensys.de).

Air cooled systems are also in use for this segment of turbines, for example

Vensys turbines are making use of their generator geometry advantage, which

is the outer rotor configuration, as presented in Fig. 1.21.

Many manufacturers of large turbines (Vestas, Areva, GE Energy, WinWinD

etc.), are using water cooled systems, especially in case of the PMSGs which

are not standardized machines and designers have more freedom of imple-

menting modern, efficient cooling systems in the generators. Therefore differ-

ent companies are using diversified cooling strategies like: cooling fins in the

windings or water jackets [36], [37].

Considering the large variety of cooling systems for the large scale wind tur-

bines the choice was made to use the following system in this thesis. The pro-

posed cooling system for a 5MW large scale wind turbine is a combination of

water and air forced cooling. To the outer surface of the stator, a water jacket

cooling was applied . The heat accumulated by the water flowing in the spi-

ral tubes around the stator is transferred in the heat exchanger exposed to the

flow of the ambient air. The rotor inner surface is cooled by the fan that blows

air through the clearance of the rotor. In the air gap of the machine no air ex-

change is assumed. Due to the water cooling applied for the outer surface of

the stator as well as the fact of using laminated steel for the stator core con-

struction, the main heat flux is assumed in the radial direction and therefore,

for the further thermal analysis, the cooling in the axial direction is neglected

(e.g. cooling of the end windings). Consequently, we will focus on 2D thermal

models.
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1.3. Small power generators

1.3.1 Types of generators used

Small scale wind turbines are not in the scope of this thesis, therefore only a

brief introduction is provided to cover the entire range of the wind turbines.

Small scale wind turbines can be used in domestic, community and smaller

wind energy projects. These turbines can be either stand-alone or grid-

connected systems. Stand-alone systems are used to generate electricity for

charging batteries to run small electrical applications, often in remote loca-

tions where it is expensive or not physically possible to connect to a main

power supply. Such examples include rural farms and island communities,

with typical applications being water heating or pumping, electric livestock

fencing, lighting or any kind of small electronic system needed to control or

monitor remote equipment. With grid-connected turbines the output from the

wind turbine is directly connected to the existing mains electricity supply. This

type of system can be used both for individual wind turbines and for wind

farms exporting electricity to the electricity network. A grid-connected wind

turbine can be a good proposition if the consumption of electricity is high.

According to the American Wind Energy Association, the small-scale wind

turbine market is growing rapidly over the last years.

The first distinction in turbine types is the orientation of the shaft. Two

types are possible: a Horizontal Axis Wind Turbine (HAWT) and a Vertical

Axis Wind Turbine (VAWT). The HAWTs dominate the market for electricity

generation for several reasons, including low cost. However, VAWTs do have

several inherent advantages over HAWTs:

• VAWTs do not have the means of ”yawing” (rotating around a vertical axis)

to follow the changing wind direction;

• the generator (or other power takeoff device) can be located at ground

level, reducing the structural requirements of the support tower.

However, a disadvantage of the VAWT is a lower Cpw than for the HAWT.

Moreover, in the case of Darrieus devices [38] the starting torque can be low

or insignificant. Consequently, the rotor must be brought up to speed either by

using the generator as a motor or by means of a small secondary rotor, such

as a Savonius [38], mounted on the Darrieus main shaft.

In community wind power projects, the turbines are often located within

or near the community. Consequently, the turbines are subject to both strin-

gent noise limits and the highly nonuniform, unsteady turbulent winds expe-

rienced in urban and suburban environments. There has recently been a re-

newal of interest in smaller-scale (<10kW) vertical axis wind turbines to deal

with these issues. The omnidirectional characteristic of such VAWTs is inher-

ently capable of handling the large and rapid fluctuations in wind speed and
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direction, while the lack of high blade tip speeds significantly reduces noise

production. The application in urban areas leads to additional design criteria

such as good aesthetic appearance, low audible noise, low speed and good

performance in complex winds. Conventional generators for wind turbine

systems operate best at high speed and require step-up gearboxes. However,

the gearbox of a wind power plant is expensive, subject to vibration, noise and

fatigue, and needs lubrication as well as maintenance at appreciable cost. In

recent years the idea of a gearless wind energy system has gained momentum

and a number of alternative concepts have been proposed for direct-coupled

electrical generators for use in grid-connected wind turbines. Some smaller

stand-alone machines also use direct-coupled generators.

1.3.2 Market study

According to [39] more than 330 manufacturers of small wind turbines have

been identified in 40 countries on all continents. The biggest small wind tur-

bines manufacturers in 2010 are presented in Table 1.1. As the small wind

turbine market is highly fragmented, the total market share of other manufac-

turers stands at 45.2%.

Table 1.1: Leaders on the small-scale wind turbine market in 2010 [40].

Company Country worldwide market
share in 2010

Southwest Windpower US (AZ) 21.1 %
Northern power US (VT) 17.7 %

Entegrity Wind Systems Canada (PE) / US (CO) 8.2 %
Bergey WindPower Co. US (OK) 3.9 %

Proven Energy Ltd. UK (Scotland) 3.9 %

A direct-drive permanent-magnet generator is used to obtain high effi-

ciency, high robustness and low maintenance. Both radial and axial types of

PMSG’s are applied for this application. Within these types many variations

are used. The British company EVANCE offers: EVANCE ISKRA R9000 tur-

bine with a brushless direct-drive air-cored high efficiency Permanent Mag-

net Alternator. For the last years, a significant number of researchers has been

working on different designs of radial, axial and transverse type PMSG for

wind application [23] [41] [42] [43] [44] [45] [46]. The biggest attention is to

axial flux type machines whose results are promising. The generator that has

been developed at Durham University consists of two rotor discs mounted

on either side of a non-magnetic, non-conducting stator. The magnets are

mounted in a N-S-N-S arrangement, circumferentially around each rotor plate
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with the N magnet on one plate facing a S magnet on the other. The flux travels

directly across the air space between the rotor discs before turning circumfer-

entially in the rotor disc and travelling one pole pitch before returning back

across the air-gap. A non-magnetic, non-conducting stator holds a number of

circular bobbin wound armature coils positioned circumferentially round the

stator. Such a design is mechanically robust, cheap to make and easily inte-

grated into the turbine system. It is also easily modified for mains-connection

operation, battery charge operation or for resistance heating. In addition, and

perhaps most importantly, it produces no cogging torque which avoids self-

starting issues associated with some types of vertical axis wind turbines.

In [43] an axial-flux air-cored machine with concentrated armature coils is

described. In this paper the design of this type of axial-flux generator is de-

scribed along with its use in two vertical axis wind turbines (VAWT); a 500W

Savonous turbine and a 2.5 kW Darrieus type turbine. These designs meets

perfectly criteria for small wind turbines.

A new designs of induction generators are still a subject of investigation

for the small scale wind energy industry, see e.g. [47].

1.4. Conclusions

The overview of the wind energy generator systems was presented. It was

shown that historically the wind turbine generator concepts were changing.

Although, most of the currently installed generators in MW power wind tur-

bines worldwide are still induction generators, it is clear that the trend has

shifted towards the PMSG. Therefore, the PMSG is considered to be the most

interesting generator to investigate for the given application. Despite the un-

certainty in price and availability of the rare earth type materials used for the

permanent magnets production (NdFeB type) the PMSG seems the most pop-

ular among the new designs of wind turbines being introduced to the market

in the last 5 years by the leading manufacturers.

Considering different generator concepts within the ones using PMSG, it

is rather difficult to find the dominating trend. However, the market of wind

turbines with a PMSG can be divided into two parts that are being ruled by

different objectives.

One part of the market is focused on decreasing the maintenance cost of the

wind turbines by avoiding the use of a gearbox and minimizing the number

of moving elements in the wind turbine. The, so called, direct-drive concept

comes however with a cost of large dimensions of the generator. This means

high cost of the generator mainly coming from a large consumption of an ex-

pensive PM material. Moreover, the transportational and constructional dif-

ficulties of such machines result in additional costs. Some manufacturers (i.e.
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Siemens) try to overcome this difficulty for direct-drive design by pressing the

generator diameter to the maximal size that allows easy transportation.

The second part of the market seems to have an objective of reducing the

initial cost of the investment by minimizing the generator system cost. In this

case gearboxes of different number of stages and ratios are used to decrease

the size of the generator and therefore, to make the transportation and con-

struction easier and cheaper. This however, introduces the additional cost and

weight of the gearbox together with a need of its maintenance (lubrication),

additional power losses, a risk of failure and possible necessity of replacing

the gearbox within the lifetime of the wind turbine.
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CHAPTER 2

Analytical magnetic model and

optimization of the Permanent

Magnet Synchronous Generator

2.1. Introduction

In this chapter the direct-drive PMSG will be considered together with a

single-stage gearbox PMSG, see Fig. 2.1 and Fig. 2.2.

The most appreciated advantages of PMSGs compared with ”older” tech-

nologies like Induction Generators (IGs) and Electrically Excited Synchronous

Generators (EESGs) are the high torque to mass ratio, the high efficiency, the

low maintenance due to the lack of slip rings and brushes and the absence of

the excitation losses [48]. The main disadvantages are the need for a full rated

power inverter, high cost of the rare earth type magnets and the fact that the

excitation cannot be controlled.

The induction machines are still widely used in wind energy application.

However, as depicted in [13] [48], induction machines are not suitable for a

direct-drive solution due to large dimensions, high mass and low efficiency.

Two types of generators are typically applied for direct-drive solution: Elec-

trically Excited Synchronous Generators (EESG) and Permanent Magnet Syn-

chronous Generators (PMSG). The PMSG for direct-drive presents advantages

over EESG like: higher reliability, reduced volume and weight due to smaller

pole pitch and less volume for the construction of the rotor. A PMSG has usu-

ally lower losses in the magnets than the EESG has copper losses in the rotor
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winding (excitation winding) [13], [10]. Moreover, the PMSG is considered as a

relatively new and flexible solution for wind application. Therefore, the PMSG

is interesting for further investigation and optimization, especially consider-

ing the (stator) electrical steel.

For the connection of the PMSG to the grid, a full-scale power converter

is used as shows in Fig. 2.1. This converter can perform a smooth connection

over the entire speed range.

PMSG

Converter

Grid

Figure 2.1: Scheme of a variable speed concept with direct-drive PMSG with full power
converter.

PMSG
Grid

ConverterSingle-stage
gearbox

Figure 2.2: Scheme of a variable speed concept with single stage gearbox PMSG with full
power converter.

In this chapter an electromagnetic analytical model is developed for the

PMSG, including the magnetic properties of the electrical steel used to con-

struct its magnetic circuit. The model is a rather simple one (i.e. limited num-

ber of slots per pole per phase as well as number of turns), that is supposed to

allow fast and only qualitative identification of trends when combined with

geometrical optimization routines. Geometry parameters are optimized for

different grades of electrical steels in order to investigate the effect of the steel

properties on the efficiency at full load and on the annual efficiency (see sec-

tion 2.8).

• At first, a nonoriented material with rather low loss is compared with a ma-

terial with rather high loss, to clearly indicate the effect of the material on

the machine performance. The steel grades taken into account for the gen-

erator optimization are M250-50A and M600-50A. The electromagnetic loss

and the magnetization characteristics of the two materials are presented in

Fig. E.1, E.3 and E.6. For this optimization, the air gap diameter of the gen-

erator is one of the variables to be optimized, presented in section 2.3. The



2.2 Equivalent circuit and phasor diagram of PMSG 33

goal of the optimization is a maximization of the generator’s efficiency at

rated load and also maximization of the annual efficiency, which is taking

a yearly distribution of wind speed into account (see section 2.8). The com-

parison of two materials is done for a direct-drive generator system as well

as for a system with single-stage gearbox.

• Then, the optimization is extended towards a wider variety of electrical

steel grades, but only for the direct-drive system. The goal of the optimiza-

tion is reduced to the maximization of annual efficiency only. The influence

of the composition of the electrical steel grades is investigated as well as the

influence of lamination thickness. The additional grades are the following:

M330-50A, M330P-50A, M400-50A, M400XP-50A and M600-100A.

• Moreover, the comparison of minimal active material mass consumption

of the optimized generators for all the electrical steel grades is presented

for a fixed value of annual efficiency (97.3%).

• Another approach in optimization is fixing the air gap diameter to cer-

tain limits reassembling a range of the generator diameters for direct-drive

systems available on the market (in previous optimizations, the air gap

diameter was an optimization variable). This is done together with the in-

vestigation of the influence of the wind speed distribution characteristics.

2.2. Equivalent circuit and phasor diagram of PMSG

The equivalent electrical circuit of the PMSG is given in Fig. 2.3. In the next

section, an analytical model of the PMSG is described. This model starts from

predefined geometrical parameters, the magnetic characteristics of the used

materials, the topology of the generator and its windings. Based on such in-

put, a proper model then computes the different components appearing in the

equivalent electrical circuit.

Figure 2.3: Equivalent circuit of the PMSG.

It is clear that the current in the windings as well as the terminal voltage of the

generator will depend not only on the energy captured from the wind and the

generator design but also on the control strategy of the full convertor which
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connects the PMSG with the electrical grid. Several papers indicate [13] [48]

[17] that the most beneficial situation for both converter and generator is when

the phase current is in between the no load EMF (magnets induced voltage)

and the mains voltage (Fig. 2.4). This situation allows reduction of saturation

of the material in the generator, maximization of the rated active power of the

generator together with minimization of the power rating for both generator

and the rectifier.

Figure 2.4: Phasor diagram for the PMSG in wind energy application: the phase current is
in between the mains voltage and the no load voltage of the generator.

2.3. Analytical model for direct-drive PMSG

The analytical magnetic model of the PMSG is a variant to [48]. Geometrical

parameters, material properties and wind dependent characteristics are the

inputs of the analytical model. Electric power, volume, inductances and iron

and copper losses are defined as outputs of the model. The analytical model

is successfully validated with FEM computations (see section 2.5).

The geometry of a ring type generator and the basic geometrical parame-

ters of the modelled generator are presented in Fig 2.5 and 2.6.

For the analytical model of the generator, four types of parameters are de-

fined, i.e. parameters with a fixed value, parameters with a value discretely

modified before proceeding with the optimization, parameters related to the

input of the system (e.g. wind distribution,...) and parameters which will be

optimized in a next step. These parameters are given in Table 2.1, 2.2, 2.3 and

2.4 respectively.

As depicted in Table 2.1, eight of the variables have fixed values or are de-

scribed by a fixed relation. The mechanical air gap δ is estimated as 0.1% of

the air gap diameter d. This is a minimum limited by mechanical consider-

ations. The number of slots per pole and per phase q is limited to one. The

magnet width bm is fixed to 0.7 times the pole pitch. The tooth tip height, slot

wedge height and slot opening are chosen as constants. The number of phases

m of the considered generator equals three.
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Figure 2.5: Schematic diagram of the multipole, radial flux, ring type, inner rotor generator.
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Figure 2.6: Basic geometry parameters of the generator

Discrete parameters are presented in Table 2.2. The number of pole pairs p

and the mass of active material in the generator is discretely chosen as an in-

put to the analytical model. Active material mass takes into account the mass

of the permanent magnets, copper windings and electrical steel used in the

rotor and stator of the generator. The iron loss parameters and magnetization

characteristics depend on the choice of the steel grade for the lamination of

the stator.

The wind speed dependent parameters are presented in Table 2.3. The de-

pendence of the rotational speed of the rotor on the wind speed is approx-

imately proportional to the wind speed in between cut-in wind speed and



36 ANALYTICAL MAGNETIC MODEL AND OPTIMIZATION OF THE PMSG

Table 2.1: Fixed parameters and relations

Fixed parameters

hs1 = 1 mm Tooth tip height
hs2 = 4 mm Slot wedge height
bs1 = 3 mm Slot opening
hi = 1 mm Insulation thickness
δ = 0.001d Mechanical air gap

q = 1 No. of slots per pole per phase
bm = 0.7τp Magnet width

m = 3 Number of phases

Table 2.2: Discretely changing parameters

Discrete parameters

mtot Mass of active materials
p Number of pole pairs

a,b, c, e,α Iron loss parameters
H(s B̂) Magnetization charact. of electrical steel

Table 2.3: Parameters changing with the wind speed

Wind speed dependent parameters

nrot Rotational speed of the rotor
Pt Mechanical input power
u Wind distribution function

rated wind speed [48]. The relation between wind speed and mechanical in-

put power of a wind turbine shaft Pt can be expressed with Eqn (1.1). In case

of a direct-drive generator the mechanical input power of the turbine rotor Pt

is the input power of the generator itself Pm. The third wind speed dependent

characteristic is the probability density function of the wind speed u(vw) for

the specific site which is approximated by the Weibull distribution function

(see section 2.8).

Table 2.4 presents parameters which are optimized with a genetic algo-

rithm for the given values and fixed relations defined in Table 2.1, 2.2 and

2.3. In the genetic optimization algorithm, the choice of the value for the peak

flux density defines the values of the geometrical parameters mentioned in

the right column of Table 2.4.
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Table 2.4: Basic variables of the generator

Optimization variables Corresponding geometry
parameter

d Air gap diameter d Air gap diameter
hs Slot height hs Slot height

B̂δ0 Peak air gap flux density hm Magnet height
B̂d0 Peak teeth flux density bd Tooth width
B̂ys Peak stator yoke flux density hys Stator yoke thickness

B̂yr Peak rotor yoke density hyr Rotor yoke thickness

Figure 2.7: Generator slot geometry

The geometry of a single stator slot is presented in Fig. 2.7. In this figure, the

two conductors in one slot are connected in parallel. Therefore, the phase cur-

rent is equal to the total current in the slot.

2.3.1 General definitions

Based on the number of pole pairs and the air gap diameter, the pole pitch τp

is calculated as

τp =
πd

2p
. (2.1)

The total number of stator slots is given by

Q = 2pqm. (2.2)

The slot pitch τ depends on the pole pitch τp, the number of phases m and the

number of slots q per pole and per phase
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τ =
τp

mq
. (2.3)

The stator length is described by l. The equivalent magnetic core length le can

be approximated by (to take fringing effect into account the second term on

the right hand side of eq (2.4) is added)

le = l + 2δ, (2.4)

where δ is the mechanical air gap

δ = 0.001d, (2.5)

The useful iron length lu of the stator is

lu = kFesl, (2.6)

where kFes is the stator iron fill factor. kFes is chosen to be equal to 0.98.

In the considered generator the winding pitch W is equal to the pole pitch

(full-pitch winding)

W = τp, (2.7)

Therefore, the end winding length lb on each side of the stator can be approx-

imated by

lb = 2W, (2.8)

The total length ltot of the stator is approximated by

ltot = l + 2W, (2.9)

This equation is a result of the assumption that the axial length of the end

winding on each side of the stator equals the winding pitch W.

The outer diameter dse of the stator core of the generator can be computed by:

dse = d + 2hs + 2hys, (2.10)

The rated rotor speed nN in turns per second for the shaft of the direct-drive

generators is the same as the rated speed of the turbine blades. The rated fre-

quency for the generator can be calculated as

fN = pnN , (2.11)
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2.3.2 Magnetic circuit

The stator tooth width bd as well as the stator and rotor yoke thickness hys and

hyr are calculated based on the local peak induction values as presented by the

next equations:

bd =
B̂δ0τle

B̂d0lu
, (2.12)

hys =
B̂δ0bmle

2B̂yslu
, (2.13)

hyr =
B̂δ0bmle

2B̂yrl
. (2.14)

where B̂δ0 is the no-load peak air gap flux density, B̂d0 the no-load peak teeth

flux density, B̂ys the no load peak stator yoke flux density and B̂yr the no load

peak rotor yoke flux density. Eqn. (2.12), (2.13) and (2.14) directly results from

Gauss law.

To calculate the magnetic voltage drops ( mmf= magnetomotive force) over

the different parts of the magnetic circuit of the generator, the given magnetic

characteristics for the rotor and stator were used, i.e. Hr(B) and Hs(B) respec-

tively. The mmf drop in a particular part of the magnetic circuit can be calcu-

lated by approximating the path length for the magnetic flux in that geometry

and multiplying it with the magnetic field strength H.

The mmf v̂ys required for the magnetic flux between two poles in the stator

yoke can be approximated as

v̂ys = csy

(

τp +
π(hs + 0.5hys)

p

)

Hs(B̂ys), (2.15)

where csy takes into account the variation of the field strength in the stator

yoke. csy is assumed to be 0.5 [48].

The mmf required for the stator teeth can be approximated as

v̂d = Hs(B̂d0)(hs3 + 0.5hs2) + Hs(B̂δ0)(0.5hs2 + hs1). (2.16)

while the mmf of the rotor yoke is given by

v̂yr = cry

(

τp −
π(δ + hm + 0.5hyr)

p

)

Hr(B̂yr). (2.17)

For the rotor yoke cry is also assumed to be 0.5 [48].

The mmf drop over the permanent magnet equals
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v̂m = hm
B̂δ0

µmµ0
(2.18)

where µm is the relative permeability of the permanent magnet material.

The magnetic voltage drop over the air gap equals

v̂δ = δ
B̂δ0

µ0
(2.19)

The different magnetic voltage drops over the soft magnetic material parts, as

well as over the air gap are compensated by the magnetic motoric force given

by the permanent magnets. For one pole pair region we have:

2Hcehm − v̂ys − v̂yr − 2v̂d − 2v̂δ − 2v̂m = 0 (2.20)

where Hce is the coercivity of the permanent magnet material. Based on equa-

tions (2.15) to (2.20) the needed magnet height can be calculated as follows

hm =
v̂d + v̂δ + 0.5v̂ys + 0.5cry

(

τp −
π(δ+0.5hyr)

p

)

Hr(B̂yr)

Hce − B̂δ0
µmµ0

+
cryπHr(B̂yr)

2p

(2.21)

2.3.3 Stator slots

For the analysis of the performance of the different electrical steel grades for

wind energy generators, we limit ourselves to one specific shape of the stator

slots, i.e. the slots as shown in Fig. 2.7.

Evidently we have that

bs = τ − bd, (2.22)

where bs is the slot width and bd is the tooth width. The slot height is described

by the parameter hs. The tooth tip height hs1 is chosen to have the fixed value

of 1mm, while the slot wedge height hs2 is chosen to be 4mm. The winding

height is

hs3 = hs − hs1 − hs2. (2.23)

Considering the specific winding topology of Fig. 2.7, we can say that the

height of a single conductor is

hCu =
1

2
hs3 − 2hi, (2.24)
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where hi is an insulation thickness equal to 1mm. Therefore, the winding

width bCu can be calculated as

bCu = bs − 2hi. (2.25)

The slot opening bs1 is chosen to be 3mm.

2.3.4 Equivalent electric circuit

In [48] an analysis of a shape of the flux density wave was performed with the

finite element method. The air gap flux was investigated for several values of

the magnet height and the air gap length, keeping the magnet width at 0.7

times the pole pitch. According to this analysis, the fundamental component

of the flux density wave in the air gap Bδ(1) can by approximated by

Bδ(1) = B̂δ0

(

0.81 − 0.30(hm + δ)

τp

)

(2.26)

under the following condition

τp ≥ 4(hm + δ) (2.27)

This expression follows directly from numerical data obtained by finite ele-

ment computations, see [48].

The slot leakage inductance Lsl and the tooth tip leakage inductance Ltl are

given by:

Lsl = 2pqµ0leλsl (2.28)

Ltl = 2pqµ0leλtl (2.29)

while the end winding leakage inductance Lb may be approximated by:

Lb = 2pqµ0lbλb (2.30)

For the geometry of Fig. 2.7, the specific permeance of the slot leakage λsl is

given by :

λsl =
2hCu

3bs
+

3hi

2bs
+

hs1

bs1
+

hs2

bs − bs1
ln

(

bs

bs1

)

(2.31)

The specific permeance of the tooth tip leakage λtl is given by [49]
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λtl =
2δ

bs1π

(

π

4
− 0.66exp (−3.2

bs1

2δ
)

)

(2.32)

In [48] the specific permeance of the end winding leakage λb for a two-layer

winding is approximated by:

λb = 0.25 (2.33)

The equations for the single-phase magnetizing inductance Lm as well as for

the equivalent Y-phase magnetizing inductance were obtained under several

assumptions [48]:

• the number of slots per pole and phase q is one;

• the total current in one slot is equal to the phase current;

• the winding pitch is equal to the pole pitch;

• the flux in the air gap is assumed to cross the air gap perpendicular to the

rotor and stator surfaces;

• the permeability of the stator and rotor iron are assumed to be infinite and

the relative permeability of the magnets is assumed to be 1.

Then, the single-phase magnetizing inductance (only one of the stator current

is different than zero) is equal to:

Lm = pqµ0leλm (2.34)

Here, the specific permeance of the single-phase magnetizing inductance λm

is written as:

λm =
τp

2(δ + hm)
(2.35)

For the calculation of the Y-phase magnetizing inductance the mutual induc-

tance of the remaining two phases has to be added to the single-phase induc-

tance. With the assumptions given above, the mutual induction of e.g. phase

S with respect to the current in phase R is given as:

M = −1

3
LRR (2.36)

where LRR is the self-inductance of the phase R and equal to Lm. Given the

fact that the sum of currents in a three phase system equal zero, the Y-phase

magnetizing inductance can be approximated by multiplying single-phase in-

ductance Lm with a factor 4/3 (keep in mind that for sinusoidally distributed

windings this factor is 3/2).
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La =
4

3
Lm + Lsl + Ltl + Lb (2.37)

while we may quantify the total leakage inductance by:

Lσ = Lsl + Ltl + Lb (2.38)

The stator resistance Ra (per phase) at rated load and average ambient tem-

perature equals for the geometry of Fig. 2.7

Ra = ρ(Cu, TCuAv)
2pq(l + lb)

kCu2hCubCu
(2.39)

where kCu is a fill factor of copper inside a coil, excluding the insulation of

the coil. kCu is chosen to be equal to 0.8 [48]. ρ(Cu, TCuAv) is the resistivity of

copper at the temperature TCuAv of a winding of the generator at rated load.

It is chosen to be

TCuAv = 100◦C (2.40)

The copper resistivity at the temperature TCuAv can be calculated as

ρ(Cu, TCuAv) = ρ(Cu,20◦)(1 + αCu(TCuAv − 20)) (2.41)

where ρ(Cu,20◦) = 17.24 ∗ 10−9 [Ωm] is the resistivity of copper at 20 ◦ C, and

αCu = 4.27 ∗ 10−3 [K−1] is the temperature coefficient.

2.3.5 Material volume and weight

For the calculation of volume and weight of the PMSG only the active mass

is taken into account. This includes copper windings, permanent magnet ma-

terial (NdFeB in this case) and the electrical steel used in the stator core and

rotor back iron.

The volume of the copper consists of the winding in the slots of the stator and

the end windings (Eqn. (2.8)). For the generator with a two layer winding with

Q slots in total and a fill factor kCu of copper inside the coil, the total copper

volume can be calculated from:

VCu = 2Q(l + lb)hCubCukCu (2.42)

where hCu and bCu are height and width of a single layer of winding in the

stator slot. On the basis of the copper mass density ρCu and the volume VCu

the total mass of the winding in the generator can be calculated as:
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mCu = ρCuVCu (2.43)

For the calculation of the stator yoke volume VFeys, the average diameter of the

yoke is used, the yoke thickness hys and the useful axial length of the stator

core lu (Eqn. (2.6))

VFeys = π(d + 2hs + hys)hyslu (2.44)

The material weight of the stator yoke equals

mFeys = ρFeVFeys (2.45)

were ρFe is the mass density of the electrical steel. The volume of the teeth VFed

can be found by taking into account the different widths of the tooth tip, tooth

wedge and the proper tooth.

VFed = luQ

(

bdhs3 +
(τ − bs1) + bd

2
hs2 + (τ − bs1)hs1

)

(2.46)

The weight of the electrical steel used in the stator teeth can be found from

mFed = ρFeVFed (2.47)

The volume VFeyr of the rotor yoke can be found in the same way as the stator

yoke volume.

VFeyr = lπ(d − 2δ − 2hm − hyr)hyr (2.48)

Since the same steel mass density is used for the steel in the stator and the

rotor of the generator, the total weight of the rotor yoke is

mFeyr = ρFeVFeyr (2.49)

Finally the volume of the magnets Vm is given by

Vm = 2plbmhm (2.50)

Consequently, the total weight of the permanent magnet material can be cal-

culated as

mm = ρmVm (2.51)

where ρm is the permanent magnets mass density. Finally, the total mass of the

active material can be calculated as
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mtot = mCu + mFeys + mFeyr + mFed + mm (2.52)

2.3.6 Losses

The calculation of the iron losses in the stator core is based on the statistical

loss theory of Bertotti, see Appendix A. The theory relies on the principle of

loss separation into hysteresis, classical and excess loss. In this model, for a

fixed frequency the loss is calculated based on the peak value of the magnetic

induction in the considered part of the stator core (e. g. stator yoke or teeth).

The model assumes a sinusoidal time variation of the magnetic induction.

The core losses in the stator yoke are quantified by

PLsy = mFeys(aB̂α
ys f + bB̂2

ys f 2 + cB̂ys f (
√

1 + eB̂ys f − 1)) (2.53)

The teeth losses are

PLst = mFed(aB̂α
b0 f + bB̂2

b0 f 2 + cB̂b0 f (
√

1 + eB̂b0 f − 1)) (2.54)

where material parameters a,b, c, e and α are identified based on the measure-

ments of losses on the different electrical steel grades for a frequency ranging

from 10 to 100 Hz. The mass of the stator yoke mFeys and teeth mFed were cal-

culated in Eqn. (2.45) and (2.47) respectively. The total stator iron losses are

given by

PsFe = PLsy + PLst (2.55)

The magnet losses are mainly eddy current losses appearing at the surface of

the magnets facing the stator teeth (see Chapter 3). Consequently, the magnet

losses per machine can be quantified as

Plm = pFtm2pbml (2.56)

where pFtm is the value of magnet losses per square meter. As a first approxi-

mation, we use [48]:

pFtm = 300W/m2 (2.57)

More accurate estimations of eddy current losses in the magnets are presented

in Chapter 3.

Additional losses Pad (stray load losses) in synchronous generators consist of

losses due to slot leakage flux, losses due to end leakage flux, short-circuit

iron losses due to the armature mmf and rotor pole face losses [50]. In this
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analytical machine model, we choose these additional losses as being 20% of

the total stator iron losses:

Pad = 0.2PsFe (2.58)

2.3.7 Voltage, Power and Efficiency

The induced fundamental no-load armature phase voltage is

Ep = 2pqkw(1)Bθ(1)levθ (2.59)

where vθ is the velocity of the flux wave in the air gap, given by

vθ = πdnn (2.60)

with nn the speed of the generator shaft in rotations per second.

The kw(1) is the winding factor for the fundamental flux density wave. For the

considered generator, a full pitch winding is applied, therefore, kw(1) is equal

to 1.

The input power of the generator Pd1 is considered as the turbine power Pm

minus the friction losses of the transmission.

Pd1 = Pm − Pf rict (2.61)

where Pf rict is the friction power loss, given by

Pf ric = (1 − ηm)Pm (2.62)

where ηm is the mechanical efficiency of the transmission. The Joule loss com-

ponent can be described as

PJ = mRa I2 (2.63)

The electrical output power of the generator equals

Pout = Pd1 − PJ − PsFe − Pad − Plm (2.64)

or

Pout = mUN Icosφ (2.65)

where UN is the mains voltage approximately equal to the no-load phase emf

(see Fig. 2.4), and cosφ is the current phase angle described as
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cosφ =

√

1 −
(

I2π f La

2UN

)2

(2.66)

UN ≈ Ep (2.67)

The phase current I is calculated as the solution of (2.68)

Pd1 − mRa I2 − ηmPm = mUN Icosφ (2.68)

The torque of the generator shaft is given by

TG

=
Pd1nN2π (2.69)

Finally, the electrical efficiency of the generator is

ηN =
Pout

Pd1
(2.70)

2.3.8 Predefining the total active mass of the generator

The quantities used in the analytical magnetic model, described above, are

computed in the order of appearance.

In the case that we predefine the allowed total active mass (iron, copper and

permanent magnets) of the generator as the discretely changing input param-

eter (see Table 2.2), the core length l is computed using the expression

l =
mass − 2ρCulbQhCubCukCu

2ρCuQhCubCukCu

+ ρFekFesπ(d + 2hshys)hys + ρFekFesQ[bdhs3 +
(τ − bs1) + bd

2hs2

+ (τ − bs1hs1)] + ρFeπ(d − 2δ − 2hm − hyr) + 2ρm pbmhm (2.71)

This expression for l was obtained by approximating le and lu to l in the Eqns.

(2.12), (2.13) and (2.14). Based on eqn. (2.71), we may use the mass as an input

parameter for the optimization.

2.4. Analytical model for single stage gearbox with PMSG

As a direct extension of the analytical magnetic model for the direct-drive per-

manent magnet synchronous generator, described in previous sections, we

consider now the permanent magnet synchronous generator with a single
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stage gearbox. The system is shown in Fig. 2.2. In order to take into account

the single stage gearbox, we properly modify the values of the mechanical in-

put parameters of the analytical magnetic model and we include in the energy

balance the efficiency of the gearbox.

The equation used for taking into account the gearbox losses PG reads [31]:

PG = kgPN
nn

nN
(2.72)

with nn and nN the speed and rated speed of the shaft, while PN is the rated

power of the wind turbine. kg is a constant for the speed-dependent loss. We

choose kg to be 1.5 % for a single stage gearbox. According to [31] the power

dependent losses can be neglected.

According to [31] for wind energy applications, the single stage planetary

gearbox has a ratio between 3:1 and 15:1. The optimal choice of the gearbox ra-

tio for maximizing annual energy production depends on the nominal power

of the generator. For the 5MW generator, the optimum is reached for the ra-

tio 7.12 :1. However, the manufacturer in possession of the Multibrid concept,

with single stage gearbox, applies the ratio of 10:1 [51]. Therefore, the decision

was taken to use the ratio 10:1 in this thesis.

2.5. Validation of the analytical magnetic model using a finite ele-

ment model

To validate the analytical magnetic model, the basic property values obtained

with the analytical model are compared with the corresponding values ob-

tained with the Finite Element Method.

A 2D finite element model of one pole pair, based on a vector potential for-

mulation was built as presented in Fig. 2.8. We enforce periodic boundary

conditions along the vertical boundaries, while considering Dirichlet bound-

ary conditions on the horizontal boundaries. The geometrical parameters and

the material data are given as input parameters for the model.

The analytical as well as the finite element model have as output the electro-

motive force (EMF), the torque and the total armature inductance. In the FEM

analysis, the following procedure was applied for the EMF computation.

Ep =
d

dt

(

pl

(

1

SCu

∫

SCu1

Ads − 1

SCu

∫

SCu2

Ads

))

(2.73)

Here, the FEM sources for the magnetic fluxes in the FE model are the per-

manent magnets while the electrical currents in the stator slots are put equal

to zero. The cross sections SCu1 and SCu2 of the copper windings correspond
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U W’ V U’ W V’

Figure 2.8: Geometry of the 2D FE model with magnetic field lines and with winding
scheme of the generator (two conductors in a slot are connected in parallel).

with the first phase, denoted by U and U′ as shown in Fig. 2.8. The surface of

SCu1 and SCu2 equals SCu.

The total armature inductance La was calculated in the FE model using the

following expression

La = pl

(

1

SCu

∫

SCu1

Ads − 1

SCu

∫

SCu2

Ads

)

(2.74)

Here, the FEM sources for the magnetic fluxes in the model are the 3 phase

electrical currents in the stator slots with amplitude equal to 1 ampere. The

permanent magnets were removed from the FE model.

The validation of the analytical model with the FEM was successfully per-

formed. In Table 2.5 the peak value Ep of the EMF, as well as the effective

value Ee f f are in good agreement. Here, the rated speed of 12 turns per min

was considered. Also a good correspondence was obtained for the electromag-

netic torque of the generator. In the analytical model, the torque value, i.e. 4.13

MNm is an input parameter and results in the corresponding current of 1094

Ampere, see eqn. (2.68). In the FE model, the torque was computed using the

principles of the Maxwell stress tensor and with an enforced amplitude of the

stator currents equal to 1094 Ampere. The lower value of the magnetizing in-

ductance La calculated with FEM comes from the fact, that a 2D model does

not take into account a 3D effects (e.g. end turns). The difference in the effec-

tive value of voltage comes from the fact that the voltage simulated with FEM

has a nonsinusoidal waveform.
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Table 2.5: Validation of an analytical model using FEM

Parameter B̂p [T] Ep [V] Ee f f [V] Torque [MNm] La [mH]

Analytical 0.7212 1997 1449 4.13 8.73
FEM 0.7214 1970 1541 4.09 7.28

2.6. Genetic algorithm for geometrical optimization

For the geometrical optimization of a PMSG presented in the form of the sim-

plified electromagnetic analytical model, the genetic algorithm (GA) was cho-

sen. The theory of GA mimics the process of natural evolution in the search for

a solution which best meets the conditions of the optimization. The selection

method used is the stochastic universal sampling. The stop criterion is reach-

ing the 100th generation. The crossover probability is 50% and the mutation

is allowed for one variable per individual. Other settings of the GA together

with the number of input variables are presented in Table 2.6. Each of the in-

dividuals is characterized by a different combination of the input variables.

The input variables vary in a predefined range. Table 2.7 presents the limits of

the variables dependent on the considered generator system used for the opti-

mization. One generator system is a low speed direct-drive and the second one

is a medium speed single stage gearbox system. The difference in ranges for

these two systems comes from the fact that to extract a certain power at low

speed, a high torque is required and therefore a large size of the generator.

Low speed and high torque require a high number of poles, but to implement

a large number of poles with satisfying pole pitch, a large diameter is neces-

sary. Therefore, the direct-drive generator system has a higher range of air gap

diameters.

Table 2.6: Optimization settings for the genetic algorithm

Optimization settings

Number of input variables 6
Number of subpopulations 3

Number of individuals 10
Number of generations 100

Each run of the optimization routine starts with a fixed choice of the electrical

steel grade, allowed mass of the generator and pole pair number. If the goal

of the optimization is to maximize annual efficiency then one of the inputs for

the optimization is the Weibull characteristic, describing the wind conditions

for a specific type of location.
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Table 2.7: Limits of the optimization variables

variables direct-drive single stage gearbox

d 4-25 [m] 2-8 [m]
hs 0.03-0.11 [m] 0.03-0.11 [m]

B̂δ0 0.6-1.0 [T] 0.6-1.0 [T]
B̂d0 1.0-1.75 [T] 1.0-1.75 [T]
B̂ys 1.0-1.75 [T] 1.0-1.75 [T]

B̂yr 1.0-1.75 [T] 1.0-1.75 [T]

In the thesis two goals of optimization are considered. Therefore two cost

functions are to be minimized. At first the aim is to maximize the rated effi-

ciency (at rated load) of the generator. For each of the geometries of the gen-

erator created by the genetic algorithm, the rated efficiency is calculated and

used in the cost function:

cost = 1 − ηrated (2.75)

Secondly, the wind speed probability distribution function is used together

with the analytical model to asses the annual efficiency of the generator. Here,

annual efficiency refers to the ratio between the annual produced electrical

energy Ee of the generator and the annual mechanical energy input Et from the

turbine rotor to the generator system. In this case, the goal of the optimization

is to maximize annual energy efficiency ηannual :

cost = 1 − ηannual (2.76)

The results of this optimization are optimal from the magnetic point of

view. Constructional, thermal and mechanical constraints were not taken into

account. The genetic algorithm settings are presented in Table 2.6.

In the next step of the analysis, the air gap diameters of the direct-drive

PMSGs are fixed to certain values corresponding with the industrially applied

direct-drive machines. The air gap diameter limit is set prior to the optimiza-

tion (together with pole pair number, electrical steel choice etc.). As a result

the number of variables of the GA reduces to 5. Other settings of the algo-

rithm remain the same.

2.7. Optimization of direct-drive generator at full load

A set of optimizations was performed with the goal of maximizing the rated

efficiency of the direct-drive PMSGs. Rated conditions means for the direct-
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drive generator a rotational speed of a shaft of the generator of 12 rpm with

the input mechanical power of 5.19 MW 1. As mentioned in section 2.6 each

optimization precedes a choice of discrete changing parameters. The follow-

ing set of optimization is performed for the range of discrete parameters given

in Table 2.8 2. The reason for considering such a wide range for the air gap di-

ameter d is that one aims at finding the optimal design of the generator from

the magnetic point of view. If thermal and mechanical constraints are taken

into account, it is evident that a generator geometry may be chosen that is

closer to the lower limit of d than the magnetic optimum. Two electrical steel

grades, with the same lamination thickness (0.5 mm), were used for the opti-

mization. A set of optimized generators using a low loss grade M250-50A was

compared with optimized generators using a high loss grade M600-50A.

Table 2.8: Discrete parameters for optimization.

parameter range step

allowed active mass 15-40 [tons] 5 [tons]
pole pairs number 50-250 10

Based on all the optimizations for the two electrical steel grades and the pa-

rameters from Table 2.8, the rated efficiency map was created: see Figs. 2.9 and

2.10. The figures present the efficiency of the optimized generator at rated load

as a function of the allowed active mass and the number of pole pairs for the

two different material grades. Notice that each point in the plane corresponds

with the optimal geometrical parameters for the specific values for the mass

and number of pole pairs. For a fixed mass of the generator, an optimal choice

for the number of pole pairs can be made.

Fig. 2.11 is an extraction of the optimal points in Figs. 2.9 and 2.10, i.e. for

a fixed active mass, we consider the number of pole pairs with the highest

efficiency. It can be observed that the efficiency increases when we choose a

higher value for the allowed active mass of the generator. Moreover, a higher

mass for the generator also corresponds with a lower optimal number of pole

pairs.

For both materials, the increase of allowed mass of the generator causes

a decrease of the optimal number of pole pairs, which reduces the electrical

frequency of the machine. A decrease of electrical frequency causes reduc-

tion of iron losses per volume. On the other hand the total volume of the sta-

tor iron increases with the increase of the allowed mass of the generator. For

1 The mechanical input power is a result of a choice of the wind turbine, based on the
length of blades, the rotational speed and the Eqn. (1.2)

2 The run time of a single optimization for a fixed set of discretely changing parameters
and with the goal of maximizing the efficiency at rated load takes about 50 seconds for a
PC with 3.2GHz CPU and 3GB RAM.
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Figure 2.9: The efficiency at rated load as a function of number of pole pairs and allowed
active mass of the direct-drive generator using grade M250-50A. Each point is the outcome
of a geometrical optimization of the generator with a goal of maximizing efficiency at rated
load.
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Figure 2.10: The efficiency at rated load as a function of number of pole pairs and allowed
active mass of the direct-drive generator using grade M600-50A. Each point is the outcome
of a geometrical optimization of the generator with a goal of maximizing efficiency at rated
load.

the considered range the total stator iron mass increases almost 4 times for

both grades. As a result the total stator iron power losses remain almost the

same for the considered range of allowed mass of the generators, see Fig. 2.12.

With respect to the copper power losses, a decrease can be observed with an

increase of the allowed active mass. This is caused by the increase of the con-

ductor surface. As already mentioned, the optimal pole pair number decreases
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Figure 2.11: The efficiency at rated load and the number of pole pairs as a function of the
allowed active mass for the optimal design at rated load (direct-drive generator). Compar-
ison of results for two electrical steel grades.

with increasing allowed active mass making space for more copper per slot.

Moreover, with an increase of allowed active material mass, the optimal air

gap diameter is also increasing.

The rated efficiency of M250-50A steel is higher than for M600-50A over

the whole range of the generators active material mass. In Fig. 2.11 it can be

also observed that the low loss grade (M250-50A) has a higher number of op-

timal pole pairs for the whole range of allowed active material mass. This

means, that generators using grade M250-50A will have higher electrical fre-

quency 3. Despite that, the total stator iron power losses are lower than for

the grade M600-50A: see Fig. 2.12. The conclusion is that the difference be-

tween low and high loss grade is significant enough to increase the electrical

frequency of the generator and still, to keep the iron power losses of the stator

on a lower level. Moreover, from the Fig. 2.12 follows that also the total copper

power losses are kept lower for the generators optimized for grade M250-50A

than for the grade M600-50A.

3 Note that, 200 pole pairs corresponds with 40Hz electrical frequency of the generator
at rated speed (12 rpm).
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Figure 2.12: Rated iron and copper power losses as a function of allowed active mass of the
generator. Each point presents generator with optimal number of pole pairs. Generators for
two steel grades are presented; M250-50A and M600-50A (direct-drive generator).

Figure 2.13 presents some of the geometrical parameters of the optimized

generators changing with the allowed active mass of the generator. This figure

corresponds with Fig. 2.11, which means that each point on the curve presents

a generator with an optimal number of pole pairs for a given active mass limit

and considered electrical steel grade.

In Fig. 2.13 a) it can be observed, that for both considered electrical steel

grades, the axial length of the machine is increasing with the increase of the

active mass limit. At the same time, for a mass increasing above 25 tons, the

air gap diameter is decreasing (Fig. 2.13 b)). This means that with the increase

of the allowed active mass, the optimization algorithm is trying to decrease

the high copper losses (see Fig. 2.12) without increasing the iron losses. The

optimal number of pole pairs is decreasing and the conductors cross section is

being increased. With decreasing pole pair numbers the thickness of the yokes

is increased together with the copper end windings. In order not to exceed the

mass limit the diameter of the air gap is reduced. To keep the torque high, the

axial length is increased. With this process the phase voltage decreases with

increasing current. This is compensated by a much larger decrease in phase

resistance.

Table 2.9 presents the parameter values for two generators optimized for a

material M600-50A with two active mass limits (15 and 35 tons). It can be

observed that the decrease of the phase resistance is much more significant

than the increase of the phase current. This allows a drop in copper losses as

presented in Fig. 2.12.
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Figure 2.13: (a) The stator length as a function of the allowed active mass of the generators
for the direct-drive system. (b) The air gap diameter as a function of the allowed active mass
of the direct-drive generator. (c) The stator slot height as a function of the allowed active
mass of the generators for the direct-drive system. Each generator has an optimal number
of pole pair for a given active mass. The geometrical optimization goal was maximization
of efficiency at rated load.

Table 2.9: Comparison of generator parameters optimized for material M600-50A with
active mass limits of 15 and 35 tons. Optimization goal was to maximize efficiency at rated
load.

Parameter Ua I Ra p l d
[V] [kA] [mΩ] [m] [m]

15 tons generator 846 2.06 7.2 250 0.24 20.7
35 tons generator 676 2.57 2.1 150 0.32 20.3
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2.8. Optimization of annual efficiency

The annual efficiency of the generator system is defined as the ratio between

the annual produced electrical energy Ee of the generator and the annual me-

chanical energy input from the turbine rotor to the generator system Et (Eqn.

(2.77)). In the case of the direct-drive concept, Et equals the annual mechani-

cal energy input of the generator Em, while for the system with a single stage

gearbox Em = Et − Eg, where Eg is the annual energy dissipation in the gear-

box.

ηannual =
Ee

Et
(2.77)
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Figure 2.14: Iron and copper power losses curves as a function of wind speed, for two
direct-drive generators with 35 tons of total active mass. The generators optimized for dif-
ferent electrical steel, M250-50A and M600-50A respectively.

The annual mechanical energy delivered to the generator shaft Em is depen-

dent on a mechanical power curve Pm(vw) and a wind distribution function

u(vw) for the specific site, presented in Fig. 1.5. This figure depicts that extrac-

tion of the mechanical power by the wind turbine system starts only above a

certain cut-in wind speed (see Pm(vw) in Fig. 1.5). The rated, maximum power

is achieved for the rated wind speed, above which the mechanical power is

constant until the cut-off wind speed is reached. Then, the turbine will be shut

down due to safety reasons. It is well known that at a certain location the

wind speed is not constant in time. In general the wind speed is described

by a probability density distribution function u(vw), see Eqn (1.3). The annual

mechanical energy input of the generator can be obtained with Eqn (1.5). Ob-

serving curve ’1’ in Fig. 1.5, it is clear, that the generator is mostly operating



58 ANALYTICAL MAGNETIC MODEL AND OPTIMIZATION OF THE PMSG

at partial load. Similar to the calculation of the Em, the annual energy dissipa-

tion in the gearbox Eg, the annual electrical energy Ee as well as the iron and

copper annual energy losses are calculated. Fig. 2.14 presents power curves of

iron and copper losses for two generators optimized for two different electri-

cal steel grades. One is optimized for the grade M250-50A and the second for

M600-50A. It can be observed that while generators are optimized for a spe-

cific steel grade the ratio of iron to copper losses remains similar. However,

if in the generator optimized for low loss grade a high loss grade would be

used, then an increase in the ratio of iron to copper losses would be expected.

2.8.1 Direct-drive PMSG

Figure 2.15: An example of the scale of a direct-drive generator in a wind energy applica-
tion.

From section 2.8 it is clear that a PMSG in wind energy applications will

work most of the time at a partial load. Therefore, it seems obvious to take a

wind speed distribution function into account while optimizing the geome-

try of the generator. To do that we change the optimization goal from maxi-

mization of the rated efficiency into maximization of annual efficiency as it is

defined in section 2.8. This means that when the optimization algorithm calls

the electromagnetic analytical model, it is executed in a loop with increas-

ing wind speed and the mechanical input power as well as electrical output

power is calculated for each step. Then, the calculated mechanical and elec-

trical power is multiplied with the number of hours a year that a respective

wind speed is expected to occur based on the probability density function of

the wind speed. Finally an integral over the whole wind speed range is taken
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and the annual efficiency is calculated. Prior to the optimization, the proba-

bility density function of the wind speed is chosen. In this case, a site with 7

m/s average wind speed was chosen, with Weibull parameters as presented

in section 2.8. In this section the same two electrical grades as in section 2.7

are subject to the optimization. The discretely changing parameters ranges are

presented in Table 2.8, the optimization parameters with their range for the

direct-drive generator are presented in Table 2.7, see also Fig. 2.15. We con-

sider again the generator with 12 rpm and 5.19 MW as rated speed and rated

input power.

Figures 2.16 and 2.17 are a result of conducting geometrical optimization

for all the combinations of discretely changing parameters (pole pair num-

ber and allowed active mass). The figures present, for both considered steel

grades, the effect of the mass and the number of pole pairs on the annual effi-

ciency of the optimized generator 4.

For both steel grades, a trend line of optimal mass and number of pole pairs

can be obtained. Similar observations can be made as for the previously con-

ducted optimization with respect to the maximization of rated efficiency. This

is: increasing annual efficiency with increasing allowed mass of the generator

and correspondence of high active mass values with low optimal number of

pole pairs, see Fig. 2.18.

The comparison of influences of the allowed active mass of the optimized

generator on the annual efficiency for both materials is presented on Fig. 2.18

a). The annual efficiency of M250-50A steel is higher than for M600-50A over

the whole range of the generators active material mass.

The annual energy copper losses are higher than the iron losses for both

materials, as presented in Fig. 2.19. For the optimized generator with low mass

(15 tons) the copper losses are a few times bigger than the iron losses, while

for high mass (40 ton), these losses are almost equal for both steel grades. A

decrease in annual energy copper losses with an increase of active material

mass of the generator can be observed due to an increasing surface of the

conductors and therefore decreasing resistance of copper. The annual energy

iron losses are approximately constant with the increase of the mass due to

the decreasing optimal number of the pole pairs (which corresponds with a

decrease of the frequency of the induced voltage), see Fig. 2.18. Moreover,

with increasing mass, the optimal peak air gap flux density was observed to

decrease slightly.

While comparing the influence of the two electrical steel grades on the an-

nual iron and copper energy losses of the generators for different active ma-

terial mass limits (Fig. 2.19), it can be observed that the low loss grade (M250-

4 The run time of a single optimization for a fixed set of discretely changing parameters
and with the goal of maximizing the annual efficiency takes about 9 minutes for a PC with
3.2GHz CPU and 3GB RAM.
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Figure 2.16: Annual efficiency contour plot of the optimized machine for the material grade
M250-50A as a function of their mass and number of pole pairs (direct-drive PMSG). Each
point is the outcome of geometrical optimization of the generator with a goal of maximizing
annual efficiency.
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Figure 2.17: Annual efficiency contour plot of the optimized machine for the material grade
M600-50A as a function of their mass and number of pole pairs (direct-drive PMSG). Each
point is the outcome of geometrical optimization of the generator with a goal of maximizing
annual efficiency.

50A) has lower iron and copper losses for the whole range of the active mass

in comparison with generators optimized for grade M600-50A. It is important

to notice that the low loss grade (M250-50A) has a higher number of optimal

pole pairs for the whole range of allowed active material mass. This means,

that generators using grade M250-50A will have a higher electrical frequency.



2.8 Optimization of annual efficiency 61

(a)

(b)

15 20 25 30 35 40
96.5

97

97.5

98

98.5

allowed active mass of the generator (tons)

an
n

u
al

 e
ff

ic
ie

n
cy

 (
%

)

M250−50A

M600−50A

15 20 25 30 35 40
50

100

150

200

250

300

allowed active mass of the generator (tons)

o
p

ti
m

al
 p

o
le

 p
ai

r 
n

u
m

b
er M250−50A

M600−50A

Figure 2.18: Annual efficiency (a) and the corresponding pole pair number (b) of the op-
timized generators as a function of their mass, for both considered materials (direct-drive
PMSG). The geometrical optimization goal: maximizing annual efficiency. Comparison of
the influence of two electrical steel grades.

Despite that, the total stator iron power loss is lower than for the grade M600-

50A, compare with Fig. 2.12. The conclusion is that the difference between low

and high loss grade is significant enough to increase the electrical frequency

of the generator and still, to keep the iron power losses of the stator on a lower

level.

Figure 2.20 presents some of the geometrical parameters changing with

the allowed active mass of the generator. This figure corresponds with Fig.

2.18, which means that each point on the curve presents a generator with an

optimal number of pole pairs for a given active mass limit and considered

electrical steel grade. In Fig. 2.20 it can be observed, that for both considered

electrical steel grades the axial length of the machine is increasing with the

increase of the active mass limit. At the same time, for a mass increasing above

20 tons the air gap diameter is decreasing. This means that with the increase

of the allowed active mass the optimization algorithm is trying to decrease the

high copper losses (see Fig. 2.19 a) without increasing the iron losses. For that,

the conductors cross section is being increased by the reduction of optimal

pole pair numbers. With decreasing pole pair numbers, the thickness of the

yokes is increased together with copper end windings. In order not to exceed
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Figure 2.19: (a) Annual iron and copper energy losses as a function of allowed mass of the
optimized direct-drive PMSG. (b) Iron and copper power losses at rated load as a function
of allowed mass of the optimized direct-drive PMSG. All generators were optimized with
respect to maximizing the annual efficiency. The influence of two electrical steel grades is
presented.

the mass limit, the diameter of the air gap is reduced. To keep the torque high,

the axial length is increased. With this process the phase voltage decreases

with increasing current. This is compensated by a much larger decrease in

phase resistance. The observed trends are very similar to the one described

at the end of section 2.7 where Fig. 2.13 is discussed. The difference in trends

between generators optimized with respect to rated load and annual efficiency

is considered in the next section.
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Figure 2.20: (a) The stator length as a function of the allowed active mass of the generator
for the direct-drive system. (b) The air gap diameter as a function of the allowed active
mass of the generator for the direct-drive system. (c) The stator slot height as a function of
the allowed active mass of the generator for the direct-drive system. Each generator has an
optimal number of pole pair for a given active mass. Geometrical optimization goal was
maximization of annual efficiency.

Table 2.10 presents the parameter values for two generators optimized for a

material M600-50A with two active mass limits (15 and 35 tons). It can be

observed that the decrease of the phase resistance is much more significant

than the increase of the phase current. This allows a drop in copper losses as

presented in Fig. 2.19.

Comparison of generators optimized for annual and rated efficiency.

In sections 2.7 and 2.8.1, two different approaches for the optimization of a

direct-drive PMSG were presented. The optimization presented in section 2.7

is focusing at maximizing the generator performance at rated load of the gen-
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Table 2.10: Comparison of generator parameters optimized for material M600-50A with
active mass limits of 15 and 35 tons. Optimization goal was to maximize annual efficiency.

Parameter Ua I Ra p l d
[V] [kA] [mΩ] [m] [m]

15 tons generator 722 2.49 6.1 250 0.2 21.5
35 tons generator 434 4.12 1.3 110 0.31 17.2

erator (when nominal power is produced). The second approach takes into

account the probability density function of the wind speed and has an objec-

tive function of maximizing the annual energy output of the generator.

As can be observed in Fig. 1.5 the rated power of the generator is reached for

a wind speed with a rather low probability density value. In fact, the highest

probabilities of wind speeds are for the partial load of the generator (see Fig.

1.5). On the other hand, wind speeds for which the generator will operate at

partial load have a rather high probability density value. That means, that

the generator will mostly operate at partial load and should be optimized, for

this operation conditions. This section describes the differences in parameters

of generators optimized for maximizing efficiency at rated load and the ones

optimized for maximizing annual efficiency.

While comparing Fig. 2.11 with 2.18 and 2.13 with 2.20, the differences in

geometries can be observed, for generators optimized with a different objec-

tive function. The trends with respect to the increasing allowed active mass are

similar for both types of optimization. E.g. the number of optimal pole pairs

decreases (Fig. 2.11 and 2.18), the axial length and stator slot height increases

together with a decrease of air gap diameter (Fig. 2.13 and 2.20). Although, the

trends are the same, some differences can be pointed out.

The generators optimized with respect to the rated efficiency compared with

the ones optimized with respect to the annual efficiency, for all the active ma-

terial limits, have higher optimal number of pole pairs and higher air gap

diameters with almost the same axial lengths of the machines.

To explain this phenomenon Table 2.11 is presented, where some of the gener-

ator parameters are given for four generators with the same active mass limit,

optimized for two electrical steel grades (M250-50A and M600-50A) and with

two different objective functions. It is clear that with dropping number of pole

pairs for the generator optimized for annual efficiency, the yokes of the ma-

chine are increasing and to keep the active mass limit, the air gap diameter de-

creases. Along with the decreasing number of pole pairs, the no load voltage

decreases and the phase current increases. This situation causes much higher

copper than iron power losses at full load of the generator optimized for max-

imizing the annual efficiency, while the generators optimized for maximizing



2.8 Optimization of annual efficiency 65

Table 2.11: Parameters of generators optimized with respect to maximizing efficiency at
rated load and maximizing annual efficiency. The results for losses, voltage and current are
presented for the full load of the generators.

Generators annual rated annual rated
optimized efficiency efficiency efficiency efficiency

for: M600-50A M600-50A M250-50A M250-50A
40 ton 40 ton 40 ton 40 ton

iron loss [kW] 22.7 31.7 14.1 21.4
copper loss [kW] 63.0 42.0 45.5 29.5

pole pairs number 90 120 120 170
air gap diameter [m] 15.6 18.1 18.8 22.9

stator yoke [mm] 65.3 54.6 59 48
rotor yoke [mm] 43.9 36.7 40 32

phase current [kA] 4.58 2.97 3.4 2.1
noload voltage [V] 390 587 519 824

phase resistance 1 1.6 1.3 2.2
[mΩ]

rated efficiency 97.69 97.84 98.23 98.33
annual efficiency 97.48 97.37 98.09 97.98
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Figure 2.21: Annual iron and copper energy losses as a function of allowed active mass
of the generator. The optimization performed with a goal of maximizing efficiency at rated
load (see section 2.7. Generators using two steel grades are presented; M250-50A and M600-
50A

efficiency at the rated load have the copper and iron power losses at similar

level, see Table 2.11. The same situation refers to the other considered limits

of the active mass, compare Fig. 2.12 and 2.19 b) presenting iron and copper

power losses as a function of the active mass limit. Another interesting thing
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is to compare annual energy copper and iron losses. This comparison takes

into account the annual probability distribution function. Figure 2.21 presents

the annual iron and copper energy losses for a generator optimized for rated

efficiency. It is interesting to notice that the sometimes disregarded iron losses

(in wind energy application) are exceeding the copper losses value when the

wind distribution function is taken into account. This happens however, for

the generator that was optimized with respect to the efficiency at rated load.

When the goal of the optimization is to maximize annual efficiency, the algo-

rithm reduces the iron power losses at partial load and then the annual iron

energy losses remain lower than the annual copper energy losses (see Fig. 2.19

a). To understand it better the Fig. 2.22 is provided. It presents the product

of iron and copper power losses curves as a function of wind speed and the

probability density function of the wind speed for a site with 7 m/s average

wind speed. The product is then multiplied with the number of hours during

a year to show the value of energy losses per wind speed. Iron and copper

losses for two generators, optimized with a different objective function, can

be compared. Based on Fig. 2.22 it is clear, that the high value of iron energy

losses for the generator optimized for the rated load comes from the genera-

tor operation at partial loads, for which this generator is not optimized. On

the other hand, the generator optimized for the annual efficiency has reduced

iron energy losses for lower wind speeds, but increased copper energy loses

for higher wind speeds.
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Figure 2.22: Iron and copper annual energy losses as a function of the wind speed for
two generators optimized for a material M600-50A with allowed active mass of 35 tons.
The generators are optimized for maximization of efficiency at rated load (rated) and for
maximization of annual efficiency (annual).
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Figure 2.23 presents the annual efficiency of the generators optimized with

two objective functions using two electrical steel grades as a function of al-

lowed active mass of the generator. The subscript ”annual” refers to the op-

timization with a goal of maximizing annual efficiency, ”rated” to the goal of

maximizing efficiency at rated load. Based on the figure, it is clear that for

maximizing the annual energy output of the generator, the objective function

of the optimization should take into account the realistic working conditions

of the generator. In this case the generator should be optimized using the prob-

ability density distribution function of the wind speed to take into account the

variability of load of the generator during a year.
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Figure 2.23: Annual efficiency of the generators optimized with two objective function
using two electrical steel grades as a function of active mass limit. The subscript ”annual”
refers to the optimization with a goal of maximizing annual efficiency, ”rated” to the goal
of maximizing efficiency at rated load.

2.8.2 Single stage gearbox PMSG

The goal of the geometrical optimization described in this section is a maxi-

mization of the annual efficiency, including the losses of the generator as well

as of the single stage gearbox. The latter is given by Eqn. (2.72). We consider

again the turbine with 12 rpm and 5.19 MW as rated speed and rated input

power. The considered ratio of the single stage gearbox is 10/1 resulting in a

rotational speed of the PMSG shaft, which is ten times higher than the speed

of the turbine rotor. Consequently, the rated speed of the shaft of the generator

is 120 rpm. Evidently, for the given mechanical input power, the higher speed

of the PMSG results in a lower mass and smaller dimensions of the generator

in comparison with the direct-drive system.
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Figure 2.24: Annual efficiency contour plot of the optimized machine for the material
grade M250-50A as a function of their mass and number of pole pairs (PMSG with single
stage gearbox). Each point is the outcome of a geometrical optimization of the generator
with a goal of maximizing annual efficiency.
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Figure 2.25: Annual efficiency contour plot of the optimized machine for the material
grade M600-50A as a function of their mass and number of pole pairs (PMSG with single
stage gearbox). Each point is the outcome of a geometrical optimization of the generator
with a goal of maximizing annual efficiency.

The procedure of the optimization is the same as in the case of the direct-drive

generator. First, the wind conditions are chosen. The average wind speed

of the site is 7m/s and the Weibull distribution parameters are: kWe=2 and

cWe=7.9. The electrical steel grade is chosen between grade M250-50A and

M600-50A. Then, the discretely changing parameters are chosen, covering all
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Table 2.12: Discrete parameters for optimization for a generator system with single stage
gearbox.

parameter range step

allowed active mass mm 2-5 [tons] 0.5 [tons]
pole pairs number 40-120 5

combinations of the parameters presented in Table 2.12. The last step is run-

ning the optimization routines using the analytical magnetic model with the

goal of maximizing annual efficiency. Table 2.7 presents the variables of the

optimization.

The annual efficiency is optimized for all possible combinations of the elec-

trical steel grades considered as well as the discretely changing parameters

(Table 2.12). Based on the results the Figs. 2.24 and 2.25 are obtained. These fig-

ures present the effect of the mass and the number of pole pairs on the annual

efficiency of the optimized generator with a single stage gearbox for two elec-

trical steel grades. Similar to the direct-drive PMSG, we observe that for both

steel grades a trend line of optimal mass and optimal number of pole pairs

can be obtained. Indeed, optimal generators with a high pole pair number

have a low mass of the active material. Fig. 2.26 shows the optimized annual

efficiency and the corresponding optimal pole pair number of the system as

a function of the allowed active mass of the generator for the two considered

steel grades. The same variation is observed as for the case of the direct-drive.

Indeed, a higher allowed mass corresponds with a lower number of pole pairs

(see Fig. 2.26) for the optimized design, resulting in a lower frequency. The

latter corresponds with lower iron loss, see e.g. Fig. 2.27. A lower value of the

copper loss for higher allowed mass of the generator is the result of a higher

cross section of the copper windings in the optimized design. Notice that for

low values of allowed mass, the difference in annual efficiency when consider-

ing the two steel grades is higher than in the case of higher values of allowed

mass.

Similarly, as in the case of the direct-drive generator, using the low loss grade

M250-50A results in higher annual efficiency and a higher optimal pole pair

number for the whole range of the allowed mass. E.g., comparing the gen-

erator optimized for both materials for 2 tons of active mass, it can be ob-

served that the generator optimized for the low loss grade M250-50A has

0.59% higher annual efficiency than the generator optimized for the high loss

grade M600-50A. The difference in annual efficiency between generators op-

timized for two different grades is decreasing with an increase of the active

mass limit. For the generators optimized for the 5 tons of active mass limit the

difference in annual efficiency reduces to 0.47%.
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Figure 2.26: Annual efficiency and the pole pair number of the optimized machines as a
function of their mass, for both considered materials (PMSG with single stage gearbox). The
geometrical optimization goal: maximizing annual efficiency. Comparison of the influence
of two electrical steel grades.
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single stage gearbox PMSG as a function of the maximum allowed mass for the generator.
The geometrical optimization goal: maximizing annual efficiency. Comparison of the influ-
ence of two electrical steel grades.
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As can be observed in Fig. 2.27 for the generators using both grades the annual

iron and copper energy losses are decreasing with the increase of the allowed

active mass of the generator. This corresponds with increasing annual effi-

ciency in Fig. 2.26. For both grades the annual copper energy losses are higher

than the annual iron energy losses for the whole range of active mass limits.

Figure 2.28 presents the axial length, diameter and the stator slot height as a

function of the allowed active mass of the generator using a single stage gear-

box. The presented values correspond with the optimal generator geometries

for each of the active mass limit. Trends that can be observed are similar as in

the case of a direct-drive generator. The axial length and the sloth height of

the generator are increasing with the increase of the active mass, while the air

gap diameter shows the opposite trend.

Comparing the direct-drive generator system with a generator system with

single stage gearbox it can be observed, that by using the assumptions of the

analytical model the annual efficiency is lower for the system with gearbox.

This is a result of introducing in the generator system the additional losses in

the gearbox.

2.9. Active mass distribution

In this section an active mass distribution in the direct-drive PMSG for differ-

ent steel grades is presented. The active material mass takes into account the

mass of permanent magnets, copper windings and electrical steel used in the

rotor yoke and stator teeth and yoke. Six steel grades with the same lamination

thickness (0.5 mm) and different specific loss values are considered for opti-

mizing the generator to have minimal active mass for the annual efficiency of

97.3%. Moreover, the same comparison is presented for steel grade M600-50A

and M600-100A, with lamination thickness 0.5 mm and 1 mm respectively.

The procedure of optimization is as follows. First the choice of the steel

grade applied in the stator lamination is made and the corresponding B(H)
as well as the fitted loss parameters are given as input to the analytical model.

Secondly, the choice is made concerning the discretely changing values (ac-

tive mass limit and number of pole pairs of the generator). Then the genetic

algorithm runs for each of the selected sets of parameters. The variables of the

algorithm with their limits are presented in Table 2.7 (limits for a direct-drive

PMSG). The genetic algorithm settings are presented in Table 2.6. The cost

function is defined by 1 − ηannual where ηannual is the annual efficiency of the

generator. The discretely changing values are covering the range presented in

Table 2.8 with a given step. The range of the number of pole pairs is corre-

sponding with the range of the nominal frequency of the generator varying
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Figure 2.28: (a) The stator length as a function of the allowed active mass of the generator
for the single stage gearbox system. (b) The air gap diameter as a function of the allowed
active mass of the generator for the single stage gearbox system. (c) The stator slot height as
a function of the allowed active mass of the generator for the single stage gearbox system.
Each generator has an optimal number of pole pair for a given active mass. Geometrical
optimization goal was maximization of annual efficiency.

from 10 to 50 Hz 5. The reason for considering such a wide range for the air

gap diameter d is that authors are interested in finding the optimal design of

the generator from the magnetic point of view. If thermal and mechanical con-

straints are taken into account, it is evident that a generator geometry may be

chosen that is closer to the lower limit of d than the magnetic optimum. The

presented optimization procedure was repeated for each of the investigated

steel grades.

5 Note that 250 pole pairs corresponds with 50Hz electrical frequency of the generator
at rated speed (12 rpm).
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Figure 2.29: Effect of mass of the optimized generator on annual efficiency for the 6 con-
sidered steel grades with the same lamination thickness (0.5mm) and different specific loss
values.

2.9.1 Influence of the specific loss value of the steel grades

In this section, 6 steel grades with the same lamination thickness were used in

the PMSG generators. The generators were optimized with respect to annual

efficiency for different values of allowed active mass of the generator and dif-

ferent pole pair numbers.

Influence on annual efficiency

Figure 2.29 presents the comparison of the annual efficiency for the generators

optimized using 6 materials with 0.5 mm lamination thickness. Each point

on the figure corresponds to an optimal number of pole pairs for the given

allowed mass of the generator (see Table 2.13). For all of the investigated steel

grades the annual efficiency increases with the increase of the allowed mass of

the generator. Comparing the optimal generator for each of the steel grades, it

can be stated that for a material with higher specific loss, the annual efficiency

is lower for the same allowed mass of the generator. For a low allowed mass,

the difference can reach up to 0.68% between M250-50A and M600-50A for 20

tons. For a rather high mass, the difference is reduced to 0.61% (for the 40 tons

generator).

Influence on active material mass

The active mass of the PMSG consists of the permanent magnets, the copper

and the electrical steel in the stator and rotor. In the previous section, the al-
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Table 2.13: Optimal number of pole pairs for different allowed active mass of the generator

Allowed active mass of the generator [tons]
steel grade 15 20 25 30 35 40

M250-50A 250 240 190 160 150 120
M330-50A 250 230 190 150 140 110

M330P-50A 250 220 170 140 120 110
M400-50A 250 210 180 150 130 100

M400XP-50A 250 210 160 150 120 110
M600-50A 250 190 160 120 110 90

M600-100A 230 180 140 120 110 90

lowed active mass of the generator is discretely changing with steps of 5 tons

and the focus is on the maximization of annual efficiency. In this section the

annual efficiency is fixed to 97.3% and the minimal active mass of the genera-

tor is searched for each of the steel grades. Then, the bill of all active materials

used in the generator is compared for all the generators (using each of the steel

grades) with 97.3% efficiency.

Table 2.14 presents the minimal active mass of the generator for each of

the considered steel grades of the same lamination thickness and for the same

annual efficiency of the generator (97.3%). Notice that using a low loss steel

grade can result in 47% reduction of the active mass of the generator in case

of 97.3% annual efficiency. In Fig. 2.29 it can also be observed that for higher

annual efficiency, for all of the grades, the difference in active mass consump-

tion can be larger than 47%. For an annual efficiency lower than 97.3%, the

difference in active mass is lower.

Table 2.14: Minimal active mass of the generator for 97.3% annual efficiency for 6 steel
grades

total iron copper PM
active mass mass mass mass

steel grade [tons] [tons] [tons] [tons]
M250-50A 15 7.8 5.6 1.6
M330-50A 16.9 8.6 6.5 1.8

M330P-50A 18.5 9.7 7.2 1.6
M400-50A 18.8 9.4 7.7 1.7

M400XP-50A 19.4 10 7.8 1.6
M600-50A 28.7 14.8 12.1 1.8

M600-100A 24.2 12.9 9.5 1.8

Table 2.15 presents the annual energy losses for all considered steel grades.

The geometry changes combined with steel grade properties are causing
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changes in particular components of total energy losses between generators

optimized for different grades. The consumption of copper and iron is sig-

nificantly increasing with the increase of the specific loss value of the used

steel. The reduction of copper mass between M600-50A and M250-50A is equal

to 53%. Moreover, when comparing M600-50A and M250-50A, 46% less high

quality electrical steel is needed (which is considered to be of higher cost per

kilogram). In Fig. 2.30 it can be observed that the use of permanent magnet

material is only slightly changing for the different steel grades. However, one

can notice that the use of high permeability grades, denoted by P- in the ma-

terial name, allows reduction of required magnet mass, comparing with low

permeability grades. In the considered case, the generator using M330P-50A

grades requires 12% less magnets than the one with grade M330-50A, while

the generator with grade M400XP-50A consumes 7% less magnet then with

grade M400-50A. The saturation level of M330P-50A is significantly higher

than for M330-50A. This means that to reach the same level of B (for example

1.75 T) less strong magnetic field is required. Less permanent magnet material

is needed. On the other hand for the same induction level, the grade M330-50A

has lower losses than the M330P-50A. Therefore, to reach the same annual ef-

ficiency the generator with M330P-50A uses more copper and iron mass.

Table 2.15: Different annual energy loss components for generators with 97.3% annual
efficiency and different steel grades.

iron copper magnet add.
loss. loss. loss. loss.

steel grade [MWh] [MWh] [MWh] [MWh]

M250-50A 74.9 191.3 26.1 15.0
M330-50A 102.4 157.4 26.9 20.5

M330P-50A 101.2 159.1 25.6 20.2
M400-50A 106.5 157.0 27.0 21.3

M400XP-50A 105.4 153.8 25.8 21.1
M600-50A 123.0 133.0 27.9 24.6

M600-100A 117.7 139.1 27.6 23.5

2.9.2 Influence of the lamination thickness

The same electromagnetic model was applied for the investigation of the in-

fluence of the steel lamination thickness on the performance of the PMSG. In

this section, we compare generators that are optimized for two steel grades.

The grade M600-50A with 0.5mm lamination thickness is compared with the

grade M600-100A with the same guaranteed specific loss value (at 50Hz and

1.5T) but with 1mm lamination thickness.
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Figure 2.30: Mass of copper, iron and permanent magnet for generators with 97.3% of
annual efficiency for the 6 considered steel grades with the same lamination thickness
(0.5mm) and different specific loss values.

Influence on annual efficiency (constant mass)

Figure 2.31 presents the comparison between the annual efficiency of opti-

mized generators for two steel grades for different values of allowed active

material in the generator. It can be observed that for a low allowed mass of

the generator, the grade M600-50A (low thickness) has almost the same an-

nual efficiency as the optimized generator for grade M600-100A. However, in

the high allowed mass range the steel grade with 1mm thickness has better

performance with respect to annual efficiency of the generator than the steel

grade of 0.5mm thickness. The advantage in efficiency for the M600-100A for

a generator with 40 tons of allowed active mass is 0.22% compared to grade

M600-50A. The differences between the two materials, in this case, depend on

the frequency of the generator. As can be observed in Table 2.13 the optimal

number of pole pairs for the specific grade is changing with the allowed active

mass of the generator. For the low allowed active mass limit of the generator,

the optimized generators have a high number of pole pairs, and therefore a

high rated frequency. For high mass limits, the optimal solution for each grade

requires less pole pairs (lower rated frequency). Figure 2.32 presents the de-

pendence of specific loss values of the two considered steel grades, for 1.7 T in-

duction level, on different frequency values (1.7 T induction level corresponds

with the induction level in the stator teeth and yoke). It can be observed that

for low frequency values the grade M600-100A has a lower specific loss value
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Figure 2.31: Effect of mass of the optimized generator on annual efficiency for the 2 steel
grades with the same specific loss value and different lamination thicknesses (0.5mm and
1mm).
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Figure 2.32: Comparison of specific losses value between two steel grades for induction
level 1.7 T and different frequency values.

than M600-50A while for frequency values over 33Hz, M600-100A has higher

losses. Therefore it is easy to conclude that for a low mass and high frequency

generator the grade M600-50A has advantage in annual efficiency, while for

high allowed mass and low frequency the grade M600-100A has better annual

efficiency. It is important to notice that the points on Fig. 2.31 correspond with

Table 2.13. Fig. 2.31 takes the generators with optimized number of pole pairs.
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Figure 2.33: Mass of copper, iron and permanent magnet for generators with 97.3% of
annual efficiency for the 2 steel grades with the same specific loss value and different lami-
nation thicknesses (0.5mm and 1mm).

Influence on active material mass (constant efficiency)

The active material consumption in the presented generator was compared for

steel grades M600-50A and M600-100A. The minimal mass of the generator

was calculated for both steel grades for the same annual efficiency (equal to

97.3%). The minimal total active material mass for grade M600-50A is 28.7

tons and is 4.5 tons higher than the minimal mass for the grade M600-100A.

Figure 2.33 presents the active material mass comparison for both grades. It

can be observed that the mass of all of the active components is reduced for the

thicker laminated grade. For the annual efficiency of 97.4% the difference in

active mass consumption is higher. The minimal generator active mass is 33.9

and 26.8 tons for grades M600-50A and M600-100A respectively (Figure 2.31).

However, for lower annual efficiencies, the mass of the generator utilizing thin

laminated steel can be the same as the one using grade M600-100A (e.g. 15 tons

for the annual efficiency of 96.7%).

For the steel grades with the same specific loss values (at 50Hz and 1.5T)

and different lamination thickness, the advantage in annual efficiency is de-

pendent on the frequency of the generator. For the generator with a high num-

ber of pole pairs, a generator using steel with a thinner lamination has higher

annual efficiency, while for a generator with low optimal number of pole pairs,

a thicker material gives rise to higher annual efficiency. The difference in con-

sumption of active material strongly depends on the targeted value of effi-
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ciency. For the 97.3%, the generator using M600-100A has 16% less active mass

than a generator using M600-50A.

2.10. Optimization for different wind speed sites

Until now, only one type of wind speed site was considered: the site with 7

m/s average wind speed, which is a typical European on-shore site. Giving

the fact that the interest of the wind energy market is also in offshore genera-

tion, it is evident to include in the analysis the influence of a specific site on the

geometrical optimization and annual efficiency. The site of 7 m/s is compared

to the site with 10 m/s average wind speed. For both sites, wind generators

are optimized for a rated power of 5 MW. Fig. 2.34 presents a wind speed

distribution function (Weibull distribution) for both sites. Table 2.18 presents

the parameters of the Weibull distribution for both sites. Moreover, it can be

observed that a trend of limiting the air gap diameters is present on the mar-

ket of wind turbines. This is mostly due to the transportational and construc-

tional issues. To be able to use the inland transportation systems (highways)

the width of the transported part has to be limited to 5 meters. Therefore, the

comparison is done for several limits of the air gap diameter (4-12 m).

In this set of optimizations, the air gap diameter is changing from being an

optimization variable into the discretely changing parameters that is set prior

to the optimization. Therefore, Tables 2.4 and 2.2 are replaced by Tables 2.16

and 2.17.

Table 2.16: Variables for the geometrical optimization, in case of limited air gap diameter
of the generator.

Optimization variables Corresponding geometry
parameter

hs Slot height hs Slot height
B̂δ0 Peak air gap flux density hm Magnet height
B̂d0 Peak teeth flux density bd Tooth width
B̂ys Peak stator yoke flux density hys Stator yoke thickness

B̂yr Peak rotor yoke density hyr Rotor yoke thickness

The geometrical optimization was performed for two steel grades (M250-50A

and M600-50A). The parameters of the optimization are presented in Table

2.19 and 2.20.

Figures 2.35 and 2.36 present the relation between the air gap diameter limit,

the allowed active mass of the generator and the maximal annual efficiency

for the two steel grades (M250-50A and M600-50A) and the two sites. For all

the cases the same trends can be observed. The highest annual efficiency is
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Table 2.17: Discretely changing parameters prior to the optimization, for the case of opti-
mization with fixed air gap diameter of the generator.

Discrete parameters

d Air gap diameter of the generator
mass Mass of active materials

p Number of pole pairs
a,b, c, e,α Iron loss parameters

Hs(B̂) Magnetization charact. of electrical steel

0 5 10 15 20 25
0

0.02

0.04

0.06

0.08

0.1

0.12

wind speed (m/s)

p
ro

b
ab

il
it

y
 d

en
si

ty

 7 m/s site

10 m/s site}

Figure 2.34: Probability density functions for sites with 7 and 10 m/s average wind speed
(Weibull distribution).

Table 2.18: Weibull distribution function parameters

parameter 7 [m/s] 10 [m/s]

shape parameter kWe 2 1.9
scale parameter cWe 7.9 11.6

achieved for the largest air gap diameter and highest allowed active mass. Ta-

ble 2.21 and 2.22 present the optimal pole pairs number for the two grades

and the two sites. It can be concluded that for increasing allowed active mass

of the generator, the optimal number of pole pairs is decreasing. On the other

hand for the increasing air gap diameter, the optimal pole pairs number is also

increasing. Since the pole pairs number defines the frequency of the genera-
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Table 2.19: Discrete parameters for optimization

parameter range step

air gap diameter 4-12 [m] 2 [m]
allowed active mass 25-40 [tons] 5 [tons]
pole pairs number 40-150 10

Table 2.20: Limits of the optimization variables

variables limits

hs 0.03-0.11 [m]
B̂δ0 0.6-1.0 [T]
B̂d0 1.0-1.75 [T]
B̂ys 1.0-1.75 [T]

B̂yr 1.0-1.75 [T]

tor, increasing the pole pairs number increases the frequency and significantly

changes the ratio between the annual iron losses and the copper losses (see

Table 2.23 and 2.24). In the example, see Table 2.23 for the 7 m/s site, the an-

nual energy iron loss is decreasing for an air gap diameter increasing from 4

to 8 meters. It has to be noted that energy losses in Table 2.23 and 2.24 were

calculated for generators with 40 tons of allowed active mass of the generator.

While comparing with Table 2.21 it is clear that the optimal number of pole

pairs remains the same for this range of air gap diameters in case of a 40 ton

generator (50 pole pairs). Then, for the generator with an air gap of 10 me-

ters the annual energy iron loss increases. This is caused by the increase of

the optimal pole pair number for this generator configuration to 75 pole pairs.

From Tables 2.23 and 2.24 it is clear that for low air gap limits the annual effi-

ciency is much lower (compare Fig. 2.38) and annual copper energy losses are

dominant with respect to annual iron energy losses.

Table 2.25 depicts the relation between air gap diameter and axial length of the

machine for the two steel grades and two sites after geometrical optimization.

All the generators compared in Table 2.25 have allowed active mass of 40 ton.

It can be observed that for the two steel grades and the same average wind

speed of the site, the ratio of the air gap diameter to the axial length is similar.

However if we compare the ratio of the air gap diameter to the axial length

for the different sites, it can be concluded that the axial length for the site with
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Figure 2.35: Relation between air gap diameter limit, allowed active mass of the generator
and the maximal annual efficiency for material M250-50A and (a) site with 7 m/s average
wind speed. (b) site with 10 m/s average wind speed.

higher average wind speed is in general higher than for the site with lower

average wind speed 6.

In order to illustrate the effect of geometrical optimization with the goal of

maximization of the annual efficiency, Figure 2.37 presents the instantaneous

efficiency of generators that were optimized for the same grade (M250-50A),

air gap limit (8 meters) as well as for an allowed active mass of the generator

(40 ton), but different wind speed probability density functions. It is clear that

6 Note that the comparison is done between generators with the same allowed mass and
the same air gap diameter
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Figure 2.36: Relation between air gap diameter limit, allowed active mass of the generator
and the maximal annual efficiency for material M600-50A and (a) site with 7 m/s average
wind speed. (b) site with 10 m/s average wind speed.

the geometry is optimized in such a way that the generator harvests the maxi-

mal amount of energy for the specific site. Therefore, the generator optimized

for the 7 m/s average wind speed site has the highest instantaneous efficien-

cies for the lower wind speed range than the one optimized for the wind speed

site with 10 m/s average wind speed (Fig. 2.37).

In Fig. 2.38, it can be observed that the maximal annual efficiency of the gen-

erator strongly depends on the air gap diameter when considering different

steel grades as well as local wind conditions. Moreover, it is clear that for the
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Table 2.21: Optimal number of pole pairs for a generator using grade M250-50A

7 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

allowed mass: 25 tons 80 90 110 120 130
allowed mass: 30 tons 70 80 90 100 120
allowed mass: 35 tons 60 70 80 90 100
allowed mass: 40 tons 60 60 70 80 90

10 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

allowed mass: 25 tons 90 100 120 130 140
allowed mass: 30 tons 80 90 100 110 120
allowed mass: 35 tons 70 80 90 100 110
allowed mass: 40 tons 60 70 80 90 100

Table 2.22: Optimal number of pole pairs for a generator using grade M600-50A

7 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

allowed mass: 25 tons 70 80 90 100 110
allowed mass: 30 tons 60 70 80 90 100
allowed mass: 35 tons 60 60 70 80 90
allowed mass: 40 tons 50 50 60 70 80

10 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

allowed mass: 25 tons 80 100 100 110 130
allowed mass: 30 tons 70 80 90 100 110
allowed mass: 35 tons 60 70 80 80 100
allowed mass: 40 tons 60 60 70 80 90

Table 2.23: Annual energy iron and copper losses for the generator using grade M250-50A
for two sites and active generator mass of 35 tons.

7 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

annual iron energy losses [MWh] 49.7 55.2 57.2 58.3 58.5
annual copper energy losses [MWh] 507.3 258.0 173.7 137.8 120.6

10 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

annual iron energy losses [MWh] 78.5 86.2 91.4 93.7 95.6
annual copper energy losses [MWh] 1042.0 518.6 338.6 260.5 220.7
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Table 2.24: Annual energy iron and copper losses for the generator using grade M600-50A
for two sites and active generator mass of 35 tons.

7 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

iron energy losses [MWh] 112.0 102.9 105.5 103.7 109.7
copper energy losses [MWh] 491.4 270.7 190.0 159.1 136.4

10 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

iron energy losses [MWh] 147.7 163.8 169.6 155.5 169.0
copper energy losses [MWh] 1044.1 528.1 357.2 307.2 252.5

Table 2.25: Axial length of the generator for different air gap diameter limits for two steel
grades. Allowed active mass of the generators set to 40 tons.

Axial length of generator for 7 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

M250-50A 2.86 1.45 0.99 0.72 0.55
M600-50A 2.85 1.35 0.91 0.65 0.51

Axial length of generator for 10 m/s wind speed site
Air gap diameter limit [m] 4 6 8 10 12

M250-50A 3.27 1.65 1.06 0.78 0.60
M600-50A 2.97 1.53 0.99 0.69 0.55

same site, by using a low loss steel grade, it is possible to reduce the machine

diameter for the same annual efficiency.

2.11. Conclusions

In this chapter the analytical magnetic model of the PMSG proved to be suf-

ficient for a preliminary study of the influence of the electrical steel grades as

well as wind speed conditions on general trends with respect to the generator

geometry and performance. The genetic algorithm was used for the geomet-

rical optimization of the generator for two objective functions: first aiming at

maximization of the efficiency at the rated load of the generator, second aim-

ing at maximization of annual efficiency. At first, the study was performed for

a variable air gap diameter of the generator, which proved that, the pure elec-

tromagnetic optimum aims at very high air gap diameters. Therefore, to make

the study around the industrially applied sizes of generators, the air gap di-

ameter was given several fixed limits corresponding with the industrial sizes

of generators of high power (in a range of 4-12 meters).
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Figure 2.37: Instantaneous efficiency as a function of the wind speed for the generator
optimized for steel grade M250-50A for two sites. The optimization is performed for an air
gap limit of 8 meters and allowed active mass of 35 tons.
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Figure 2.38: Maximal annual efficiency for series of optimizations performed on generators
with two steel grades, two sites and different air gap diameters. The allowed active mass of
the generator was fixed to 35 tons. The optimization considers the parameters mentioned
in Table 2.19 and 2.20.



2.11 Conclusions 87

It was shown, that a generator design for the wind energy application should

take into account the wind speed distribution function to maximize the an-

nual energy output for the same mechanical input power. Moreover, from the

energy efficiency point of view, it is beneficial to design generators for the spe-

cific wind conditions of the sites where they are intended to operate. For that,

different Weibull wind speed distribution functions can be applied.

It was shown that the introduction of the single stage gearbox in the drive-

train introduces additional losses that bring down the annual efficiency below

the level achieved by direct-drive generators. Moreover, using a gearbox in-

troduces the maintenance problem and additional downtime due to gearbox

failures. The clear advantage is the reduction in size of the generator itself

when the shaft speed is increased by the gearbox.

Furthermore, the influence of the magnetic steel properties on the geometry,

active mass consumption and the annual efficiency of the generator was inves-

tigated. For the direct-drive generator as well as for the generator with single

stage gearbox, using the low loss grade results in higher optimized annual

efficiency and higher optimal number of pole pairs. Moreover, with the exer-

cise of fixing the desired annual efficiency to 97.3% and optimizing the direct-

drive generator to get the minimal active mass consumption, it was revealed

that the generator using low loss electrical steel grades have lower active mass

consumption.
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CHAPTER 3

Calculation of electromagnetic

losses in PMSG

3.1. Introduction

In this chapter we describe numerical techniques to quantify the losses in the

iron and permanent magnets of radial flux permanent magnet synchronous

machines. The theory related to the analysis of iron losses is presented in Ap-

pendix A. In the beginning of this chapter, the theory related to the magnet

losses is explained.

According to [52], [53], [54], [55], [56], [57] and [58] eddy currents are likely to

occur in the permanent magnets and may cause a significant increase of the

magnet temperature that can lead to a partial or total irreversible demagneti-

zation. The first reason of the eddy current losses in the permanent magnets

for the considered PMSGs is the higher harmonics of the magnetic field in the

air gap. The higher harmonics are caused by the non sinusoidal distributed

windings which generates not perfectly sinusoidal waveforms of the mag-

netic induction in the air gap [59], [60]. The second cause of the permanent

magnet losses is the reluctance effect of the slots of the stator. The influence of

this factor depends on the shape of the tooth tips which will be investigated

in this chapter [61]. The third reason that we will consider is the presence of

time harmonics in the stator current [62].

Due to the relative large size of the permanent magnet per pole in the consid-

ered machines, large eddy currents are expected. To prevent overheating and

demagnetization of the magnets, a segmentation of the considered magnets

may be taken into account. In [54], [63], [64] and [65] the effect of axial and cir-

cumferential segmentation was studied and proved to be effective for magnet

loss reduction.
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For the simulation of the magnet losses in the permanent magnet material, the

finite element method was chosen. In this chapter, two numerical methods of

magnet loss computation are presented. The first method is based on a 2D

electromagnetic model on which a time-simulation is performed and losses

are estimated as the heating due to the induced currents in the permanent

magnet domains of the 2D model. The second method is a combination of

series of static electromagnetic simulations on a 2D model, where the magnetic

induction is recorded on the surface of the magnet. The results from these 2D

computations are processed and used in a 3D model of magnet segments to

compute the magnet losses [53].

3.2. Analysis of higher harmonics in the air gap

Before the numerical methods for the calculation of the magnet losses are pre-

sented, we focus on some theoretical aspects behind the main reasons of the

losses.

Permanent magnet flux

As an example, Fig. 3.1 presents a simplified cross-section of a 4 pole, ra-

dial flux PM machine with a radial magnetized permanent magnet array. This

means that due to the strong anisotropy of the material the remanent flux den-

sity is in the radial direction only. The remanent flux density of the magnets

can be described by a radial vector [66]:

Brem = Brem,r îr, (3.1)

Brem,r(r, ϕr) =























B̂rem( rmc
r ), if − φm ≤ ϕr ≤ φm

−B̂rem( rmc
r ), if π

2 − φm ≤ ϕr ≤ π
2 + φm

B̂rem( rmc
r ), if π − φm ≤ ϕr ≤ π + φm

−B̂rem( rmc
r ), if 3π

2 − φm ≤ ϕr ≤ 3π
2 + φm

0 otherwise

(3.2)

where the central radius of the magnet rmc is defined as:

rmc =
rmi + rmo

2
, (3.3)

where rmi and rmo are the inner and outer radius of the magnet (see Fig. 3.1).

The φm is the half of the magnet pitch angle.

Eqn. (3.2) can be rewritten by a Fourier series:
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Figure 3.1: A simplified cross-section of a 4 pole PM machine, with inner rotor.

Brem(r, ϕr) =
∞

∑
k=1,3,5,...

B̂rem,r,k(r)cos(kpϕr) (3.4)

B̂rem,r,k(r) =
4rmc B̂rem

πrk
sin(kpφm) (3.5)

where k is the order of the space harmonic. Based on the Fourier analysis the

harmonic components due to the geometrical parameters like number of pole

pairs p, magnet pitch angle φm, radius r and magnet segmentation, can be

analyzed. ϕr is the angle variable of the rotor reference frame.

Effect of stator slotting

One of the main reasons for the presence of the higher harmonics in the field

distribution in the air gap is the stator slotting, together with the shape of

the stator teeth. The following method for modelling the magnetic field dis-

tribution in the air gap is presented for a radial flux PM machine with surface

mounted PMs and internal rotor.

Slotting of the stator influences the magnetic field in the air gap in two ways

[67]. First there is the reduction of the total flux per pole. This effect is usually

taken into account by using a Carter coefficient Kc in the calculation. However,

for a PM machine with surface mounted PMs the effective air gap consisting

of the actual air gap and the magnet thickness is large. Therefore, the ratio of

the slot opening to the effective air gap is small and the effect of slotting on the
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Figure 3.2: Permeance calculation model.

total magnetic flux per pole is negligible, unless a large slot opening is used.

Second, there is the effect on the magnetic field distribution in the air gap

and the magnets. To take into account the variation of the magnet mmf over a

pole pitch, a 2D model is used as in [67]. In this model, the radial component

of the air gap flux density B′
g(r, ϕs) is presented as the flux density Bg(r, ϕs)

produced by the magnets for the machine with a smooth stator face towards

the air gap (no slots, see Fig. 3.1 ) and air gap dimension δ + hm/µr, modulated

by the relative permeance function λ̃ due to the slotting effect:

B′
g = Bgλ̃ (3.6)

where the relative permeance λ̃ (0 ≤ λ̃ ≤ 1) is defined as

λ̃(r, ϕs) =
λ(r, ϕs)

Λre f
(3.7)

The reference permeance Λre f [67] is equal to

Λre f =
µ0

δ′
(3.8)

where δ′ = δ + hm/µr, µr is the relative recoil permeability of the magnet

and hm is the height of the magnet. The permeance λ(r, ϕs) of the slotted

air gap/magnet region can be calculated by the conformal transformation

method with unit magnetic potential applied between the stator and rotor iron

surface and no magnet present. As can be observed in Fig. 3.2 for simplicity

an infinitely deep rectilinear slot is assumed [67].

λ(r, ϕs) =

{

Λ0(1 − β(r) − β(r)cos π
0.8ϕ0

ϕs), for 0 ≤ ϕs ≤ 0.8ϕ0

Λ0, for 0.8ϕ0 ≤ ϕs ≤ ϕt/2
(3.9)
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where Λ0 = µ0/δ′ is defined at the axis of the stator slot and λ(r, ϕs) depends

on the radial position r and on the angle variable ϕs of the stator reference

frame. ϕ0 = bs1/Rs; ϕt = τ/Rs; bs1 is the width of a stator slot opening; τ is

the stator tooth pitch; Rs is the radius of the stator surface adjacent to the air

gap. β(r) can be defined as [67]:

β(r) =
1

2



1 − 1
√

1 + ( bs1
2δ′ )

2(1 + v2)



 (3.10)

where v is defined by

y
π

bs1
=

1

2
ln

(√
a2 + v2 + v√
a2 + v2 − v

)

+
2δ′

bs1
arctan

(

2δ′

bs1

)

v√
a2 + v2

(3.11)

with y = r − Rs + δ′ and

a2 = 1 +

(

2δ′

bs1

)2

(3.12)

The relative permeance function can be written as a Fourier series.

λ̃(ϕs,r) =
∞

∑
k=0

Λ̃k(r)cos[kQ(ϕs − ϕsa)] (3.13)

where ϕsa is the angular displacement between the axis of a phase winding

and the permeance function [68] and Q is the total number of stator slots.

Λ̃k(r) can be deduced as:

Λ̃0(r) =
1

Kc

(

1 − 1.6β(r)
bs1

τ

)

(3.14)

and

Λ̃k(r) = −β(r)
4

πk

(

0.5 +
(k bs1

τ )2

0.78125 − 2(k bs1
τ )2

)

sin

(

1.6πk
bs1

τ

)

(3.15)

When the relative permeance function λ̃, defined above, is translated from

the stator into the rotor reference frame, a time dependence of the function ap-

pears. Then, the B′
g defined in Eqn (3.6) becomes dependent on time and the

position on the rotor. The induced currents in the PMs of the rotor are directly

related to the time derivative of B′
g. Consequently the harmonics appearing in
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the induced currents due to the stator slots are equal to the harmonics appear-

ing in B′
g.

Stator mmf

To take into account the effect of the winding distribution and the current

in the stator on the magnetic induction space variation in the air gap and the

PMs, the analysis of the stator mmf is necessary [66]. For simplicity we assume

a slotless stator of the machine, as presented in Fig. 3.1.

For the analysis, we need to define the current density in the air gap of the

machine. For the phase a, we have:

Jsa(ϕs, t) =
nsa(ϕs)isa(t)

hwrwc
(3.16)

where nsa is the function describing the number of wires belonging to the

phase current along the circumferential direction of the air gap, isa(t) is the

current waveform for phase a, hw is the winding height and rwc is the radius

at the center of the winding. The expressions for the phase b and c are derived

analogically.

When considering balanced three-phase conditions all the triplen harmonics

in the stator current waveforms are zero. In terms of the constant n ∈ Z, related

to the time harmonics by:

mn = 6n + 1 (3.17)

the time function of the phase current a can be then presented as a Fourier

series:

isa(t) =
∞

∑
n=−∞

ı̂s,6n+1cos[(6n + 1)ωst] (3.18)

The current time functions for the phase b and c are derived analogically to

phase a with a proper phase shift. The Fourier series of (3.18) contains only the

non-triplen time harmonics components of the stator current time function.

The winding distribution function nsa(ϕs) can be calculated by means of the

winding factors. The winding factors can be derived from different physical

quantities (i.e. the mmf [69], the flux linkage [70] or the surface current density

of the stator), however they always represent the equivalent number of turns

and are a tool to simplify the Fourier series representation of a winding distri-

bution. The winding factor kw,k is calculated based on four different winding

factors: distribution, pitch, slot and skew winding factor [66].
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Multiplying the winding factor kw,k with 4/π relates the physical number of

turns of a winding nw with an equivalent number of turns of the k-th harmonic

Ns,k [66].

Ns,k =
4

π
kw,knw ×

{

sin( 1
2 kπ) for a sine series,

1 for a cosine series
(3.19)

The Fourier series coefficient n̂s,k is half the number of turns of the k-th space

harmonic Ns,k.

n̂s,k =
1

2
Ns,k (3.20)

Based on the Fourier series coefficient, the Fourier series representation of the

winding distribution can be derived for sine and cosine series:

nsa(ϕs) =
∞

∑
k=1,3,5

n̂s,ksin(kpϕs) (3.21)

nsa(ϕs) =
∞

∑
k=1,3,5

n̂s,kcos(kpϕs) (3.22)

The function describing the total current density Js(ϕs, t) in the stator winding

can be calculated as the sum of the contributions of the three phase currents:

Js(ϕs, t) = Jsa(ϕs, t) + Jsb(ϕs, t) + Jsc(ϕs, t) (3.23)

Based on trigonometrical identities [66] the total current density can be calcu-

lated as:

Js(ϕs, t) =
∞

∑
k=−∞

∞

∑
n=−∞

3

2

n̂s,6k+1 ı̂s,6n+1

hwrwc
cos[(6k + 1)pϕs − (6n + 1)ωst] (3.24)

The above Eqn. (3.24) is written in the stator reference frame. To convert it to

the rotor reference frame, the following transformation is needed. The stator

angular variable ϕs is replaced by the rotor angular variable ϕr:

ϕs = ϕr + θ = ϕr + Ωmt + θ0/(6k + 1) (3.25)

where θ0 is the angle of the rotor initial position and Ωm the angular velocity of

the rotor (ωs = pΩm). Therefore, the total current density written in the rotor

reference frame is the following:
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(a) (b)

Figure 3.3: a) Geometry of the 2D model for the calculation of permanent magnet losses.
b) Magnetic field pattern in the geometry.

Js(ϕr, t) =
∞

∑
k=−∞

∞

∑
n=−∞

3

2

n̂s,6k+1 ı̂s,6n+1

hwrwc
cos[(6k + 1)pϕr − 6(k − n)ωst + pθ0]

(3.26)

The magnetic induction in the air gap, seen by the permanent magnets and

generated by the stator currents, in the rotor reference frame, will have the

harmonics content as given in Eqn. (3.26).

3.3. 2D FEM model for the electromagnetic field analysis

In this paragraph a 2D electromagnetic FE model is presented. The aim of the

model is to enable the study of losses in the magnets and the electrical steel.

The modelling method is presented using the 50 pole pair generator geome-

try of the direct-drive generator that was introduced in chapter 2. Due to the

symmetry that exists between every pole pair in the considered generator, it is

sufficient to model only one pole pair of the machine (Fig. 3.3), which reduces

the computation time. The geometry of the generator, as presented in Fig. 3.3,

is modelled as a slice of the machine cut out of the ring (compare with Fig.

2.5). The Moving Mesh technique was used to enable a transient simulation of

a rotational movement.
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The partial differential equation for the magnetic vector potential A solved for

the transient analysis reads in 2D:

σ
∂A

∂t
+ ∇× (µ−1

0 µ−1
r ∇× A) = Je

z (3.27)

where

-σ is the electrical conductivity [S/m]

-µ0 is the permeability of air [H/m]

-µr is the relative permeability of the material [-]

-Je
z is the externally imposed current density [A/m2]

3.3.1 Boundary conditions

In the 2D FE model of Fig. 3.3, the top and bottom boundaries have periodic

boundary conditions assigned, which means that one boundary is linearly

linked to the other one. It can be observed in Fig. 3.3 a) that the rotor back iron

and the stator yoke are separated from the side boundaries by subdomains

which have assigned the properties of air. Then, for the left and right bound-

ary a Neumann boundary condition is applied. The moving mesh interface

is positioned in the air gap, in between the magnets and the stator teeth. The

Neumann condition means that the value of the derivative of the unknown

function in the normal direction of the boundary is prescribed.

∂A

∂n
= 0, (3.28)

Subdomain settings

In the presented model, the stator and rotor yokes of the machines are sur-

rounded by thin subdomains representing air (see Fig. 3.3 a)). The iron in the

stator and rotor is represented by a constant value of relative permeability µr =

1000 (Table 3.1). The two permanent magnets have a radial direction of the re-

manent magnetization assigned (for the direct-drive generator the Brmax = 1.2

T). The value of electrical conductivity of the permanent magnet material is

assumed constant. Moreover we assume the permanent magnet to be elec-

trically isotropic (electrical conductivity is independent from the considered

direction) 1. The neighboring PMs are magnetized with opposite sign. To the

copper regions in the slots of the presented machine, a 3-phase current was

1 According to [71] the electrical resistivity in a direction perpendicular to the magneti-
zation direction can be 18% lower compared to the resistivity in the magnetizing direction.
The authors show that for the calculation of eddy currents in the magnet an isotropic model
of electrical resistivity can be used if the value in the direction perpendicular to the magne-
tization direction is used.
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assigned, represented by the corresponding, time dependent, sinusoidal cur-

rent density. The winding scheme of the direct-drive generator was presented

in Fig. 2.8. In Appendix C the effect of the choice of the steel grade applied in

the machine on the magnet losses was investigated. Since the influence of the

steel grade choice on the magnet losses is negligible for the considered sur-

face PMSM, we can assume a linear material behaviour in the 2D FEM time

simulation to reduce the computation time.

Table 3.1: Properties of the materials in the electromagnetic model of the PMSG

Material properties for considered PMSM

relative electrical
generator part material permeability conductivity

[MS/m]

rotor yoke steel 1000 2
air gap air 1 0

PM Nd-Fe-B 1 0.6
stator steel 1000 0

insulation insulation 1 0
windings copper 1 0

3.3.2 Magnet losses for the direct-drive generator

The investigated direct-drive generator is a 50 pole pair generator with 35 tons

of active material mass. The geometry was optimized to maximize the annual

efficiency of the generator using the electrical steel grade M250-50A (see Table

3.2). The optimization procedure applied is described in section 2.8.

Table 3.2: Generator parameters for the electromagnetic model. Geometry was optimized
for M250-50A (maximizing annual efficiency), 35 tons of allowed active mass and 50 pole
pairs.

Optimization variables

d = 9.0282 [m] Air gap diameter
hs = 0.1024 [m] Slot height
l = 0.6425 [m] Core length of the stator

hm = 0.0342 [m] Magnet thickness
bm = 0.1985 [m] Magnet width

m = 3 Number of phases
p = 50 Number of pole pairs

mass = 35 [tons] Allowed active mass
Pm = 5.23 [MW] Mechanical input power
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From the literature (see e. g. [54], [53]) it is known that a large size for the

magnets results in much higher losses. To investigate the effect of the segmen-

tation in the considered case as well as the influence of the tooth tip shape on

the reluctance effect, four different geometries were simulated:

• segmented magnets, wide slot opening (Fig. 3.4 a)

• segmented magnets, narrow slot opening (Fig. 3.4 b)

• non segmented magnets, wide slot opening (Fig. 3.4 c)

• non segmented magnets, narrow slot opening (Fig. 3.4 d)

(a)

(c)

(b)

(d)

Figure 3.4: 4 types of geometries of a direct-drive PMSG considered for magnet losses eval-
uation with 2D FE model. a) segmented magnets, wide slot opening b) segmented magnets,
narrow slot opening c) non segmented magnets, wide slot opening d) non segmented mag-
nets, narrow slot opening

In case of the considered 2D FEM model, the only direction of magnet segmen-

tation, possible to investigate, is in the circumferential direction. As presented

in [54] a magnet segmentation in axial direction is also effective and a popular

way for the reduction of the magnet losses. Using the 2D model means simu-

lating losses in the magnet of infinite length in the direction perpendicular to

the plane (axial direction). Therefore, not considering axial segmentation will

result in the overestimation of the magnet losses.
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(a) (b) (c)

Figure 3.5: Magnetic field distribution in the simulated geometry of a 50 pole pairs, direct-
drive PMSG. Illustration of the transient effect in the rotor yoke of the machine. Full speed
and full load condition simulated from the time t =0. (a) simulation time t1 = 0. Non devel-
oped magnetic field in the rotor yoke. (b) simulation time t2 = 0.1 [s]. Partially developed
field in the rotor yoke. (c) simulation time t3 = 0.2 [s].

The transient simulation consists of two parts, denoted by I and II. In the first

part, the generator is simulated for the time interval of 0.3 [s] with a time step

∆tI = 0.01 [s]. The final solution for the first part, i.e. at t = 0.3 [s] is saved and

used as an initial condition for the second part of the simulation. The second

part is a simulation from t = 0.3 [s] to t = 0.4 [s] with a time step equal to ∆tI I

= 0.001 [s].

The reason for dividing the simulation in two parts is the transient effect that

appears due to the considered full speed of the machine (12 rpm) for the time

point t=0. Moreover, if the full load conditions are considered, the value of the

current density in the copper wires at time t=0 corresponds with the values

of the current in steady state. Due to these conditions in the beginning of the

simulations, the result is strongly influenced by the transient phenomenon

as can be observed in Fig. 3.5. For time t1=0, the skin depth of the magnetic

field in the rotor yoke is very small (Fig. 3.5 (a)) and the induction level in

the major part of the magnet is very low as well. For the case of simulation

time t2=0.1s the skin depth in the rotor back iron is already increased (Fig. 3.5

(b)). Moreover, the induction level in the magnet is significantly increased for

t2 compared with t1. It can be observed that the value of losses is decreasing

with time and eventually reaching a steady state value, for which a nominal

skin depth for the magnetic field in the rotor yoke is reached (Fig. 3.5 (c)).

When the steady state value for the electromagnetic loss in the permanent

magnet is reached, the second part of the simulation starts, with ∆tI I = 0.001

[s]. During the second part of the time stepping simulation, the loss values in
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Figure 3.6: Current density at different time point in the solid magnet moving against
stator teeth. Simulation performed for nominal load.

the permanent magnet domain are recorded. The recording time is equal to

the time of one electric period of the machine (0.1 [s]). The average value of

the recorded losses in the magnets defines the losses per magnet of 1 meter

axial length.

Based on the accurate solution of the second part of the simulations, the in-

vestigation of the nature of eddy current losses in the magnets was possible.

In Fig. 3.6 it can be observed how the current density is changing in one of the

magnets (non segmented) while the magnet is moving along the stator and

passing the stator teeth. Based on this observation, it can be stated that the

highest concentration of the eddy currents in the permanent magnet is mainly

in a thin region close to the air gap. However, this is caused by the reluctance

effect of the stator teeth and the high time variation - in the rotor reference

frame - of the stray fields at the surface of the magnets 2.

Non segmented magnets

As already mentioned, four cases of a direct-drive, 50 pole pairs generator

geometry were studied (see Fig. 3.4). First, the case of non segmented magnets

is considered.

Table 3.3 presents the simulation results of the magnet losses in the PMSG for

non segmented magnets, two types of slot openings and two types of load (no

load and full load). The full load condition is based on the phasor diagram

from Fig. 2.4 where the amplitude of the induced voltage is approximately

equal to the mains voltage (while neglecting the voltage drop in the stator

winding resistance) and the phase current is in between these voltages on the

phasor diagram.

2 Notice that in the considered working conditions, the skin depth for the PMs is higher
than their height
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Table 3.3: Magnet losses simulated for non segmented magnets of the direct-drive genera-
tor with 5MW power. The geometry of the generator was optimized for steel grade M250-
50A and 35 tons of total active mass. Simulation at rated speed.

wide slot narrow slot
opening opening

no load
253.3 0.23

[W per magnet] [W per magnet]

1986.3 1.8
[W/m2] [W/m2]

25330 23
[W per machine] [W per machine]

full load
561.3 439.1

[W per magnet] [W per magnet]

4400.8 3442.7
[W/m2] [W/m2]

56130 43910
[W per machine] [W per machine]

In Table 3.3 it can be observed that the shape of the tooth tips has a big in-

fluence on the magnet losses for the no load condition. In case of the narrow

slot opening the reluctance effect is very low, causing negligible losses in the

magnets. For full load condition the magnet losses for the wide slot opening

are 28% higher than for the narrow slot opening.

Segmented magnets: segmentation in circumferential direction

For the case of segmented magnets a different calculation procedure was used

compared to the non segmented magnets.

Table 3.4 presents the simulation results for the magnet losses in the PMSG for

segmented magnets with 8 segments per magnet, two types of slot opening

and two types of load (no load and full load).

The same as in the case of non segmented magnets, the geometry with nar-

row slot opening causes negligible losses for the no load condition, see Table

3.4. For the full load condition, the geometry with wide slot opening results

in 14% higher losses in the magnets than the geometry with narrow slot open-

ing. Comparing Table 3.3 and 3.4 it can be concluded that circumferential seg-

mentation results in reduction of the magnet losses in all considered cases of

geometry and load conditions. The magnet losses are reduced by 74% in case



3.3 2D FEM model for the electromagnetic field analysis 103

Table 3.4: Magnet losses simulated for segmented magnets. For the direct-drive generator
with 5MW power. The geometry of the generator was optimized for steel grade M250-50A
and 35 tons of total active mass.

wide slot narrow slot
opening opening

no load
114.7 0.1

[W per magnet] [W per magnet]

899.6 0.78
[W/m2] [W/m2]

11470 10
[W per machine] [W per machine]

full load
204.7 179.1

[W per magnet] [W per magnet]

1604.9 1404.05
[W/m2] [W/m2]

20470 17910
[W per machine] [W per machine]

of full load and wide slot openings and by 60% in case of full load and narrow

slot openings.

3.3.3 Magnet losses for a geared 2.1 MW generator

In this paragraph the 2D magnet losses are calculated for a radial flux, high

speed PMSG with 2.1 MW rated power. The geometry, electromagnetic model

and phasor diagram are presented in Appendix D. The generator is a commer-

cial machine in the wind energy industry.

The 2D electromagnetic model used for magnet loss computation in the 2.1

MW generator is analog to the one presented for the 50 pole pair direct-drive

generator and described in detail in Appendix D. Since the model is 2D, it

assumes an infinite axial length of the magnets. Due to that it is expected that

the calculated permanent magnet losses will be overestimated.

As can be observed in Fig. 3.7, one pole of the magnet consists of four

magnet segments (this implies circumferential segmentation). The magnets of

one pole in the figure are enumerated. To calculate the total magnet losses of

one pole, transient simulations are performed.

For the simulations, the electrical conductivity of 0.6MS/m is assigned to

the magnet for which the losses will be calculated. Because time simulation is
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Figure 3.7: Geometry of the 2D FE model of one pole pair of the machine with four magnet
segments of one pole marked. In the simulations the rotor rotates counterclockwise.

computationally expensive, a linear model of the steel was used. This means

that in this model, a constant relative permeability is assigned to the electrical

steel. The permeability of steel is chosen equal to 1000.

Each time stepping simulation consists of two steps, denoted by I and II.

The first simulation, with a coarse time discretization, is carried out to achieve

the steady state behaviour in the magnetic circuit of the machine. The first

simulation considers the time interval [0, tI ] with tI=0,512s. The second step

of the simulation procedure, with a fine time discretization in the time inter-

val [tI , tI I ], lasts one electrical period (tI I − tI = 0.0125s), and is performed

using the final solution of the first step as the initial condition. During the

second simulation, at every time step, equal to 0.000250 s, the resistive heat

losses are calculated over the domain of the magnet. The time average of the

received values gives the losses in each particular segment per meter axial

length. After rescaling with the proper value of the axial length (566mm), the

permanent magnet losses per segment are calculated. The sum of the losses

for the four segments gives the total estimated value of the losses per pole.

For both the coarse and the fine time discretization the rotational speed of the

rotor is 1600 rpm. Simulations are performed both for the no load condition

and for the condition with a sinusoidal current (1950A rms) injected in the

stator windings, see Table 3.5. The winding scheme is presented in Fig. D.2.

In the simulation we put cosϕ = 0.84. This angle corresponds with the testing

conditions of the investigated generator.
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Table 3.5: No load and full load magnet losses per machine calculated with 2D FE model
for nominal sinusoidal stator current. The torque has the direction from the magnet ’4’ to
magnet ’1’.

No load Full load

magnet losses 403.2 834.1
per machine [W]

Table 3.6 presents the distribution of magnet losses per magnet segment of one

pole of the machine. The magnet segment numbers in the table correspond to

the numbers in Fig. 3.7. It can be observed that the distribution of magnet

losses within segments of one pole is not uniform. The distribution of losses

strongly depends on the current angle. In this case the cosϕ = 0.84. In no load

the distribution is symmetric.

Table 3.6: Full load magnet losses per segment of one magnet pole. Magnet segments
enumerated as in Fig. 3.7

magnet segment number 1 2 3 4

magnet losses
per segment [W] 44.5 42.1 30.9 21.5

3.4. 2D-3D FEM model for the electromagnetic field analysis

The 2D FEM model presented in paragraph 3.3 assumes an infinite length of

the magnets in the axial direction. To take into account a finite axial length and

to make the investigation of magnet segmentation in axial direction possible,

the 2D-3D model is used.

This method for the magnet loss calculation consists of 3 steps.

The first step is using a 2D electromagnetic model as in the previous

method (see paragraph 3.3). However, now, instead of a time simulation a se-

ries of static computations is performed. Moreover, now, a non linear material

model is used. The electrical conductivity of 0.6MS/m is only assigned to the

magnet segment for which the losses will be calculated. The time step taken

for the consequent static computations is equal to 0.01 milliseconds for a ma-

chine rotating at 1600 rpm. 1250 steps are taken which means that the compu-

tations cover one electrical period. The magnetic induction vector is recorded

during each time step over the magnet domain. The recording is performed

for 10201 points distributed over the surface of the magnet.
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During the second step of the numerical procedure the value of dB/dt is

calculated locally in the permanent magnet based on the recorded variations

of the magnetic induction in time. This is done in order to be able to apply a

computationally inexpensive method for calculating the magnet losses in the

3D model in step 3, see e.g. [53].

Indeed, in the third and final step, a 3D FEM model of one magnet seg-

ment is considered. In this method it is assumed that eddy currents in the

magnet are resistance limited, and permanent magnet segments are electri-

cally isolated from each other. Since eddy currents are resistance-limited, their

influence on the inducing magnetic field distribution is negligible. Therefore,

the equations which govern the resistance-limited eddy currents are equiva-

lent to those of a linear magnetostatic field problem. Indeed, a magnetostatic

field problem, given by

∇× Hm = Jm (3.29)

Bm = µHm (3.30)

∇ · Bm = 0 (3.31)

where µ is the absolute permeability of a magnetic material is formally equiv-

alent with

∇× E = −∂B

∂t
(3.32)

Je = σE (3.33)

∇ · Je = 0 (3.34)

where σ is the electrical conductivity of the permanent magnet material when

Hm ≡ E, Jm ≡− ∂B
∂t and µ ≡ σ. Consequently, it is possible to solve (3.32)-(3.34)

by using FE code for solving (3.29)-(3.31), when a tangential flux boundary

condition is imposed at the outer surface of the 3D model.

To summarize, based on the induction values in the magnet recorded in

2D during one electrical period, the value of ∂B
∂t in the PMs is calculated in

the second step of the procedure. These values are then used as a source term

in the 3D static computation as the equivalent Je. Enforcing the source term

continuously in time and space is obtained through an interpolation of the
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recorded values. Finally, a series of static 3D computations is performed to

calculate eddy current losses for each segment of the magnet.

Fig. 3.8 illustrates a possible distribution of eddy currents in a plane of a per-

manent magnet constructed by the tangential and axial direction. Here, the

geometry of the considered 2.1 MW generator is used. The simulation was

performed for a full load condition, with a sinusoidal current injected in the

stator winding. The 2D-3D model was used. In Fig. 3.8 three stator teeth are

positioned in front of the considered magnet segment.

Figure 3.8: The eddy currents in the magnet simulated with 2D-3D model. The Y-axis is
the axial direction of the machine and the X-axis represents the circumferential direction in
the air gap. The magnet is seen from the air gap of the machine. The length of the magnet
segment in the axial direction is set to 0.05 m. The simulation was performed for the full
load with sinusoidal current. The presented magnet segment is faced by three stator teeth.

3.4.1 Magnet losses for a geared 2.1 MW generator

In this section, the magnet losses for the 2.1 MW generator will be calcu-

lated using the 2D-3D method presented above. Moreover the investigation

of higher harmonics appearing in the magnetic induction waveforms in the

magnet as well as the magnet loss are investigated. The investigation of the

harmonics is presented for the case of a generator with pure sinusoidal current

in the 3 phase winding of the machine. To learn how the additional harmonics

in the stator current influence the magnet losses, a 10th harmonic is added to

the current and again the magnet losses are calculated. The same is done with

the addition of a 100th harmonic in the current. Finally the magnet losses are

investigated when a PWM current is introduced in the winding. The PWM

current waveforms were measured on the 2.1 MW machine.
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The advantage of using a 3D model over a 2D one is that the real axial di-

mension of the magnets can be taken into account. The dimension of a single

segment of the permanent magnets used in this machine is presented in Fig.

3.9. The axial length of the segment is only 7.75mm. This means that the ma-

chine consists of 72 magnet segments in the axial direction.

Figure 3.9: The dimensions of a single magnet segment.

3.4.2 No load magnet losses

At first, the no load magnet losses were investigated. This means that in the FE

simulations the value of the current assigned to the domains representing cop-

per windings is equal to zero. The simulation was performed for one electrical

period of the machine. The simulation considers a time interval of 0.0125 sec-

onds. The time step between two sequential static simulations is equal to 0.01

ms. The magnetic induction B is recorded in every time point in 10201 spatial

points in the PM segment. Fig. 3.10 presents the magnetic induction changing

within one electrical period of the machine. B is recorded in the center of the

magnet segment ”1” (see Fig. 3.7) on the surface facing the air gap and the

stator. Fig. 3.10 b) presents the higher harmonic content of the magnetic in-

duction waveform without the DC-term. It can be observed that the harmonic

with the highest amplitude is the 24th harmonic. This harmonic and a multiple

of it are the result of the reluctance effect of the teeth of the stator (the machine

has 24 teeth per pole pair). Fig. 3.10 c) presents the harmonic content together

with a DC-term. It can be observed that the amplitude of the DC-term of the

magnetic induction is much higher than the amplitude of the harmonics.

In Fig. 3.11 a) the instantaneous magnet losses are shown for one electrical

period of the investigated generator. The magnet losses are computed for one

segment of the magnet, see Fig. 3.9. In Fig. 3.11 b) the Fourier analysis is pre-

sented. The most significant harmonics are a multiple of the 24th harmonic,

related to the number of slots per pole pair.
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Figure 3.10: (a) Time dependent magnetic induction in the magnet area facing the air gap.
Curve obtained from no load simulation. (b) Harmonic content of the magnetic induction.
(c) Harmonic content of the magnetic induction together with DC value.

3.4.3 Magnet losses for the sinusoidal current

The second set of simulations was performed with a balanced 3 phase sinu-

soidal current (1950A rms) implemented in the winding domains of a 2D FE

model. The winding scheme is presented in Fig. D.2. In the simulations, the

cosϕ = 0.84, which corresponds with the testing condition of the machine con-

sidered by the manufacturer of the machine. The simulation was performed

for one electrical period of the machine. The simulation considers a time inter-

val of 0.0125 seconds. The time step between static simulations is equal to 0.01

ms. The magnetic induction B is recorded in each time point in 1701 spatial

points. Fig. 3.12 presents the magnetic induction changing within one elec-



110 CALCULATION OF ELECTROMAGNETIC LOSSES IN PMSG

(a)

(b)

0 0.002 0.004 0.006 0.008 0.01 0.012
0.028

0.03

0.032

0.034

0.036

0.038

0.04

0.042

0.044

time [s]

M
ag

n
et

 l
o

ss
es

 p
er

 s
eg

m
en

t 
[W

]

0 24 48 72
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Harmonic order

A
m

p
li

tu
d

e 
[W

]

Figure 3.11: (a) Time dependent magnet losses for one magnet segment as a result of 3D
FE computation. Simulation under no load conditions. (b) Harmonic content of the magnet
losses per magnet.

trical period of the machine. Here, again, B is recorded in the center of the

magnet segment ”1” (see Fig. 3.7) on the surface facing the air gap and the

stator. Fig. 3.12 b) presents the higher harmonic content of the magnetic in-

duction waveform without the fundamental component. It can be observed

that the harmonic with the highest amplitude is again the 24th harmonic as

the result of the reluctance effect of the teeth of the stator (the machine has 24

teeth per pole pair). On the other hand, the 6th harmonic and the multiples of

it come from the non-sinusoidal distribution of the winding in the stator. Fig.

3.12 c) presents the harmonic content of the magnetic induction together with

the DC-term.
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Figure 3.12: (a) Time dependent magnetic induction in the magnet area facing the air gap.
Curve obtained from a series of static 2D FE computations for sinusoidal current (1950A
rms) (b) Harmonic content of the magnetic induction. (c) Harmonic content of the magnetic
induction together with DC value.

In Fig. 3.13 a) the instantaneous magnet losses can be observed for one

electrical period of the investigated generator. The magnet losses are com-

puted for one segment of the magnet, see Fig. 3.9. While comparing the re-

sults for the sinusoidal current with the result of the simulation of magnet

losses for no load conditions, it can be observed that for pure sinusoidal cur-

rent the magnet losses are a result of not only the reluctance effect but also of

the non-sinusoidal distribution of the winding in the air gap, due to which the

additional space harmonics appear in the air gap flux. The presence of the ad-

ditional harmonics in the magnet loss waveform can be observed in Fig. 3.13

b). In the spectrum of the magnet losses the combination of all the harmon-
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ics present in the magnetic induction waveform given in Fig. 3.12 c) can be

observed.
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Figure 3.13: (a) Time dependent magnet losses for one magnet segment as a result of
3D FE computation. Simulation with 3 phase sinusoidal current (1950A rms) (b) Harmonic
content of the magnet losses per magnet.

Fig. 3.12 b) presents the harmonic content of the magnetic induction in the

magnet in a point facing the air gap. For that case the amplitude of the 24th

harmonic is high compared to the other harmonics. However, the depth of

the penetration of a particular harmonic inside the magnet depends on its fre-

quency. Fig. 3.14 presents how the amplitudes of different harmonics behave

for increasing depth in the magnet domain.

Starting from the point in the magnet that is the furthest away from the

rotor and then, getting closer to the rotor, it is easy to notice that the higher
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harmonics like the 48th and the 24th loose their amplitude with depth much

faster than e.g. the 6th harmonic.
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Figure 3.14: Penetration of the higher harmonics in the magnet: the figure shows the am-
plitude of the radial component of the magnetic induction as a function of depth in the
magnet relative to its height. Here, zero corresponds with the middle point on the surface
of the magnet facing the air gap.

3.4.4 Magnet losses for the sinusoidal current, plus 10th harmonic

The third set of simulations was performed with a 3 phase current that con-

sists of a sinusoidal current with addition of a 10th harmonic. The rms value

of the fundamental sinusoidal wave is 1950A, and the amplitude of the 10th

harmonic is 10% of the fundamental.

The set of simulations was considered to study the mechanism of the trans-

fer of the higher harmonics from the stator current into the magnet losses. The

study is performed on a simple example with one higher harmonic in the sta-

tor current.

Considering the different mechanisms inducing electric currents in the

PMs, see section 3.2, one may write for the local current density in the PMs:

J(ϕr, t) = ∑
i

Ji(ϕr)cos(iωst + ϕi) (3.35)

where i refers to the harmonics appearing in B′
g ((3.6) - (3.15) due to slot effects)

and appearing in (3.26) due to the stator currents.

The following equation presents which harmonics can then be expected in

the magnet losses:
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pm(ϕr, t) =
J2(ϕr, t)

σ
=

1

2σ ∑
i

∑
j

Ji Jjcos
[

(i + j)ωst + ϕi + ϕj

]

+
1

2σ ∑
i

∑
j

Ji Jjcos
[

(i − j)ωst + ϕi − ϕj

]

(3.36)

where pm(ϕr, t) presents the instantaneous magnet losses. Eqn. (3.36) shows

that the harmonics expected in the magnet losses will have the order i, i + j

and i − j with i and j harmonics appearing in the induced currents in the PMs.

In the simulation cosϕ = 0.84. The simulation was performed for one elec-

trical period of the machine. The simulation considers a time interval of 0.0125

seconds. The time step between static simulations is equal to 0.01 ms. The

magnetic induction B is recorded in every time point on the surface of the

magnet. Fig. 3.15 a) presents the magnetic induction change within one elec-

trical period of the machine. Here, B is recorded in the center of the magnet

segment ”1” (see Fig. 3.7) on the surface facing the air gap and the stator. The

harmonic content of the magnetic induction waveform is presented in Fig.

3.15 b) and c). It can be observed that the dominating harmonics are the 9th

and 24th. The 24th harmonic is a result of the reluctance effect related with

stator teeth passing the magnet. The 9th harmonic is representing the third

cause of the magnet losses, which are the time harmonics in the current. As

mentioned above, the current injected in the stator winding contains the fun-

damental component plus the 10th harmonic. In the rotor reference frame the

latter becomes the 9th harmonic in the magnetic induction. Moreover, in Fig.

3.15 b) the 6th harmonic and its multiples can be observed as a result of the

winding distribution in the stator slots. From Eqn. (3.22) and (3.24) it is clear

that the winding distribution gives rise to a 5th and a 7th space harmonic for

the magnetic field in the air gap when considering the stator reference frame.

The 7th harmonic in the stator reference frame rotates in the same direction

as the rotor and the 5th harmonic in the opposite direction. Therefore, in the

rotor reference frame both harmonics add up to the 6th harmonic.

In Fig. 3.16 a) the instantaneous magnet losses can be observed for one elec-

trical period of the investigated generator. The magnet losses are computed

for one segment of the magnet. Fig. 3.16 b) presents the harmonic content of

these magnet losses. The higher harmonics of the losses are directly related to

the harmonics present in the magnetic induction waveform (Fig. 3.15) and the

combination of these harmonics. The most significant harmonic in the losses is

the 18th harmonic which is mainly caused by the 10th harmonic in the stator

current. Indeed, we recall that this 10th harmonic results in a 9th harmonic for

the magnetic induction in the rotor reference frame and consequently in the

18th harmonic for the local induced losses. Furthermore, Fig. 3.16 b) shows the
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Figure 3.15: (a) Time dependent magnetic induction in the magnet area facing the air gap.
Curve obtained from a series of static 2D FE computations for sinusoidal current (1950A
rms) with an addition of 10th harmonic, with an amplitude equal to 195A (b) Harmonic
content of the magnetic induction. (c) Harmonic content of the magnetic induction together
with DC value.

presence of the 15th and 33rd harmonic for the electromagnetic losses. Notice

that these harmonics in the losses result from the 9th and 24th harmonic in the

magnetic induction. Indeed, according to Eqn. (3.36) one has i− j = 24− 9 = 15

and i + j = 24 + 9 = 33.

3.4.5 Magnet losses for the PWM current

The 2.1 MW high speed PMSG is a commercial wind turbine generator, for

which the measured 3 phase PWM current is available. Fig. 3.17 presents the

measured 3-phase current. Moreover, Fig. 3.18 presents the harmonics content



116 CALCULATION OF ELECTROMAGNETIC LOSSES IN PMSG

(a)

(b)

0 0.002 0.004 0.006 0.008 0.01 0.012
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

time [s]

M
ag

n
et

 l
o

ss
es

 p
er

 s
eg

m
en

t 
[W

]

0 3 6 18 33 42 48
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Harmonic order

A
m

p
li

tu
d

e 
[W

]

Figure 3.16: (a) Time dependent magnet losses for one magnet segment as a result of
3D FE computation. Simulation with 3 three phase sinusoidal current (1950A rms) with an
addition of 10th harmonic, with an amplitude equal to 195A (b) Harmonic content of the
magnet losses per magnet.

of the PWM current. It can be observed, that the measured current waveform

is not free of measurement noise and that the switching frequency of the PWM

is difficult to identify.

The final set of simulations of the magnet losses has the PWM current im-

plemented in the winding domains of the 2D FE model. The simulation con-

ditions are the same as for the previous simulation. The harmonic content of

the magnetic induction waveform is presented in Fig. 3.19 b) and c). The most

dominating harmonic in the spectrum of the magnetic induction waveform in

the magnet is the 24th harmonic originating from the reluctance effect.
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Figure 3.17: 3 phase PWM current imposed in the 2D FE model.
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Figure 3.18: Harmonic content of a 3 phase PWM current imposed in the 2D FE model.
(a) Harmonic content including the basic frequency. (b) Harmonic content without basic
frequency.

Table 3.7 presents the total magnet losses per machine for five load conditions

described above. The magnet losses per machine for no load are 40% lower

than in the case of the load conditions with pure sinusoidal current. In the

case of adding to the current the 10th harmonic with 10% of the amplitude of

the fundamental current component, we observe a sudden increase of mag-

net losses reaching four times the value of the magnet losses obtained in the

case of the sinusoidal current. Moreover when the current contains the 100th
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Figure 3.19: (a) Time dependent magnetic induction in the magnet area facing the air gap.
Curve obtained from a series of static 2D FE computations for the PWM current (1950A
rms) (b) Harmonic content of the magnetic induction. (c) Harmonic content of the magnetic
induction together with DC value.

harmonic with 10% of the amplitude of the fundamental current component,

the magnet losses become almost 40 times higher than in the case of the pure

sinusoidal current.

In the case, when the sinusoidal current was replaced by the PWM current

originating from the measurements, the magnet losses increased by 4.5 times

compared to the magnet losses for the sinusoidal current. It is important to

notice that none of the amplitudes of the higher harmonics in the PWM cur-

rent is exceeding 2% of the amplitude of the current corresponding with the

fundamental frequency.



3.4 2D-3D FEM model for the electromagnetic field analysis 119

(a)

(b)

0 0.002 0.004 0.006 0.008 0.01 0.012
0

0.5

1

1.5

2

2.5

3

3.5

time [s]

M
ag

n
et

 l
o

ss
es

 p
er

 s
eg

m
en

t 
[W

]

0 6 24 48 72 96 120 144 168 192
0

0.1

0.2

0.3

0.4

0.5

Harmonic order

A
m

p
li

tu
d

e 
[W

]

Figure 3.20: (a) Time dependent magnet losses for one magnet segment as a result of 3D
FE computation. Simulation with 3 three phase PWM current (1950A rms) (b) Harmonic
content of the magnet losses per magnet.

Table 3.7: Magnet losses per machine for different load situations: no load losses, sinu-
soidal load, load composed of the fundamental and 10th harmonic, load composed of fun-
damental and 100th harmonic as well as PWM load.

No load sinusoidal sin+10th sin+100th PWM

magnet losses 57.4 95.3 411.8 3754.0 750.8
per machine [W]

3.4.6 Effect of axial segmentation of the magnets

The 2D-3D computational scheme was used to investigate the effect of the ax-

ial segmentation of the magnets on the total magnet losses of the PMSG. The
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axial direction of the investigated machine is 0.566m. Untill now we consid-

ered no segmentation in the axial direction. Here we consider an axial seg-

mentation going from 1 to 72 segments. The magnet losses presented in Fig.

3.21 are the total magnet losses for the machine. It can be observed that the

axial segmentation has a significant influence on the total magnet losses of the

machine. Increasing the number of axial segments of the magnets from one

to 72 decreases the total magnet losses per machine by nearly a factor of 9.

The simulations were performed with a balanced 3 phase sinusoidal current

(1950A rms), the cosϕ equals 0.84.
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Figure 3.21: The effect of the axial segmentation of the magnets on the total magnet losses
of the generator

3.5. Iron loss computation

The iron losses for different steel grades were computed using the 2D elec-

tromagnetic FE model presented in Appendix D. Two statistical methods for

the iron loss computation were used. The first method is a frequency domain

method (see Appendix A) which assumes sinusoidal induction waveforms

and requires the computation of a peak induction value in each elementary

volume where the iron losses are computed. The second method is the time

domain method (see Appendix A) that requires the time waveform of the

magnetic induction in each elementary volume in which losses are computed.

To acquire necessary data for both methods in the FE model of one pole pair
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of the machine, the domain of the iron core of one pole of the stator is di-

vided into elementary volumes in which the induction values (Bx and By) are

recorded. In 2D, the volume of each of the 12 teeth is divided into 40 elemen-

tary volumes and the part of the stator yoke covering one pole is divided into

300 elementary volumes, see Fig. 3.22. The time variation of the local magnetic

induction patterns is obtained by a proper sequence of static 2D FE simula-

tions. Each of the static computations corresponds with a different value of

the rotor angle with respect to the stator. The considered angles are within the

range of one electrical period of the machine. One step of the rotor angle corre-

sponds with 0.01 ms for the generator rotating with 1600rpm (1250 points are

recorded per electrical period). For both methods used for iron losses compu-

tation, the corresponding coefficients have to be identified based on the loss

measurements for the applied steel grades.

Figure 3.22: The central points of the elementary surfaces that are defining elementary
volumes for the iron losses calculation in the stator teeth and yoke. In the simulations for
each time point considered the magnetic induction value is recorded in each of the points
marked in the figure.

3.5.1 Frequency domain iron losses computation

The calculation of losses in the stator iron is based on the statistical loss theory

of Bertotti. The theory relies on the principle of loss separation into hysteresis,

classical and excess losses. Therefore, the iron losses under a sinusoidal flux

waveform are given by:



122 CALCULATION OF ELECTROMAGNETIC LOSSES IN PMSG

PFe = meFe(aB̂α
p f + bB̂2

p f 2 + cB̂p f (
√

1 + eB̂p f − 1)) (3.37)

where meFe is the mass of the elementary volume of the iron and Bp is the peak

induction value in the elementary volume, where iron losses are calculated.

The parameters a,b, c, e and α are fitted for several steel grades based on the

loss measurements under sinusoidal magnetization conditions for different

induction levels and frequencies f up to 100 Hz (see Appendix E).

Based on the FE simulations and obtained induction waveforms for each

of the considered elementary volumes in the stator geometry (see Fig. 3.22),

the peak value Bp is calculated. Then, the computed Bp values are used to

calculate the losses per assigned elementary volume. Finally, summation of

the iron losses for all elementary volumes covering the whole stator iron gives

the total iron losses.

The iron losses were computed and compared for the generator for sev-

eral steel grades: M235-35A, M250-50A, M330-50A,M330P-50A, M400-50A,

M400XP-50A, M600-50A and M600-100A. The iron loss model for each grade

is based on the fitting of the material parameters to the corresponding mea-

sured loss data. Appendix E presents measured losses for all the considered

steel grades for the frequencies 10, 50 and 100 Hz.

The total iron loss value for the 2.1 MW machine was calculated for all steel

grades (Table 3.8). The values are calculated at the nominal speed of the ma-

chine (1600rpm). It can be observed, that the grades with lowest specific loss

value have the lowest iron losses.

Table 3.8: Stator iron losses for the 2.1 MW generator for different steel grades. The iron
losses were computed using the frequency domain method. The simulation was done at
nominal sinusoidal current and rated speed (1600 rpm).

Steel grade iron losses
per machine [kW]

M235-35A 5.4
M250-50A 6.3
M330-50A 8.0

M330P-50A 8.9
M400-50A 8.4

M400XP-50A 9.2
M600-50A 12.6

M600-100A 16.1

It is interesting to see in Table 3.8, that there is a significant difference in total

iron losses for the two grades with the same guaranteed specific loss value

but different thickness of the material (M600-50A and M600-100A). The spe-

cific loss value for the steel grade is given as an upper limit value for the loss
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at 1.5 T and 50 Hz. However, the electrical frequency of the generator is a wind

speed dependent variable. The rated frequency of the investigated generator

is 80 Hz. In practice, according to the wind speed distribution function, it will

be mostly lower than 80 Hz. Moreover, the peak induction value in the stator

will be typically higher than 1.5 T. Figure 2.32 presents the iron loss measure-

ments for the grades M600-50A and M600-100A for the induction level of 1.7

T and different frequencies. The calculation of losses mentioned in Table 3.8

was performed for the nominal speed of the machine which corresponds with

the nominal electrical frequency of 80 Hz. Taking that into account and Fig

2.32, it is clear why the grade M600-50A has lower iron losses per machine

than the grade M600-100A. The grade M600-50A has slightly higher losses

than M600-100A for frequencies lower than 35 Hz and lower losses for higher

frequencies.

3.5.2 Time domain iron losses computation

In this method of iron losses calculation, the recorded Bx, By values for each

of the considered elementary volume of the stator pole pair are used to de-

termine the time waveform of the induction. It can be observed that the mag-

netic induction in the generator has different directions in various parts of the

stator core. Therefore, for each of the volumes the dominant direction is rec-

ognized and the induction vector for each time point is then projected on the

dominant direction. Consequently, iron losses are computed as losses under

unidirectional magnetic conditions.

Figures 3.23 and 3.24 present the variation of Bx and By over one electrical

period for one stator tooth and stator yoke respectively. In the stator tooth, the

magnetic induction is recorded in the center of the tooth. In the stator yoke, the

recording point was set in the intersection of the symmetry axis of the tooth

and the circle defined by the mean diameter of the yoke. The simulation was

performed for the full load condition with sinusoidal current injected.

Sinusoidal current

At first, the series of static computations were performed for sinusoidal three

phase currents injected in the copper areas of the 2D FE model. The simula-

tion was performed for one electrical period of the machine. The time step

between static simulations is equal to 0.01 ms. Results were obtained for two

steel grades: M330-50A and M600-50A. The simulations are performed for the

rated speed of the machine (1600 rpm), that means that the electrical frequency

is equal to 80 Hz. Comparing iron losses per machine for the same steel grades

between Table 3.8 and 3.9, it can be observed that losses computed by the time

domain loss model are higher than the losses computed by the frequency do-
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Figure 3.23: Magnetic induction vector loop recorded in the center of a tooth. The simula-
tion was performed for the full load condition with sinusoidal current injected.
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Figure 3.24: Magnetic induction vector loop, where recording point was set in the crossing
point of the mean diameter of the yoke and the symmetry axis of the tooth. The simulation
was performed for the full load condition with sinusoidal current injected.

main loss model. This is due to the assumption taken for frequency domain

calculations, i.e. having a sinusoidal flux waveform. In reality the time varia-

tion of the local magnetic induction for several parts of the stator core is differ-

ent from a sinusoidal time variation and this results in additional iron losses

calculated by the time domain iron loss model (compare with Fig. 3.25 and

3.26).
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Table 3.9: Iron losses for grade M330-50A, M600-50A. The iron losses were computed using
the time domain method. The simulation was done at nominal current and rated speed
(1600 rpm).

type of iron losses
per machine M330-50A M600-50A

sinusoidal stator current
classical losses [kw] 2.8 4.7

hysteresis losses [kw] 4.7 8.1
excess losses [kw] 1.5 2.3
total losses [kw] 8.9 15.1

PWM stator current, no minor loops
classical losses [kw] 3.0 5.1

hysteresis losses [kw] 4.7 8.2
excess losses [kw] 1.6 2.5
total losses [kw] 9.3 15.8

PWM stator current, including minor loops
classical losses [kw] 3.0 5.3

hysteresis losses [kw] 5.0 9.6
excess losses [kw] 1.6 2.9
total losses [kw] 9.6 16.8

PWM current

Secondly, the current given as an input to the FE model was changed from a si-

nusoidal one to the measured PWM current (see Fig. 3.17). As can be observed

in Table 3.9 the total iron losses per machine have increased when compared to

the case of sinusoidal current. The increase of the iron losses can be observed

for both steel grades. It has to be stated that the applied iron loss model does

not take losses due to minor loops into account.

By analyzing the magnetic induction time waveforms recorded for the stator

geometry, the minor loops were identified. Based on Eqn. (3.37) the additional

hysteresis loops were estimated for both materials. The total iron losses for

PWM current with estimated additional losses due to the minor loops are also

presented in Table 3.9.

Moreover, Table 3.9 presents the separation of losses into three components

for both machines using different materials. It can be observed that the largest

loss component for both steel grades is the hysteresis loss component. The

least significant is the excess loss component. The machine with the low loss

grade M330-50A has significantly lower total iron losses per machine when

compared to the high loss grade M600-50A.

Figures 3.25 and 3.26 present the magnetic induction waveforms for the

center of the stator teeth and the center of the stator yoke, above the stator slot.

The presented figures indicate the difference between the real time waveform
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Figure 3.25: Magnetic induction time waveforms recorded in the center of the stator tooth.
Comparison of results for the simulation with sinusoidal stator current and with PWM
stator current. (a) magnetic induction recorded during one electrical period (b) magnetic
induction recorded during 5 ms

of the induction in the stator and the sinusoidal waveform assumed in the

frequency domain iron loss computation method. Moreover, analyzing Fig.

3.25 as well as Fig. 3.26, it can be observed how the use of PWM influences

the magnetic induction time waveforms, when compared to a pure sinusoidal

stator current.
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Figure 3.26: Magnetic induction time waveforms recorded in the center of the stator yoke.
Comparison of results for the simulation with sinusoidal stator current and with PWM
stator current. (a) magnetic induction recorded during one electrical period (b) magnetic
induction recorded during 5 ms
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3.6. Conclusions

In this chapter, the models for the electromagnetic losses in a PMSG were pre-

sented. The magnet losses were computed using two FE models. The first was

a 2D model which allows time simulation of the magnet losses. The second

was a joined 2D-3D model using static computations for acquiring the mag-

net losses. Moreover, the iron losses were computed for the generator using

different electrical steel grades. Two methods for the iron losses computation

were used. Both types of the losses were computed for the different load con-

ditions of the generator. The influence of the PWM current on the losses was

investigated and compared with the case of a sinusoidal current.

Two FE models were developed for the calculation of the eddy current

losses in the magnets of the PMSG. The first one is a 2D model assuming an

infinite length of the magnets in the axial direction of the machine. The time

stepping algorithm is used to calculate the losses in the magnet. The second

model is a 2D-3D model that is using a series of static computations. Thanks

to the use of the 3D model it is possible to take into account the finite length of

the magnet in the axial direction. It was shown, that both models correspond

with each other when the axial length of one magnet segment in 3D has the

full length of the machine assigned.

The developed FE models for the magnet loss calculation allow the study

of the influence of three different sources of losses. Based on the 2D model it

was presented that the shape of a tooth has an influence on the magnet losses.

The geometry of a direct-drive PMSG with wide slot openings proved to have

much higher magnet losses than in the case of a narrow slot opening. The

influence of the time harmonics in the magnetic induction waveforms in the

magnets, originating from the higher harmonics in the waveform of the stator

current was studied with the use of the 2D-3D model. It was shown that by

adding the harmonics in the stator current, the magnet losses are increased.

The influence of the segmentation of the magnets on the total magnet

losses in the machine was studied as well. The effect of circumferential seg-

mentation of the magnets was modelled with the 2D FEM. It was shown that

dividing (circumferentially) the magnet of one pole into 8 segments can de-

crease the total magnet losses more than two times. Moreover, the effect of ax-

ial segmentation was studied with the use of the 2D-3D model. It was proven

that the magnet segmentation is an effective way of limiting the magnet losses

in the machine.

Two approaches for the iron loss computation were presented. One is cal-

culating losses in the iron in the frequency domain, using only the funda-

mental magnetic induction component. The second method is calculating the

iron losses in the time domain using a full time waveform of the magnetic in-

duction recorded in the different parts of the stator iron. The approach in the



128 CALCULATION OF ELECTROMAGNETIC LOSSES IN PMSG

frequency domain proved to underestimate the total iron losses regardless of

the electrical steel grade used.

Moreover, using the time domain model the effect of higher harmonics in

the stator current on the iron losses of the machine was studied. The higher

harmonics in the stator current, resulting from the use of PWM have a signifi-

cant influence on the iron losses of the generator.

Furthermore, the simulations proved that the higher harmonics in the sta-

tor current have much greater influence on the magnet losses than on the iron

losses of the generator.



CHAPTER 4

Thermal modelling of PMSG

4.1. Introduction

In the past, the design and analysis of electrical machines used to focus mainly

on the electromagnetic aspects with only some general constraints put on the

electrical current density for protection against overheating. However, lately,

thermal modelling became an important part of the electrical machines design

process. This is due to the increasing importance of energy efficiency as well as

cost reduction. Moreover, market situations impose the maximal exploitation

of new topologies and materials. Therefore, to meet the requirements of new

designs, the deep insight to the thermal circuit is necessary.

The intention of this chapter is to briefly present the theory of heat transfer.

A short literature overview of the existing methods for thermal analysis of

electrical motors is given, including the description as well as the comparison

of the methods. Finally one of them was chosen to be applied for the PMSG

analysis. The chapter presents the identification approach for the required pa-

rameters and coefficients.

4.2. Heat transfer

When a temperature difference exists within a system or between systems that

were brought into thermal contact, energy transfer takes place. This process

is called heat transfer. It consists of three transfer mechanisms: conduction,

convection and radiation. Each of the mechanisms is defined in the following

section.
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4.2.1 Conduction

Thermal conduction is a process that relies on the transfer of heat along the

gradient of temperatures. The transfer direction is from the high temperature

point to the low temperature point in the material. The conduction heat trans-

fer rate qh is proportional to the cross-sectional area A of the medium through

which the heat is conducted and proportional to the temperature gradient ∇T

in the direction of the heat flow:

qh = −kh A∇T (4.1)

where kh is the thermal conductivity of the material, [W/mK]

Equation (4.1) is called Fouriers law of conduction. The negative sign indicates

that the heat flows downhill on the temperature slope.

To obtain the differential conduction equation, it is necessary to apply the

principle of energy conservation (energy balance). The general heat equation

at each point of the material is:

ρCp
∂T

∂t
= Qh + ∇ · (kh∇T) (4.2)

where

Qh is the generated energy per unit volume, [W/m3]

ρ is the material density, [kg/m3]

Cp is the specific heat capacity, [J/kg K]

In the stationary situation the left hand side of Eqn (4.2) is equal to zero.

4.2.2 Convection

Thermal convection describes the heat transfer due to the temperature dif-

ference existing between the body surface and the fluid that flows over the

surface. It consists of two types of processes. The first one is related to the

conduction between the body and the fluid. The second one is related with

the mechanical fluid transport, which can be caused by the density gradient

of the fluid or by external forces (fan, pump). The heat transfer rate strongly

depends on the fluid velocity, viscosity and type (air, water, oil). Newton’s law

of cooling gives the following expression for the convection description:

qh = hc Acv(Ts − Tamb) (4.3)

where

• qh is the heat transfer rate [W]

• hc is the convection heat transfer coefficient [W/m2K]

• Acv is the surface of the body along which the fluid flows [m2]
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• Ts is the temperature of the surface [K]

• Tamb is the ambient temperature [K], i.e. the temperature sufficiently far

from the surface.

When the fluid movement is caused by only the density gradient, then it is

a case of natural convection. In the situation of presence of external forces

causing the movement of the fluid, it is a case of enforced convection.

4.2.3 Radiation

Radiation heat transfer is different from the described conduction and convec-

tion because it is not related with any medium (fluid) through which the heat

is transferred. Thermal radiation is the emission of electromagnetic waves

from all matter that has a temperature greater than absolute zero. It represents

a conversion of thermal energy into electromagnetic energy. Thermal energy

is the collective mean kinetic energy of the random movements of atoms and

molecules in matter. Atoms and molecules are composed of charged particles

and their oscillations result in the electrodynamic generation of coupled elec-

tric and magnetic fields, resulting in radiating energy and carrying entropy

away from the body through its surface boundary A. Electromagnetic radia-

tion from a body does not require the presence of matter to propagate, travels

in the vacuum of space infinitely far if unobstructed and is given by:

qh = εσB AT4 (4.4)

The Stefan-Boltzman law of radiation describes the radiation heat transfer

from a body to the environment as follows:

qh = εσB A(T4
s − T4

amb) (4.5)

where

qh is the heat transfer rate from the body to the environment, [W]

ε is the emissivity of the radiating surface

σB is the Stefan-Boltzman constant, σB = 5.67x10−8 W/m2K4

Tamb is the absolute temperature of the environment [K].

The emissivity ε is a factor defined as the ratio between the heat transfer rate

q for the given body surface and the heat transfer rate of the corresponding

black surface for which ε = 1. Painted surfaces of almost any color have the

emissivity of about 0.9, while ε for the bright, metal surface is in the range of

0.05-0.1 [72].

Finally the radiation heat transfer from a body at temperature Ts to a body

at temperature Trad is given by

qh = εσB A(T4
s − T4

rad) (4.6)
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Notice that, due to the relative low value for σB, radiation heat transfer can be

neglected for relative small differences in temperature Ts and Trad.

4.3. Thermal analysis of electrical machines

Before computers became widely used in electrical machines design, the scal-

ing laws did not include thermal analysis directly. Scaling laws limiting the

electric and magnetic loadings as well as current density were mostly taken

from the previous experience and were supposed to prevent overheating in

general. Later on, simple thermal lumped parameter models were used. They

were simple enough to be calculated by hand. With the development of com-

puters the lumped parameter network became the main tool for analysis of

thermal behaviour of electrical machines, both for steady-state and transient

analysis [73]. Already in the beginning of 1990s, Mellor has published a pa-

per describing quite complex thermal-networks computed numerically [74].

With the development of software for the electromagnetic design, which orig-

inally received much more attention than the thermal design, there appeared

the possibility for extending the electromagnetic software and coupling the

electromagnetic and thermal aspects in order to obtain a more complex de-

sign method [75], [76], [77], [78] and [79]. In recent years a significant increase

of interest in the modelling of the thermal behaviour of electrical machines

can be observed. Several papers have been published, presenting improve-

ments on the lumped parameter network [80], [81], [82] using new methods

like Finite Element Analysis (FEA) [83] and Computational Fluid Dynamics

(CFD) [84] as well as comparing different methods [85].

Thermal analysis of electrical machines can be divided into two groups of

methods: analytical lumped-circuit based methods and numerical methods.

The analytical thermal models are known to be fast for calculations, how-

ever building an accurate model of the machine requires a lot of knowledge

and experience from the developer. The lumped-circuit theory defining the

heat transfer network is analogous to the electrical network theory. The main

challenge is to correctly define the conduction, convection and radiation resis-

tances for different parts of the modelled machine. Conduction thermal resis-

tance is defined by the path length L divided by the product of the path area

A and material’s thermal conductivity kh (see Fig. 4.1):

Rcd =
L

kh A
(4.7)

The radiation resistance is equal to one over the product of the surface area

and the heat-transfer coefficient [85].
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Figure 4.1: Heat transfer from the LHS to the environment at the RHS of the body through
conduction, convection and radiation

Rr =
1

hr A
(4.8)

where hr is the radiation heat-transfer coefficient of the surface. As mentioned

before, the radiation heat-transfer coefficient is a function of the surface prop-

erties (emissivity), and the view factor. The view factor is defined as the pro-

portion of all the thermal radiation which leaves surface A and strikes surface

B.

The convection resistance has a very similar form as the radiation resistance.

Rcv =
1

hc A
(4.9)

where hc is the convection heat-transfer coefficient of the surface. The convec-

tion coefficient is based on empirical formulations and its value for the basic

geometries occurring in machines can be found in literature [72], [86] and [87].

An example can be presented, based on Fig. 4.1. Here, conductive heat transfer

through the body from left to right can be described as:

qh =
(T1 − T2)

Rcd
=

(T1 − T2)kh A

L
(4.10)

Convective heat transfer at the right hand side of the body is given by:

qh =
(T2 − Tamb)

Rcv
= (T2 − Tamb)hc A (4.11)

while heat transfer from the left hand side of the body in Fig.4.1 to the envi-

ronment at the right hand side of the body, combining conduction, convection

and radiation equals:
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qh =
T1 − Tamb

Rcd + RcvRr
Rcv+Rr

(4.12)

While using numerical methods for thermal modelling of the machines,

any device geometry can be considered. However, computation time is here

an issue compared with a lumped-circuit model. There are two types of nu-

merical methods available for thermal analysis: Finite Element Analysis (FEA)

and Computational Fluid Dynamics (CFD).

Finite Element Analysis of thermal behaviour gives very good results for

solid components. For the calculation of convection and radiation the ana-

lytical algorithms are adopted. Despite the possibility of easily modelling of

any geometry which is advantageous compared with analytical methods the

same knowledge about materials and surfaces (heat transfer coefficients) is

necessary. The Finite Element Method (FEM) became a standard tool for solv-

ing electromagnetic problems, however commercial software packages have

nowadays often included modules for thermal analysis. This gives a possi-

bility of strong coupling of two strongly dependent phenomena. Moreover,

electromagnetic FEM enables accurate prediction of power losses in the ma-

chine components. In case of analytical calculations, the losses are assumed to

be equally distributed over the considered geometry while in reality the op-

erational magnetic flux density is clearly space dependent. With electromag-

netic FEM it is possible to accurately detect the local losses in the geometry of

the machine. Considering the winding area, some assumptions are necessary.

While modelling the cross-section of the copper windings it is not possible to

precisely predict the position of each of the copper wires, insulation or air gap

in between the single conductors [85]. The computation time is the biggest is-

sue for FEM simulations, however for very specific and complex geometries

it may be the only solution.

Computational Fluid Dynamics is designed to determine the coolant flow rate,

velocity and pressure occurring in the air gap, cooling ducts or around the ma-

chine. It has been used since the 1990s, but without much impact at the begin-

ning due to the large number of assumptions and simplifications. Nowadays

with the availablity of affordable 64-bit computing power the CFD is becom-

ing a powerful tool for electrical machines design and efficiency optimization.

However, using this tool requires from the engineer a proper understanding

of fluid flow in and around the machine. With a proper meshing of the mod-

elled structure, an accurate simulation of heat transfer for laminar or turbulent

flow can be obtained. The biggest disadvantage of CFD apart from hardware

requirements is the difficulty in applying a mesh fine enough for obtaining

an accurate solution. To achieve that, a designer has to acquire a knowledge

about how to simplify the geometry without influencing results. Therefore,
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the most common mistakes while attempting the CFD analysis is due to mesh

errors.

4.4. FEM model

The investigation of the thermal behaviour was examined for a direct-drive,

radial flux, permanent magnet synchronous generator with 5MW nominal

power. The goal of this study is to compare the influence of the stator iron

material grade on the thermal properties of the PMSG for large scale wind

turbines. The main focus is to investigate the temperature of the permanent

magnets used in the generator. Exceeding a certain temperature limit can lead

to the demagnetization of the permanent magnet material. Moreover, it is cru-

cial to keep the temperature of the magnets as low as possible to keep the

value of the remanence high and with this to maximize the performance of

the machine.

4.4.1 Thermal properties of NdFeB magnets

Grades of permanent magnets are characterized by their coercive field Hc

and remanence flux density Br. NdFeB magnets with lower Hc typically have

higher Br and a higher energy product. According to [25], since 2004 NdFeB

magnets with Br= 1.52T are available on the market. However, the disadvan-

tage of these very strong magnets is that the maximum operating temperature

is limited to 100 degrees Celsius. The limited allowed operating temperature is

mainly related with the neodymium magnetic moment and its strong depen-

dence on the temperature. To increase the temperature tolerance of NdFeB

magnets the neodymium atoms are replaced with dysprosium. In this way,

the coercive field is increased but the remanence flux density is decreased.

NdFeB grades typically used for electrical machines have a maximal operat-

ing temperature at 150 degrees Celsius. Grades with a high content of dys-

prosium, and consequently with magnetic characteristics less influenced by

temperature, can operate until 200 degrees Celsius. However, for these grades

the highest available Br is about 1.2T at 20 ◦C [25].

4.4.2 Choice of the method for thermal analysis

Considering the advantages and disadvantages of the methods available for

thermal modelling (Table 4.1), the decision was made to use the Finite Element

Method. In the low speed radial-flux machine it is expected that most of the

heat (natural cooling) will be evacuated by conduction through the solid part

of the machine (stator and rotor yoke). The FEM is in particular suitable for

this type of simulations. Moreover there is a possibility of applying boundary
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conditions which take into account convection and radiation on the outer sur-

face of the modelled geometry. The used model, is a 2D FE model, although

cooling of the machine is a 3D problem. The cooling of the end winding is

neglected as well as the axial variation of the temperature of the stator and

rotor.

Table 4.1: Thermal network vs FEM

Thermal analysis methods comparison

Finite Element Lumped parameter

Advantages: Advantages:
More accurate solving of the heat Set of linear equations to solve the

conduction problem
Possibility of solving transient and Possibility of modelling axial and

steady-state problem with large radial heat transfer
temperature gradients Short computational time

Any device geometry can be
modelled

More detailed models, thanks to the
coupling with electromagnetic

FEM-models

Disadvantages: Disadvantages:
Computation time Difficulties in defining a circuit that

Necessity of solving partial accurately models the main
differential equations heat-transfer paths

Difficulty with taking the heating
of the cooling fluid into account

Complexity of problem while
solving 3D geometry

4.4.3 The heat transfer equation description

2D models are used for describing heat transfer phenomena with the finite

element method. The applied conduction application mode of this software

enables modelling heat transfer by conduction, as well as convection and ra-

diation around the edges and boundaries.

Eqn (4.2) is the heat equation to be solved.

On the outer boundaries of the model a few types of conditions are possible,

e.g. heat flux, insulation or symmetry, prescribed temperature, zero tempera-

ture. The heat flux at a boundary is described by (see also Fig. 4.2):

n · (kh∇T) = q0 + hc(Tamb − Ts) + Cconst(T4
rad − T4

s ) (4.13)

where
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Figure 4.2: Relation between body, ambient and radiation temperature. T1 - hot object
temperature, Tamb - temperature of the bulk ambient, Trad - temperature of the surrounding
for radiation.

q0 represents a heat flux that enters a domain [W/m2]

hc is the convection heat transfer coefficient [W/m2K]

Tamb represents the ambient bulk temperature [K]

Trad is the temperature of the surrounding radiation environment [K]

Cconst = εσB (4.14)

where

ε is the material property called surface emissivity (dimensionless)

σB is Stefan-Boltzmann constant [W/m2K4].

4.4.4 Settings of the FEM model

The modelled generator is a direct-drive, radial flux, 3-phase PMSG with nom-

inal power of 5MW. The FEM thermal model consists of one pole pair as pre-

sented in Fig. 4.3. In Fig. 4.3 b) a temperature distribution obtained with the

FE model is presented for the considered generator type as an example 1.

Boundary condition

On the outer boundary of the stator and rotor yoke (left and right boundaries

of the model (Fig. 4.3 a))), the heat flux boundary condition Eqn. (4.13) was

used.

1 The run time of the thermal FE model with fixed geometry, assigned heat sources and
heat coefficients is about 8 seconds for a PC with 3.2GHz CPU and 3GB RAM.
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(a)

(b)

Figure 4.3: (a) FEM geometry of thermal model. 1 - rotor back iron, 2 - air gap, 3 - permanent
magnet (NdFeB), 4 - copper area cross-section, 5 - stator tooth, 6 - stator yoke. The PM
region has a surface layer used to describe the eddy current loss in the PMs (b) An example
of temperature distribution in the generator calculated with thermal FE model. Distribution
calculated for a generator with 50 pole pairs, 35 tons of allowed active mass, 8 meters air
gap diameter and steel grade M250-50A. Simulation performed for the rated power of the
generator.

For the case of the inner rotor back iron surface, a forced air cooling was ap-

plied. The convective heat transfer coefficient was calculated in Appendix B.
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The radiation in case of the rotor was neglected due to the low temperature

gradient.

Most of the heat in the generator is produced in the stator, due to the iron and

copper losses. To maintain a temperature that will not cause the overheating

of windings or demagnetization of the PM, an efficient cooling system is re-

quired for the stator. Therefore, a water jacket is considered around the outer

surface of the stator. The heat transfer coefficient for a given cooling strategy

of the stator is also calculated in Appendix B.

On the top and bottom boundary of the model, the thermal insula-

tion/symmetry condition was applied. The thermal symmetry condition is

described by the following equation:

n · (kh∇T) = 0 (4.15)

On the boundaries of the rotor yoke in between magnets - see the bold lines

in Fig. 4.3 a) - a heat source q0 was applied. q0 represents the losses in the

rotor back iron. The losses are calculated by the 2D time stepping FE model

presented in Chapter 3. This model calculates resistive heating in the rotor

back iron which is the result of the eddy currents. The calculated heat source

q0 is relatively small due to the large size of the air gap and the shielding effect

of the permanent magnets.

Subdomain settings

Table 4.2: Properties of the materials in the PMSG

Material properties for considered PMSM

thermal
generator part material mass density heat capacity conductivity

[kg/m3] [J/kgK] [W/mK]

rotor yoke steel 7650 490 23-38
air gap air 1.2 1012 0.026

PM Nd-Fe-B 7500 500 9
stator steel 7650 490 23-38

insulation insulation 1400 1040 1
windings copper 8900 390 400

To the subdomains of the modelled generator (Fig. 4.3 a)), the material prop-

erties were assigned as presented in Table 4.2. To the domains where heat

is produced due to losses, heat sources were assigned. For these domains it

was assumed that the distribution of losses over the surface of the domain is

uniform. As mentioned before the heat source for the rotor back iron is not

applied to the domain, but to the boundaries between the magnets.
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The domains of the permanent magnets were divided into two subdomains as

presented on Fig. 4.3 a). The one closer to the back iron has no source of heat

(q0 = 0), while the layer on the right hand side of the magnet has assigned a

proper value of losses. The magnets are divided due to the assumption that the

heat source should be located close to the surface of the magnet. The value of

the magnet losses is calculated in Chapter 3. The model is enabling simulation

of the magnet losses caused by the slot effects as well as by the time harmonics

in the air gap caused by the specific distribution of the copper windings. In this

chapter, the time harmonics of the current were assumed to have a negligible

effect on the magnet losses. Therefore they were neglected.

To assign more accurately the loss density in the stator iron, the stator is di-

vided into teeth and yoke regions (see Fig. 4.3 a)). Teeth in the machines are

often characterized by higher magnetic induction levels, and therefore higher

loss densities. The loss density values for the soft magnetic material regions

are computed by the analytical model of the PMSG in Section 2.3.6 based on

the loss theory presented in Appendix A.

The copper regions represented in Fig. 4.3 a) (domains denoted by ’4’) contain

also a heat source. The loss density is obtained by dividing the resistive loss

value of a single phase winding by the total volume of the single phase copper

winding. The resistive loss value is calculated with the analytical electromag-

netic model from Chapter 2. The following equation was used:

PJ = mRa I2 (4.16)

where m is the number of phases of the machine, I is the rms phase current and

Ra is the single phase resistance. The model takes into account the temperature

dependence of the resistance.

In the air gap domain it was assumed that there is no forced air cooling im-

plemented (no exchange of air with the ambience). However, the air in the air

gap is moving due to the rotation of the rotor and natural convection of the

air. To include the convection in the air gap in the radial direction a proper

calculation was performed to convert the convection heat transfer coefficient

into an equivalent thermal conduction coefficient (Appendix B).

The mechanical friction, defined in section 2.3.7, is not considered as a heat

source for the thermal model.
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Figure 4.4: Flow chart of the procedure for thermal distribution computation.

4.5. Influence of the steel properties on the temperature distribution

in the generator

4.5.1 Procedure of comparison

In this chapter the temperature distribution in the PMSG was compared for

different generator geometries (optimized for 50 and 150 pole pairs) and 11

steel grades. The main focus of the research is on the influence of the steel

grade. Eleven steel grades with different values of the specific loss value and

different thickness were taken into account for the comparison. For the ther-

mal model, it is expected that two material properties will have an influence

on the generator’s temperature: the specific loss value and the thermal con-

ductivity of the steel. Fig. 4.5 presents the considered steel grades with their

corresponding thermal conductivity. It is important to notice that the value

of thermal conductivity is independent of the specific loss value or thickness

of the lamination. It mainly depends on the chemical composition of steel. In

Appendix E the magnetization characteristics of the eleven steel grades are

presented.
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Figure 4.5: Thermal conductivity for the different steel grades.

For simplicity, the value of the magnet losses per surface is considered to be

dependent only on the geometry of the tooth tip and the segmentation of the

magnet. It is assumed that the optimal geometrical design for each of the steel

grades does not have an influence on the magnet losses. The magnet losses

were calculated in Chapter 3.

The geometry used for the loss calculation was an optimal design for the steel

grade M800-65A, for the generator with 50 pole pairs and 35 tons of allowed

active mass. The geometrical optimization strategy used was presented in sec-

tion 2.8. Here, the value of the magnet losses used for geometrical optimiza-

tion was 300 W/m2 (see section 2.3.6). The obtained results of magnet loss

calculation for 4 cases of geometry (with different shape of tooth tips and dif-

ferent magnet segmentation strategy) are presented in Table 4.3. The calcula-

tions were made under full load conditions of the generator.

The optimization was repeated for the steel grade M250-50A, for the generator

of 35 tons of allowed active mass and two values of number of pole pairs (50

and 150), making use of the magnet loss values computed in Chapter 3. There-

fore in the following paragraphs the temperature distribution dependence on

the steel grade is presented for two geometries, for the 50 pole pair generator

and the 150 pole pair generator. These two geometries correspond to the opti-

mized geometry belonging to the grade M250-50A, see e.g. Table 4.4 and 4.8.

Until now, in both cases only the variant with segmented magnets and narrow

slot opening was considered (see Fig. 3.4).
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Table 4.3: Magnet losses per surface for 4 cases of generator geometry. (see Chapter 3)

wide slot narrow slot
opening opening

non segmented
6076 4757

[W/m2] [W/m2]
segmented

2220 1936
[W/m2] [W/m2]

4.5.2 Thermal distribution analysis for the 50 pole pair generator

The thermal model described in section 4.4 was used to compare the tem-

perature distribution in the PMSG for different steel grades. The considered

PMSG is a 50 pole pair machine with 35 tons of active material, and 5MW

rated power. The geometry was optimized, from magnetic point of view, for

material grade M250-50A with respect to annual efficiency. Table 4.4 presents

the main geometrical parameters (important for thermal modelling) of the op-

timized generator.

Table 4.4: Optimized geometry for M250-50A, 50 pole pairs, 35 ton allowed active mass of
the 5MW generator.

d = 9.8092 [m] Air gap diameter
hs = 0.0809 [m] Slot height
l = 0.5474 [m] Core length of the stator

hm = 0.0530 [m] Magnet thickness
bm = 0.2157 [m] Magnet width

The thermal model requires the calculation of the proper heat transfer coeffi-

cients, which are the result of the chosen cooling strategy and are dependent

on the geometry of the generator. Table 4.5 presents the calculated values for

the given geometry of the 50 pole pair generator. The way of calculating these

values is explained in detail in Appendix B.

Another important group of quantities, for the computation of the tempera-

ture distribution, is the heat sources. The way of identification of heat sources

is presented in section 4.4. The intensity of the heat sources is directly depen-

dent on the loss values for a given part of the machine. The loss values for the

50 pole pair generator are presented in Table 4.6. It is important to remember

that all these losses were designated for rated power conditions (rated load).
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Table 4.5: Heat transfer coefficients calculated for different parts of the geometry

kairgap = 0.0886 [W/mK] Thermal conductivity in the air gap

hstator = 412.4712 [W/m2K] Convective heat transfer coefficient
in the stator outer surface

hrotor = 37.4 [W/m2K] Convective heat transfer coefficient
in the rotor inner surface

Table 4.6: Steel grades considered for the comparison of the temperature distribution in
the generator with 50 pole pairs.

iron copper magnet rated annual
losses losses losses efficiency efficiency

steel grade [kW] [kW] [kW]

M250-50A 7.46 161.82 22.87 95.77 95.75
M330-50A 10.41 161.58 22.87 95.70 95.64

M330P-50A 9.25 161.67 22.87 95.73 95.68
M400-50A 10.43 161.58 22.87 95.70 95.63

M400XP-50A 10.51 161.57 22.87 95.70 95.63
M600-50A 15.04 161.20 22.87 95.60 95.45
M310-65A 7.52 161.81 22.87 95.76 95.75
M400-65A 10.44 161.57 22.87 95.70 95.63

M470P-65A 11.39 161.50 22.87 95.68 95.6
M600-100A 11.02 161.53 22.87 95.69 95.62
M1300-100A 18.37 160.93 22.87 95.53 95.33

In Table 4.6, it can be observed that for the rated power condition of the gen-

erator, the copper losses are dominant and are one to two orders higher than

the iron losses. This is mainly due to the very low frequency of the generator.

For the 50 pole pair machine and 12 rpm of considered rated speed, the rated

frequency is only 10 Hz. Since the geometry for every steel grade is the same,

also the magnet losses are equal. A large difference can be observed between

the values of rated iron losses for the specific electrical steel grades. For each

group of lamination thickness (0.5 mm, 0.65 mm and 1 mm) the loss value

is increasing with increasing value of specific losses of the grade. The lowest

rated losses are for grade M250-50A and the highest for M1300-100A, as could

have been expected.

The last two columns of Table 4.6 present the rated efficiency and the annual

efficiency respectively. It is interesting to observe that the difference between

the grades with the highest and lowest efficiency is different for the two types

of efficiencies presented. The highest efficiency grade is M250-50A, the lowest

is M1300-100A. The difference in rated efficiency is only 0.24 while for the an-
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nual efficiency the difference is 0.42. The reason for that is mainly the applied

geometrical optimization procedure. The goal of this procedure is to maximize

the annual efficiency taking into account the probability density distribution

function of the wind speed. Since the generator is mostly working at partial

load, the highest advantage of M250-50A over M1300-100A in efficiency will

be for the power corresponding with the average wind speed (7 m/s) and

not the rated wind speed (12 m/s). Fig. 4.6 presents the power loss curve of

iron and copper as a function of the wind speed for the grades M250-50A and

M1300-100A.
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Figure 4.6: Power losses curves of copper (a) and iron (b) losses for grades: M250-50A and
M1300-100A. Considered generator is 5MW power, 50 pole pairs and 35 tons of allowed
active mass.

In this study the average wind speed of the site is 7 m/s. For the wind speed of

12 m/s the iron losses for M1300-100A are more than two times the iron losses

for M250-50A (Fig. 4.6 (b)). The copper losses for both grades are almost equal

(Fig. 4.6 (a)). Due to the fact that the copper losses are much higher than the

iron losses for both grades, the difference in rated efficiency is not high (0.24).

While considering the average wind speed, which is 7 m/s, it can be observed

that the ratio of iron losses between grades is still the same while copper losses

have a less significant value comparing with the iron losses. Due to that, the

difference in efficiency between the two materials for a generator working

at 7m/s wind speed is 0.69. The efficiency for M250-50A is 95.32 while for

M1300-100A it is 94.63.

Finally, after defining the heat transfer coefficients for the chosen geometry

and the identification of the heat sources in the generator, the thermal FE

model was used to compare the temperature of different components of the

generator as a result of the magnetic and thermal properties of the steel grades

used for the stator lamination. The temperature was analyzed at rated power

in three points of the generator’s geometry: in the magnet (particularly close
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Table 4.7: Temperature distribution comparison for 11 steel grades. Compared generator
is 50 pole pair, 35 tons, 5MW rated power generator

Temperature in Temperature in Temperature in
steel grade the magnet the left copper the tooth center

surface region (Fig. 4.3)
[◦ C] [◦ C] [◦ C]

M250-50A 92 118 105
M330-50A 91 112 100

M330P-50A 87 98 87
M400-50A 90 108 96

M400XP-50A 87 98 88
M600-50A 87 98 87
M310-65A 92 118 105
M400-65A 91 112 100

M470P-65A 87 98 87
M600-100A 91 112 100
M1300-100A 87 98 88

Figure 4.7: Comparison of temperature of different parts of PMSG with 50 pole pairs and
35 tons of allowed active mass of the generator for 11 steel grades.

to the surface facing the stator), in the copper region at the side of the air gap

and in the center of the teeth. The results for the 50 pole pair generator are pre-

sented in Table 4.7 and Fig. 4.7. It can be stated that no significant difference

can be observed due to the magnetic properties of the steel grade used. This is

a result of the low value of iron losses compared to the value of copper losses

for the rated power of the generator. In other words, while using different steel
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grades, a change in the value of iron losses does not have a significant influ-

ence on the value of total losses of the machine. Differences of temperature

levels for different steel grades are related mainly with the value of the ther-

mal conductivity of the particular grade (see Fig. 4.5). The higher the thermal

conductivity of the steel grade the lower the temperatures. Mostly influenced

are the temperatures of stator tooth and copper winding. In the considered

case, the magnet temperature doesn’t depend strongly on the electrical steel

grade. Indeed, as a result of the chosen cooling strategy the heat transfer in

the air gap is not significant. Therefore, the temperature of the stator cannot

strongly influence the temperature of the magnets.

4.5.3 Thermal distribution analysis for the 150 pole pair generator

As can be observed in section 2.8.1, the optimal number of pole pairs for a

direct-drive machine with 35 tons of allowed mass of the generator is higher

than 50. Therefore, a similar exercise for the usage of the thermal model was

performed for the generator with 150 pole pairs. The thermal model described

in section 4.4 was used to compare the temperature distribution in PMSGs for

different steel grades. The considered PMSG is a 150 pole pair machine with 35

tons of active material, and 5MW rated power. The geometry was optimized,

from magnetic point of view, for the material grade M250-50A with respect to

annual efficiency. Table 4.8 presents the main geometrical parameters (impor-

tant for thermal modelling) of the optimized generator.

Table 4.8: Optimized geometry for M250-50A, 150 pole pairs, 35 tons allowed active mass
of the 5MW generator.

d = 23.6312 [m] Air gap diameter
hs = 0.0980 [m] Slot height
l = 0.1978 [m] Core length of the stator

hm = 0.0297 [m] Magnet thickness
bm = 0.1732 [m] Magnet width

The thermal model requires the calculation of the proper heat transfer coeffi-

cient values. These are the results of the chosen cooling strategy and are de-

pendent on the geometry of the generator. Table 4.9 presents the calculated

values for the given geometry of the considered 150 pole pair generator.

Loss values for the 150 pole pair generator are presented in Table 4.10. It is

important to remember that all the losses were designated for rated power

conditions (rated load).

In Table 4.10 it can be observed that for the rated power condition of the gen-

erator the copper losses are dominant, however in the same order as the iron
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Table 4.9: Heat transfer coefficients calculated for different parts of the geometry

kairgap = 0.1901 [W/mK] Thermal conductivity in the air gap

hstator = 123.6906 [W/m2K] Convective heat transfer coefficient
in the stator outer surface

hrotor = 45.8674 [W/m2K] Convective heat transfer coefficient
in the rotor inner surface

Table 4.10: Steel grades considered for the comparison of the temperature distribution in
the generator with 150 pole pairs. The values of the losses are given for one machine

iron copper magnet rated annual
steel grade losses losses losses efficiency efficiency

[kW] [kW] [kW]

M250-50A 13.48 61.21 19.92 97.62 97.08
M330-50A 21.19 60.97 19.92 97.45 96.8

M330P-50A 17.50 61.08 19.92 97.53 96.93
M400-50A 18.91 61.04 19.92 97.50 96.86

M400XP-50A 19.81 61.01 19.92 97.48 96.83
M600-50A 27.73 60.77 19.92 97.30 96.51
M310-65A 15.03 61.16 19.92 97.59 97.03
M400-65A 19.08 61.03 19.92 97.50 96.87

M470P-65A 22.61 60.92 19.92 97.42 96.74
M600-100A 26.03 60.82 19.92 97.34 96.65
M1300-100A 39.90 60.39 19.92 97.03 96.11

losses. This makes it different from the previously considered case of the gen-

erator with 50 pole pairs and is a result of the much higher frequency than

in the previous case. For the 150 pole pair machine and 12 rpm of considered

rated speed, the rated frequency is 30 Hz. A large difference can be observed

between values of rated iron losses for specific grades. For each group of the

lamination thickness (0.5 mm, 0.65 mm and 1 mm) the loss value is increasing

with increasing value of specific losses of the grade. The lowest rated losses

are for grade M250-50A and the highest for M1300-100A.

The last two columns of Table 4.10 present rated efficiency and annual effi-

ciency respectively. Again it is interesting to observe that the difference be-

tween the highest and lowest efficiency grade is different for the two types

of efficiencies presented. The difference in rated efficiency is only 0.59 while

for the annual efficiency the difference is 0.97. The reason for that is mainly

the applied geometrical optimization procedure, similar as in the case of the

50 pole pair machine. The goal of this procedure is to maximize annual effi-

ciency taking into account the probability density distribution function of the
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Figure 4.8: Power losses curves of iron and copper losses for grades: M250-50A and M1300-
100A. The considered generator has 5MW power, 150 pole pairs and 35 tons of allowed
active mass.

wind speed. Since the generator is mostly working at partial load, the highest

advantage of M250-50A over M1300-100A in efficiency will be for the power

corresponding with the average wind speed, and not the rated wind speed.

Fig. 4.8 presents the power losses curve of iron and copper losses as a function

of the wind speed for the grade, M250-50A and M1300-100A.

Finally, after defining the heat transfer coefficients for the chosen geometry

and after the identification of the heat sources in the generator, the thermal

FE model was used to compare the steady state temperature of different com-

ponents of the generator as a result of magnetic and thermal properties of

steel grades used for the stator lamination. The temperature was analyzed in

the same three points of the generator’s geometry: in the magnet (particularly

close to the surface facing the stator), in the copper region on the side of the

air gap and in the center of the tooth. Results for the 150 pole pair generator

are presented in Table 4.11 and Fig. 4.9. Based on the results it can be stated

that in this case the magnetic properties of the steel do have influence on the

temperature distribution in the generator. The temperature in the stator iron

and the copper windings for the low loss grade (M250-50A) can be more than

10 degrees lower than for the high loss grade (M1300-100A), despite the large

difference in thermal conductivity for the advantage of high loss grade (com-

pare with Fig. 4.5). In case of grade M330P-50A, the combined effect of low

iron loss value and high thermal conductivity can be observed. This grade

causes the lowest temperature of all for all considered parts.
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Table 4.11: Temperature distribution comparison for 11 steel grades. Compared generators
have 150 pole pairs, 35 tons, 5MW rated power generator

Temperature in Temperature in Temperature in
steel grade the magnet the left copper the tooth center

surface region (Fig. 4.3)
[◦ C] [◦ C] [◦ C]

M250-50A 79 71 69
M330-50A 80 75 73

M330P-50A 78 69 67
M400-50A 79 73 70

M400XP-50A 78 71 68
M600-50A 80 75 73
M310-65A 79 73 70
M400-65A 79 74 72

M470P-65A 79 72 70
M600-100A 80 79 77
M1300-100A 81 84 82

Figure 4.9: Comparison of temperature of different parts of PMSG with 150 pole pair and
35 tons of allowed active mass of the generator for 11 steel grades.

Temperature differences for the magnets are not so significant due to the

rather inefficient heat transfer in the air gap of the machine.
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4.6. Influence of limited diameter on the temperature distribution in

the generator

In section 4.5 the temperature distributions are compared for different steel

grades. This comparison is done for two generator geometries which were ob-

tained as a result of geometrical optimization performed for the grade M250-

50A using the algorithm described in section 2.8. Optimization was done for

50 and 150 pole pairs, without a limit of the air gap diameter. As a result, the

optimal generators, from the magnetic point of view, have an air gap diameter

of 9.8 and 23.6 meters for a 50 and 150 pole pair generator, respectively. While

investigating the market of wind turbines it can be observed that a trend of

limiting the air gap diameters is present. This is mostly due to the transporta-

tional and constructional issues. To be able to use the inland transportation

systems (highways) the width of the transported part has to be limited to 5

meters. To fit in these mentioned limitations, the comparison of temperature

distributions was performed for the optimized geometries where the air gap

diameter was limited.

Three diameter limits were analyzed (4, 6 and 8 meters). The work flow lead-

ing to the temperature distribution results is similar to the work flow pre-

sented in Fig. 4.4. Here, the step concerning geometrical electromagnetic opti-

mization is only performed for 50 pole pairs. As before the optimization was

done for the steel grade M250-50A with an active mass limit of 35 tons and

now for three diameter limits.

4.6.1 Geometrical optimization for limited diameters

Geometrical electromagnetic optimization of the generator for the material

M250-50A, for an active mass limit of 35 tons and the air gap diameter limits

of 4, 6 and 8 meter resulted in three different geometries. Table 4.12 presents

the parameter values for the three optimized generator geometries.

Table 4.12: Optimized generator parameters for a limited air gap diameter of 4, 6 or 8
meter, with 35 tons of allowed active mass.

air gap diameter limit [m] 4 6 8

no. of pole pairs 50 50 50
axial length [m] 2.34 1.13 0.74

magnet thickness [m] 0.023 0.035 0.04
active mass [tons] 35 35 35
annual efficiency 93.2 95.3 96.0
rated efficiency 92.8 95.3 96.1
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It can be observed (Table 4.12) that limiting the air gap diameter decreases

the annual efficiency. Notice that for the same active mass limit for the three

generators, the generator with a larger air gap diameter corresponds with a

shorter axial length.

4.6.2 Parameters for the thermal model

The applied cooling strategy and the heat sources identification procedure are

the same as in section 4.5. This means that water jacket cooling is applied for

the outer surface of the stator and the inner part of the rotor is air cooled. The

convective heat transfer coefficients corresponding to the enforced air cooling

of the rotor were calculated for an air velocity of 10 m/s. The coefficient values

were estimated at 28.0, 32.4 and 35.3 W/m2K [88] for the generator with 4, 6

and 8 meters air gap diameter respectively. The thermal radiation in the model

is neglected. As before heat sources were assigned to copper windings, iron

volumes of the stator, permanent magnet and the outer surface of the rotor

iron, the latter in order to include the effect of the higher harmonics on the iron

losses in the rotor. Most of the heat in the generator is produced in the stator,

due to the iron and copper losses. The heat transfer coefficient for the water

cooling of the stator outer surface was estimated using a FE model (hstator =

216.2 W/m2K), see Appendix B.

4.6.3 Wind generator with 4 meters air gap diameter

The generator geometry used for the comparison of the temperature distribu-

tions for 4 meters air gap diameter is the same for all considered steel grades,

i.e. the optimized geometry given in Table 4.12.

The value of the magnet losses for this machine is computed to be 39.9 kW

and is assumed to be equal for all the considered steel grades. Here, the tech-

niques described in Chapter 3 were used. For the considered machine with 50

pole pairs, the frequency of the generator is low, i.e. 10Hz. From the analyti-

cal electromagnetic model we obtained that the copper losses in the machine

for full load are 300 kW, which is one order of magnitude more than the iron

losses, see Fig. 4.11 (a). Due to that, the thermal distribution is not significantly

dependent on the electromagnetic property of the steel grade. It can be ob-

served that the temperatures of the copper and stator teeth are not rising with

the increase of the specific loss value of the steel grade applied (Fig. 4.10). The

temperature distribution in this case is dependent on the thermal properties

of the steel and the average temperature is decreasing with the increase of the

thermal conductivity (Fig. 4.10, 4.11 (a) and 4.12). The difference in the copper

temperature between the generator using a low loss steel grade (M250-50A)

and the generator with a high loss steel grade (M600-50A) is about 11.8 oC.
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Figure 4.10: Comparison of the temperature levels for the 4 meter air gap diameter gener-
ator using different steel grades.

The generator teeth temperature difference is 10.9 oC, while for the magnets it

is only 3.2 oC.

4.6.4 Wind generator with 6 meters air gap diameter

In case of the configuration with 6 meter air gap diameter, the magnet loss

value per machine is 28.9 kW for all steel grades. The copper losses (178 kW)

are also dominant compared with iron losses on Fig. 4.11 (b). For that reason,

even with increasing value of iron losses between the generator using M250-

50A and the one using M600-50A (see Fig. 4.11 (b)), the temperatures of the

components of the generators are decreasing (Fig. 4.13). In this case similarly

as in section 4.6.3 the dominant role in temperature distribution is held by

thermal properties of the steel grades (thermal conductivity, see Fig. 4.12). The

difference in the copper temperature between the generator using a low loss

steel grade (M250-50A) and the generator with a high loss grade (M600-50A)

is 8.9 oC. For the temperature of the teeth of the generator, the difference is 8.3
oC, while for the magnets it is only 2.6 oC.

4.6.5 Wind generator with 8 meters air gap diameter

For the generator configurations with 8 meters of air gap diameter the total,

full load magnet losses for the machine are equal to 24.9 kW for all the steel

grades. The same as in previous sections the full load copper losses (141 kW)

are dominant with respect to iron losses (Fig. 4.11 (c)). Therefore magnetic
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Figure 4.11: Full load iron losses per machine for: (a) 4 meter air gap diameter generator (b)
6 meter air gap diameter generator (c) 8 meter air gap diameter generator for 4 considered
steel grades (steel grades: 1 - M250-50A, 2 - M330-50A, 3 - M400-50A, 4 - M600-50A).
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Figure 4.12: Thermal conductivity for 4 considered steel grades (steel grades: 1 - M250-50A,
2 - M330-50A, 3 - M400-50A, 4 - M600-50A).

properties of the steel have no influence on the temperature distribution. The

difference in the copper temperature between the generator using low loss

steel grade (M250-50A) and the generator with high loss grade (M600-50A) is

5.2 oC. For the temperature of the tooth of the generator the difference is 4.8
oC, while for the magnets it is only 2.3 oC, see Fig. 4.14.
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Figure 4.13: Comparison of the temperature levels for the 6 meter air gap diameter gener-
ator using different steel grades.
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Figure 4.14: Comparison of the temperature levels for the 8 meter air gap diameter gener-
ator using different steel grades.

While comparing temperature distributions for the three presented genera-

tors, it can be easily observed that the highest temperatures of the components

are for the generator with an air gap diameter equal to 4 meters. This is a result

of the lowest efficiency of this generator (see Table 4.12) and of applying the

same intensity of cooling system for all three generators (in particular water

cooling of the stator outer surface). The 4m generator has less surface, hence
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less cooling. Since the cooling system was designed to protect copper wind-

ings and magnets in the least efficient of the compared generators, it can be

observed that the temperatures of components in case of the two generators

with larger diameters (6 and 8 m) are significantly under the acceptable limits

for the copper and PM components. The highest difference in the temperature

between generators with different steel grades is observed in the case of the

generator with 4 meter air gap diameter. In all three cases no significant influ-

ence of the steel grade choice on the magnets temperature has been observed.

It is a result of the relatively weak heat transfer from stator to rotor through

the air gap.

4.7. Conclusions

The thermal model for the study of the temperature distribution in the PMSG

was developed. The influence of the magnetic and thermal properties of the

electrical steel on the temperature distribution was studied. It was shown, that

the significance of the magnetic properties comparing with the thermal prop-

erties depends on the electrical frequency of the machine.

It is important to notice that the low loss electrical steel grades have rather

low thermal conductivity. The opposite takes place for the high loss grades.

Keeping that in mind, it was shown that for the generator with a low electri-

cal frequency (50 pole pairs) the thermal properties of the electrical steel have

a greater influence on the temperature distribution in the generator. The op-

posite happens for the higher electrical frequency of the generator (the config-

uration with 150 pole pairs), where the specific loss of the material grade is the

more dominant material property compared with the thermal conductivity.



CHAPTER 5

Conclusions and future work

5.1. Main conclusions

In the first chapter of the thesis, an overview of the wind energy generator sys-

tems was presented. It was shown that during the last 20 years, the wind tur-

bine generator concepts were changing. By taking into account the currently

installed wind turbines in the MW power range, it is evident that the asyn-

chronous generators are still the most common generators. However, analyz-

ing the new designs being introduced to the market by the leading manufac-

turers over the last 5 years, it is clear, that the permanent magnet synchronous

generator became the most popular. This is a fact despite the uncertainty in

price and availability of the rare earth type materials used for manufacturing

the NdFeB magnets. Therefore, based on the market review, the PMSG is con-

sidered to be the most interesting type of generator to be investigated for the

given application.

Considering different wind turbine concepts within the ones using PMSG it

is rather difficult to find the dominating trend. However, the market of wind

turbines with a PMSG can be divided into two parts.

The first part of the market is focusing on decreasing the maintenance cost

of the wind turbines by avoiding the use of a gearbox and minimizing the

number of moving elements in the wind turbine. The so called ”direct-drive”

concept corresponds however with large dimensions of the generator. More-

over, the transportational and constructional difficulties of such machines re-

sult in additional costs. Some manufacturers, i.e. Siemens, try to overcome

this difficulty for direct-drive design, by reducing the generator diameter to

the maximal size that allows easy transportation.

The second part of the market seems to have the objective to reduce the initial

cost of the investment by reducing the generator system cost. In this case,

gearboxes of different number of stages and ratios are used to decrease the size
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of the generator and therefore, to make the transportation and construction

easier and cheaper. However, this introduces the additional cost and weight

of the gearbox together with a need of its maintenance (lubrication), additional

power losses, a risk of failure and possible necessity of replacing the gearbox

within the lifetime of the wind turbine.

In this thesis, the choice is made to investigate the PMSGs in different gen-

erator systems. At first, an analytical magnetic model is developed for the pre-

liminary study of the direct-drive system as well as the system with a single

stage gearbox. The analytical model is developed in such a way to allow the

study of the influence of the magnetic properties of the electrical steel on the

performance of the generator. Combining the model with a genetic algorithm

allows the geometrical optimization of the generator for certain input values

of the parameters like: the total allowed active mass, the number of pole pairs,

the air gap diameter or a choice of different electrical steel grades.

In chapter 2, it is shown that the analytical model of the PMSG proved to be

sufficient for a preliminary study of the influence of the electrical steel grades

as well as wind speed conditions on general trends with respect to generators

geometry and performance. The genetic algorithm was used for the geometri-

cal optimization of the generator considering two objective functions: on the

one hand the maximization of the efficiency at rated load of the generator, on

the other hand the maximization of the annual efficiency. At first, the study

was performed for a variable air gap diameter of the generator, which proved

that, the pure electromagnetic optimum aims at very high air gap diameters.

Therefore, to make the study around the industrially applied sizes of genera-

tors, the air gap diameter was given several fixed limits corresponding with

the industrial sizes of generators of high power (in a range of 4-12 meters).

It was shown, that a generator design for wind energy applications should

take into account the wind speed distribution function to maximize the an-

nual energy output for given mechanical input power. Moreover, from the

energy efficiency point of view, it is beneficial to design generators for the

specific wind conditions of the sites where they are intended to operate. For

that, different Weibull wind speed distribution functions can be applied.

The geometry of the generator has been optimized for different steel grades.

The difference in geometry optimized for different steel grade is the most sig-

nificant when the air gap diameter is used as an optimization variable. It can

be observed, that generator geometries optimal from magnetic point of view

and using low loss steel grades tend to have larger diameters and higher num-

ber of pole pairs than optimal generators using high loss steel grades. In the

optimization with fixed air gap diameter it is still a case that generators with

low loss steel grade have higher optimal number of pole pairs.

It was proven that the introduction of the single stage gearbox in the drive-

train introduces additional losses that bring down the annual efficiency below
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the level achieved by direct-drive generators. Moreover, using a gearbox in-

troduces the maintenance problem and additional downtime due to gearbox

failures. The clear advantage is the reduction in size of the generator itself

because the shaft speed of the generator is increased by the gearbox.

Furthermore, the influence of the magnetic steel properties on the geometry,

the used active mass and the annual efficiency of the generator are investi-

gated. For the direct-drive generator as well as for the generator with single

stage gearbox, using the low loss grade results in a higher optimized annual

efficiency and a higher optimal number of pole pairs. Moreover, with the exer-

cise of fixing the desired annual efficiency to 97.3% and optimizing the direct-

drive generator to get the minimal active mass consumption, it was revealed

that the generator using low loss electrical steel grades has a lower total active

mass.

After analyzing the trends with the use of the analytical model, the deci-

sion was made to proceed with a more extensive and accurate investigation of

the electromagnetic losses in the PMSGs for wind energy applications. Again,

two generator systems were analysed. The first type is the direct-drive con-

cept with a generator geometry resulting from the geometrical optimization

described in Chapter 2. The second type, is a high speed (3-stage gearbox),

commercialized generator designed for wind energy application.

The analytical model in Chapter 2 was using rather simple models for the es-

timation of the electromagnetic losses. In the design process of the PMSG, it

is crucial to correctly evaluate the losses in the magnets. Having the correct

estimation will influence the decision on the magnet segmentation. The seg-

mentation of the magnets is used to decrease the magnet losses. Moreover, the

iron loss model in Chapter 2 was assuming a sinusoidal magnetic induction

waveform in the stator iron. The goal of Chapter 3 is to investigate realistic

waveforms together with higher harmonics.

Chapter 3 presents models for the investigation of the electromagnetic losses

in a PMSG. The magnet losses were computed using two different FE mod-

els. Moreover, the iron losses were computed for the generator using different

electrical steel grades. Two methods for the iron loss computation were con-

sidered. Both types of losses were computed for the different load conditions

of the generator. The influence of the PWM current on the losses was investi-

gated and compared with the case of sinusoidal current.

Two FE models were developed for the calculation of the eddy current losses

in the magnets of the PMSG. The first one is a 2D model assuming the infinite

length of the magnets in the axial direction of the machine. The time stepping

algorithm is used to calculate the losses in the magnet. The second model is

a 2D-3D model that is using a series of ”static” type computations. Thanks to

the use of the 3D model it is possible to take into account the finite length of

the magnet in the axial direction. It was shown, that both models correspond
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with each other when the axial length of one magnet segment in 3D has the

full length of the machine assigned.

The developed FE models for the magnet loss calculation allow the study of

the influence of three different sources of losses (reluctance effect, winding

distribution and time harmonics in the stator current). Based on the 2D model

it was presented that the shape of the tooth tips has an influence on the magnet

losses. The geometry of a direct-drive PMSG with wide slot openings proved

to have much higher magnet losses than in the case of a narrow slot opening.

The influence of the time harmonics in the magnetic induction waveforms in

the magnets, originating from the higher harmonics in the waveform of the

stator current was studied with the use of the 2D-3D model. It was shown

that by adding the harmonics in the stator current, the magnet losses increase

significantly.

The influence of the segmentation of the magnets on the total magnet losses in

the machine was studied as well. The effect of circumferential segmentation of

the magnets was modelled with the 2D FEM. It was shown that dividing (cir-

cumferentially) the magnet of one pole into 8 segments can decrease the total

magnet losses more than two times. Moreover, the effect of axial segmenta-

tion was studied with the use of the 2D-3D model, e.g. for the studied 2.1 MW

machine the axial segmentation up to 72 segments results in reduction of total

magnet losses by factor 9. It was proven that the magnet segmentation is an

effective way of limiting the magnet losses in the machine.

Two approaches for the iron loss computations were presented. One is calcu-

lating losses in the iron in the frequency domain, using only the fundamen-

tal magnetic induction component. The second method is calculating the iron

losses in the time domain using the full time waveforms of the magnetic in-

duction recorded in the different parts of the stator iron. The approach in the

frequency domain proved to underestimate the total iron losses regardless of

the electrical steel grade used. This is because the magnetic induction wave-

forms recorded in the stator of the machine contain higher harmonics which

are not taken into account in the frequency domain.

Moreover, using the time domain model the effect of higher harmonics in the

stator current on the iron losses of the machine was studied. The higher har-

monics in the stator current, resulting from e.g. the use of PWM have a signif-

icant influence on the iron losses of the generator. In case of the 2.1 MW high

speed PMSG generator the increase of iron losses is in a range of 10% for the

simulations including higher harmonics in the stator current (PWM current).

Furthermore, the simulations proved that the higher harmonics in the stator

current have much greater influence on the magnet losses than on the iron

losses of the generator.

By having the accurate models for the electromagnetic loss computation,

it is possible to investigate another crucial issue within the process of design-
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ing the machine. The temperature distribution in the generator can be investi-

gated. The thermal modelling became an important part of the electrical ma-

chine analysis. This is due to the increasing importance of energy efficiency,

high power density as well as cost reduction. Moreover, market situations im-

pose the maximal exploitation of new topologies and materials. Therefore, to

meet the requirements of new designs, deep insight in the thermal behavior

is necessary. In case of the PMSG, the accurate estimation and limitation of

the temperature of the magnets is vital. Depending on the permanent magnet

properties, exceeding a certain limit of the temperature can lead to an irre-

versible demagnetization of the magnets and as a result to damaging of the

machine.

To facilitate the thermal analysis of the PMSG, a few steps had to be taken. The

first was to define the cooling strategy for the generator. Based on the review

of the systems available on the market, a choice was made. That choice was

followed by the identification of the heat transfer coefficients for crucial sur-

faces of the generator (i.e. inner and outer rotor surface). The last step before

proceeding with thermal analysis was the quantification of the heat sources

(power losses) in the specific parts of the generator. The iron, magnet and

copper power losses were identified based on the analytical and numerical

models described in chapters 2 and 3. Finally, the thermal model for the study

of the temperature distribution in the PMSG was developed.

The influence of the magnetic and thermal properties of the electrical steel on

the temperature distribution was studied. It was shown, that the significance

of the magnetic properties compared with the thermal properties depends on

the electrical frequency of the machine. It is important to notice that the low

loss electrical steel grades have rather low thermal conductivity. The oppo-

site takes place for the high loss grades. Keeping that in mind, it was shown

that for the generator with a low electrical frequency (50 pole pairs), the ther-

mal properties of the electrical steel have greater influence on the temperature

distribution in the generator than the specific loss value. Therefore, the tem-

perature can be lower in the high loss grades. The opposite happens for the

higher electrical frequency of the generator (the configuration with 150 pole

pairs); the highest temperature is in high loss grades.

It is important to notice that all the developed models are rather general

ones. This means, that they can be easily applied for a wide range of applica-

tions(i.e. see Appendix C).

5.2. Scientific contributions

The main scientific contributions as a result of the study presented in this the-

sis can be summarized as follows:
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• Choosing different material grades results in a different design for an opti-

mized generator. For example, it was shown that the generator optimized

for the low loss steel grade will have higher optimal number of pole pairs

than the generator optimized for the high loss steel grade.

• For the same annual efficiency of the generator the minimum of active

mass consumption is lower for low loss grades than for high loss grades.

While comparing active mass consumption for generators using M250-50A

and M600-50A for the 97.3% annual efficiency, the reduction in active mass

consumption using low loss steel grade can reach 47%.

• Magnet losses are strongly dependent on the size of the magnet and there-

fore on the segmentation. In case of the considered 2.1MW machine the

magnet losses can be reduced almost 8 times by using 72 axial segments. It

was shown that, by adding the harmonics in the stator current, the magnet

losses are increased substantially. In case of the considered 2.1MW machine

by changing the stator current waveform from sinusoidal to PWM current,

the magnet losses are increased by a factor seven.

• The higher harmonics in the stator current, resulting from the use of PWM

have a significant influence on the iron losses of the generator. For the

2.1MW generator if the PWM related harmonics in the current are taken

into account the iron losses increases around 10% (depending on the steel

grade) compared with the sinusoidal stator current. Furthermore, the sim-

ulations showed that the higher harmonics in the stator current have much

greater influence on the magnet losses than on the iron losses of the gener-

ator.

• The temperature distribution in the generator is dependent both on mag-

netic and thermal properties of the steel grade.

• It was shown, that the electrical frequency of the machine defines which of

the steel properties (magnetic or thermal) will influence more the temper-

ature distribution.

• With a higher pole pair number of the generator the magnetic properties

of the electrical steel are gaining importance with respect to temperature

distribution in the generator.

5.3. Future work

The future work with respect to this thesis could be done in the part of the

thermal modelling. Where the extension of the thermal modelling with CFD

analysis of the heat exchange in the air gap as well as in the end windings of

the machine could be done. In general, the modelling of thermal behaviour in

the generator is a key to a better exploitation of the materials. Better modelling

and therefore possible improvement in cooling of the machine would mean

possible increase of the power ratings even for the existing machines.
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With the use of the developed model the MW level generators for wind en-

ergy application were investigated. Similar methodology could be developed

for the low power range wind turbines. This kind of study would require ad-

justments of the models presented in the thesis. This is because, the direct-

drive generators for the low power wind turbines operate at much higher

rotational speed. Moreover, the axial flux PMSG are often used. Since, for

this power range the most appreciated is simplicity the use of a sophisticated

liquid cooling systems is limited. Therefore, the accurate thermal modelling

method would be desirable.

The next step of the research is to attempt modelling on the level of the

wind turbine system. Where a more accurate modelling of the behaviour of

the drive train could be taken into account. Moreover, the model of a converter

would be considered. In the current work the yearly operation of the system

was investigated by using the probability density distribution function of the

wind speed. This approach is averaging out the wind speed and considering

smooth transition between wind speeds. In reality, a frequent wind gusts with

different duration will occur and have influence on the drive train (variable

loads), generator (increase of speed). Therefore, the investigation of possible

transient behavior of the wind turbine system should be taken into account.

The cost assessment of the different generator concepts including the cost

of the active and constructional materials, power electronics, drive train and

the turbine itself. More importantly, including the manufacturing cost as well

as lifetime maintenance cost for onshore and offshore wind turbine systems.
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APPENDIX A

Statistical loss theory under

unidirectional flux patterns

1.1. Introduction

In [89] a 1D-magnetodynamic model of one electric conducting lamination

(of thickness d) has been studied in detail, see Fig.A.1. There, the orthogo-

nal cartesian coordinate system has been chosen in such a way that the x-

axis is orthogonal to the lamination. Throughout the lamination, the time de-

pendent unidirectional flux φ(t) flows in the z-direction and the magnetic

field H̄l as well as the magnetic induction B̄l have only one component, viz.

H̄l = Hl(x, t)ēz and B̄l = Bl(x, t)ēz, respectively 1. The macroscopic electromag-

netic fields are described by the well known diffusion equation resulting from

the proper Maxwell equations:

1

σ

∂2Hl

∂x2
=

∂Bl

∂t
, − d/2 < x < d/2, t > 0. (A.1)

Here σ is the electrical conductivity of the material. The relation between the

local Bl(x, t) and Hl(x, t) is described by a proper material model.

A general approach for the calculation of iron losses in soft magnetic lam-

inated materials under a unidirectional flux φ(t) is based on the separation of

the losses into three components: the hysteresis losses Ph, the classical losses Pc

and the excess losses Pe [90]. For a periodic flux φ(t), the hysteresis losses are

the losses which are obtained when considering the waveform φ(τ), τ = t/Tp,

with Tp → ∞, such that dynamic effects may be negligible, i.e.

1 The suffix ’l’ refers to the fact that we consider here local electromagnetic quantities,
depending on the position x within the electric conducting lamination and on time t.
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Figure A.1: Magnetodynamic model of one lamination, taking into account the three types
of iron losses: hysteresis loss, classical loss and excess loss

Ph = limTp→∞

1

Tpd

∫ Tp

0
dt

∫ d/2

−d/2
dx

(

Hl(x, t)
∂Bl(x, t)

∂t

)

, Tp =
1

f
. (A.2)

On the other hand, the classical losses are the losses which correspond with

the macroscopic eddy current density Jl(x, t) under the assumption of mag-

netization processes homogeneous in space, i.e. neglecting magnetic domain

structures and the corresponding movement of magnetic domain walls. The

classical losses are given by

Pc =
1

Tpd

∫ Tp

0
dt

∫ d/2

−d/2
dx

J2
l (x, t)

σ
, Jl(x, t) = −∂Hl(x, t)

∂x
, (A.3)

The excess losses Pe are the losses that remain when subtracting the hysteresis

and classical losses from the total electromagnetic losses:

Pe = Ptot − Ph − Pc, (A.4)

According to the statistical loss theory (SLT) [90], expressions for the excess

loss Pe are constructed. The classical losses are directly related to the electrical

conductivity of the material, including the homogenization of the magnetiza-
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tion processes, and the geometry of the sheet. The hysteresis loss and excess

loss depend on microstructural features such as grain size, crystallographic

anisotropy, defect structures, composition, etc.

1.2. Statistical loss theory for unidirectional time periodical flux con-

ditions

We take as starting point the statistical interpretation of the losses introduced

by Bertotti [90]. It is well known that the dynamic losses, i.e the classical and

excess losses mentioned above are the result of induced electrical currents due

to the time varying magnetic flux appearing in the electrical steel. According

to the classical theory, where the material is assumed to be magnetized in a

homogeneous way, these induced electrical currents are also distributed in a

homogeneous way, as described by Maxwell’s equations. Due to the magnetic

domain structure in ordinary magnetic materials, these induced electrical cur-

rents are not varying in a homogeneous way in space but are located around

moving magnetic domain walls. Domain structures are usually intricate tan-

gles of interconnected walls that can only be characterized in a statistical way.

One can attempt a general phenomenological description of the magnetization

process, where a certain number n of active correlation regions, randomly dis-

tributed in the specimen cross section, produce the overall observed magnetic

flux variation. Correlation regions are a way to describe the fact that, given

a Barkhausen jump, there is an enhanced probability that the next jump will

take place in the neighborhood of the previous one. The term magnetic objects is

often used in literature to refer to these correlation regions containing strongly

interacting magnetic domain walls.

In Bertotti’s theory, the applied magnetic field Hs(t) (magnetic field at the

surface of the electrical steel sheet) corresponding with the magnetic flux den-

sity B(t) in the electrical steel sheet has a hysteresis, a classical and an excess

field component, denoted by Hh(t), Hc(t) and He(t) respectively. Then, the

instantaneous hysteresis, classical and excess loss components are

ph(t) = Hh(t)
dB

dt
, pc(t) = Hc(t)

dB

dt
, pe(t) = He(t)

dB

dt
(A.5)

B(t) =
φ(t)

d
=

1

d

∫ d/2

−d/2
Bl(x, t)dx (A.6)

and

Ph =
1

Tp

∫ Tp

0
ph(t)dt, Pc =

1

Tp

∫ Tp

0
pc(t)dt, Pe =

1

Tp

∫ Tp

0
pe(t)dt (A.7)
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The instantaneous classical loss pc(t) is given by [90]

pc(t) =
σd2

12

(

dB

dt

)2

(A.8)

Also for the instantaneous excess loss pe(t) equations can be derived from

Bertotti’s theory. When focussing on the excess field He(t), it is shown in [90]

that this field can be written as a function of electrical conductivity σ, cross

section of the electrical sheet S and the time derivative of the magnetic flux

density in the electrical sheet:

He(t) =
σGS

n(t)

dB

dt
(A.9)

Notice that the number of simultaneously reversing magnetic objects n may

vary in time and G is a dimensionless coefficient:

G =
4

π3 ∑
k

1

(2k + 1)3
= 0.1356... (A.10)

The two time dependent functions in (A.9), i.e. He(t) and n(t), are not in-

dependent. In the statistical loss theory of Bertotti, simple relations between

them are postulated and the resulting excess loss equations are then validated

experimentally. From electromagnetic loss measurements, it became clear that

the assumption

n(t) = n0 +
He(t)

V0
(A.11)

holds quite well for the magnetization processes under unidirectional mag-

netic fields for non oriented electrical steels and for the rolling direction of

grain oriented electrical steels 2.

From (A.9) and (A.11), one obtains for an increasing magnetic flux density, by

eliminating n(t)

He(t) =
1

2
(

√

n2
0V2

0 + 4σGSV0
dB

dt
− n0V0) (A.12)

and consequently

pe(t) = He(t)
dB

dt
=

1

2
(

√

n2
0V2

0 + 4σGSV0
dB

dt
− n0V0)

dB

dt
(A.13)

2 The material behavior under rotational field conditions is out of the scope of this thesis.
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From (A.7), (A.8) and (A.13) one may compute the classical and excess loss for

any arbitrary time dependent periodic magnetic flux pattern:

Pc =
σd2

12

1

Tp

∫ Tp

0

(

dB

dt

)2

dt, (A.14)

and

Pe =
1

Tp

∫ Tp

0

1

2
(

√

n2
0V2

0 + 4σGSV0

∣

∣

∣

∣

dB

dt

∣

∣

∣

∣

− n0V0)

∣

∣

∣

∣

dB

dt

∣

∣

∣

∣

dt (A.15)

The material parameters n0 and V0 can be derived from electromagnetic loss

measurements - often under sinusoidal magnetic flux conditions - at different

frequencies and induction levels, see below.

1.3. Statistical loss theory under sinusoidal flux patterns

In the case a sinusoidal unidirectional flux φ(t) = dBpsin(2π f t) is enforced

to the electrical steel sheet, and moreover skin effects may be neglected, then

(A.3) or (A.14) reduces to

Pc =
1

6
σπ2d2B2

p f 2 (A.16)

According to the statistical loss theory [90], the magnetization process for an

arbitrary periodic magnetic flux φ(t) in a given cross section S of the lami-

nation can be described in terms of a number of n(t) simultaneously active

correlation regions, given by, see also (A.9)

n(t) =
σGS

(

dB
dt

)2

He(t) dB
dt

(A.17)

One may approximate the time average of n(t) by

ñ =< n >=

1
Tp

∫ Tp

0 σGS
(

dB
dt

)2
dt

1
Tp

∫ Tp

0 He(t) dB
dt dt

=

1
Tp

∫ Tp

0 σGS
(

dB
dt

)2
dt

Pe
(A.18)

In the case of a piecewise linear time variation of B(t) with only an absolute

maximum and minimum, (A.18) becomes

ñ =< n >=
16σGSB2

p f 2

Pe
(A.19)
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while in the case of a sinusoidal flux one has

ñ =< n >=
2π2σGSB2

p f 2

Pe
(A.20)

When defining the time averaged excess field H̃e by

H̃e =
Pe

4Bp f
(A.21)

we may rewrite (A.11) as

ñ = n0 +
H̃e

V0
(A.22)

Combining (A.19), (A.20) and (A.22), we obtain for the excess loss under a

piecewise linear time variation of B(t) with only an absolute maximum and

minimum

Pe = 2Bp f

(

√

n2
0V2

0 + 16σGSV0Bp f − n0V0

)

(A.23)

and under a sinusoidal flux pattern

Pe = 2Bp f

(

√

n2
0V2

0 + 2π2σGSV0Bp f − n0V0

)

(A.24)

Hence, under a sinusoidal excitation flux φ(t) = 2dBpsin(2π f t), the total loss

takes the form

Pt = Ph + Pc + Pe = Wh. f +
1

6
σπ2d2B2

p f 2 + cBp f (
√

1 + eBp f − 1). (A.25)

with c and e microstructural dependent parameters to be fitted.

For the comparison of the different iron loss model coefficients, a fully pro-

cessed non-oriented electrical steel of 0.3mm thickness was selected, with the

highest ratio of the excess to total loss.

1.4. Identification of n0 and V0 using formula in the frequency do-

main

The experimental identification of the microstructural dependent parameters

n0 and V0 is based on electromagnetic loss measurement under sinusoidal flux

for different frequencies and peak induction values.



1.5 SLT under arbitrary flux waveform and no minor loops 173

By subtracting from the measured total loss Pt,m(Bp, f ) (W/m3) the classi-

cal loss Pc(Bp, f ) given by (A.16) we may construct (Ph+Pe)/ f as a function of

the square root of the frequency f for the considered frequencies and induc-

tion peak levels, see Fig. A.2. By extrapolating the functions to zero frequency,

we may identify the ’measured’ hysteresis loss Ph,m(Bp) (W/m3) and conse-

quently also the ’measured’ excess loss Pe,m(Bp, f ) = Pt,m(Bp, f ) − Pc(Bp, f ) −
Ph,m(Bp).

In a next step we construct the function values ñ(H̃e) for discrete values of Bp

and f . Here we make use of (A.20) and (A.21), see Fig. A.3:

ñ =
2π2σGSB2

p f 2

Pe,m
(A.26)

and

H̃e =
Pe,m

4Bp f
(A.27)

The parameters n0 and V0 are then identified by constructing the linear func-

tion ñ(H̃e) approximating the discrete function values for the different Bp val-

ues, see Fig. A.3. The values for n0 and V0 are given in Fig. A.4. n0 and V0 are

parameters depending on the cross section S of the lamination, but show also

a Bp-dependence once the material shows saturation.

Notice that in literature, for the construction of the ñ(H̃e) functions, not (A.20)

but (A.19) is used even with measurement data under sinusoidal flux condi-

tions. As such this is not a problem as long as the parameter values, identified

using the excess loss equations in the frequency domain, for n0 and V0 are

later on used for the loss evaluation using the same frequency domain equa-

tion, i.e. (A.23). Inaccuracies may occur when using the parameter values in

the expressions in the time domain, i.e. (A.15).

1.5. Statistical loss theory under arbitrary flux waveform and no mi-

nor loops

The concept of loss separation is crucial, in the framework of the standard

loss model and its extension to non-sinusoidal induction [91], to the accurate

prediction of the power losses under a generic induction waveform. Let us

consider a periodic, non sinusoidal time dependence of the induction B(t) =
φ(t)

d .
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Figure A.2: Measured total loss minus classical loss versus square root of frequency.
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Figure A.3: Number of active correlation regions under sinusoidal flux conditions.

Hysteresis loss component

As minor loops do not occur, the hysteresis loss is independent of the time

waveform. It is determined by the peak value of the induction (see Eqn. (A.2)).
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Figure A.4: n0 and V0 from measurements as a function of Bp.

Classical loss component

The classical loss per cycle of the lamination with thickness d and conductivity

σ depends on the time derivative of B(t):

Wc =
1

12
σd2

∫ Tp

0

(

dB

dt

)2

dt (A.28)

Excess loss component

An expression for the energy excess loss per cycle for an arbitrary induction

waveform is given in [92]:

We =
n0V0

2

∫ Tp

0

(√

1 +
4σGS

n2
0V0

∣

∣

∣

∣

dB

dt

∣

∣

∣

∣

− 1

)

∣

∣

∣

∣

dB

dt

∣

∣

∣

∣

dt (A.29)

where n0 and V0 can be identified based on the loss measurements, see para-

graph 1.4 of this appendix. The total power losses for the non sinusoidal flux

waveform without minor loops can be derived from energy terms presented
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above:

Ptot = Ph + Pc + Pe = Wh. f + Wc. f + We. f (A.30)

1.6. Numerical validation of the time and frequency electromagnetic

loss models

1.6.1 Excess loss calculation in the frequency domain

For the n0 and V0 fitted as presented in Fig. A.4 the excess losses were cal-

culated to confirm correctness of the loss model. The loss model (A.24) was

fed with sinusoidal waveforms corresponding with peak induction values

and frequencies of the measured data. Simulated and measured data are com-

pared.

At first, the exact values of parameters n0 and V0 are used for different

peak magnetic induction values (Fig. A.4). The measured and calculated ex-

cess losses are presented in Fig. A.5. It can be observed that calculated excess

losses are corresponding very well with the measured ones, which confirms

the good fitting of the parameters n0 and V0. Fig. A.6 presents the error in ex-

cess loss estimation between measurements and the loss model. The error was

calculated for several magnetic induction values and frequencies.

The second step is the error analysis when approximating the n0(Bp) and

V0(Bp) functions by constant functions n0 = 85.1248 and V0 = 0.1765 [A/m].

Fig. A.7 presents the comparison of the measured and computed excess losses.

The excess losses were again calculated using the frequency domain model

with the use of n0 and V0 constant for all the peak values of the magnetic

induction. Fig. A.8 presents the error in excess loss estimation between mea-

surements and the loss model.

Finally, function n0(BP) and V0(Bp) are approximated by linear functions.

V0 = 0.15314Bp + 0.024678 [A/m] and n0 = 10.248Bp + 74.968. Fig. A.9 presents

the comparison of the measured and the computed excess losses. The excess

losses were calculated using the frequency domain model (A.24). The depen-

dence of n0 and V0 on the peak values of the magnetic induction was approx-

imated by the linear functions. Fig. A.10 presents the error in excess loss esti-

mation between measurements and the loss model.

1.6.2 Excess loss calculation in the time domain.

The excess losses in the time domain were calculated with (A.15). However,

the parameters n0 and V0 were fitted based on the equations in the frequency

domain (see section 1.4 of this appendix). The error caused by taking the ap-

proximations of (A.18)-(A.22) is evaluated. Fig. A.11 presents the comparison

of the measured excess losses with the excess losses calculated by the loss
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model with the use of the time domain equations. The dependence on the peak

magnetic induction of the parameters n0 and V0 used in Fig. A.11 is exactly

as in Fig. A.4. Fig. A.12 presents the error in excess loss estimation between

measurements and the loss model (A.15). The estimation of the excess losses

with a time domain model using the parameter values fitted in the frequency

domain is compared with the result of the excess loss calculation by the fre-

quency domain model. Fig. A.17 presents the error in excess loss computation

between the two models. It can be observed that for high frequencies, when

high excess losses are expected, the difference in loss estimation between the

two models is around 1.5 %.

Fig. A.13 and A.15 present the excess loss calculation by the time domain

model in comparison with the measured losses. In the first figure the param-

eters n0 and V0 are assumed constant for all the peak magnetic induction val-

ues. In the second figure the dependence of parameters on the peak induction

value is assumed linear, described by the expression given above. Fig. A.14

and A.16 present the error in excess loss estimation between measurements

and the loss model for the case of estimating the dependence of n0 and V0 on

the peak induction value by a constant and by a linear function, respectively.

1.6.3 Conclusions.

The fitting of the parameters n0 and V0 for the modelling of the excess losses in

the frequency domain was performed on the basis of measurements of the iron

losses under sinusoidal flux conditions for a large range of induction levels

and frequencies.

It was shown, that the modelled excess losses using the fitted parameter

values correspond well with the measurements under sinusoidal flux con-

ditions regardless the modelling method used (frequency or time domain

model).

It can be concluded, that by approximating the dependence of n0 and V0 on

the magnetic induction level by a constant or a linear function is introducing

an error in modelling the excess losses, when compared with measurements.

The approximation by a linear function introduces a smaller error than in the

case of an approximation by a constant.

While comparing excess losses calculated by frequency and time domain

models and using parameters n0 and V0 fitted for the frequency domain equa-

tions it can be observed that the time domain model introduces higher errors

in excess loss calculations. This can be observed by comparing Fig. A.6 and

A.12, Fig. A.8 and A.14, Fig. A.10 and A.16.
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Figure A.5: Simulated and measured excess losses under sinusoidal magnetic induction
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domain with n0 and V0 fitted in the frequency domain. Dependence of n0 and V0 on the
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peak induction value is approximated by a linear function.
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Figure A.10: Error in the estimation of the excess losses by the frequency domain model
with the use of parameters n0 and V0 fitted for frequency domain equation. Dependence of
n0 and V0 on the peak induction value is approximated by a linear function.
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Figure A.11: Simulated and measured excess losses under sinusoidal magnetic induction
for several values of peak magnetic induction. Simulation of excess losses in time domain
with n0 and V0 fitted in the frequency domain. Dependence of n0 and V0 on the peak in-
duction value is directly dependent on the fitting (Fig. A.4).
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Figure A.12: Error in the estimation of the excess losses in time domain with the use of
parameters n0 and V0 fitted for frequency domain equation. Values of parameters presented
in Fig. A.4
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Figure A.13: Simulated and measured excess losses under sinusoidal magnetic induction
for several values of peak magnetic induction. Simulation of excess losses in time domain
with n0 and V0 fitted in the frequency domain. Dependence of n0 and V0 on the peak in-
duction value is approximated by a constant.
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Figure A.14: Error in the estimation of the excess losses in time domain with the use of
parameters n0 and V0 fitted for frequency domain equation. Dependence of no and Vo on
the peak induction value is approximated by a constant.
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Figure A.15: Simulated and measured excess losses under sinusoidal magnetic induction
for several values of peak magnetic induction. Simulation of excess losses in time domain
with n0 and V0 fitted in the frequency domain. Dependence of n0 and V0 on the peak in-
duction value is approximated by a linear function.
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Figure A.16: Error in the estimation of the excess losses in time domain with the use of
parameters n0 and V0 fitted for frequency domain equation. Dependence of n0 and V0 on
the peak induction value is approximated by a linear function.
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(A.15)) in comparison with the computed loss value in the frequency domain (Eqn. (A.24)).
The values of the parameters n0 and V0 used are presented in Fig. A.4.



APPENDIX B

Thermal parameters choice and

identification

2.1. Introduction

In the thermal FE based model of the generator, described in Chapter 4, spe-

cific assumptions were made for the cooling strategy. It includes a water jacket

cooling of the outer surface of the stator, forced air cooling of the inner rotor

surface and no air exchange in the air gap of the machine. Applying the heat

flux equation, i.e. Eqn. (B.1) valid on a surface, requires an identification of

the parameters hc and Cconst which are dependent on the type of the cooling

applied as well as on the geometry of the cooled element (e.g see also [93]).

n · (kh∇T) = q0 + hc(Tamb − Ts) + Cconst(T4
rad − T4

s ) (B.1)

where

• kh represents the thermal conductivity [W/mK]

• q0 represents the heat flux that enters a domain [W/m2]

• hc is the convection heat transfer coefficient [W/m2K]

• Cconst is the product of the emissivity of the radiating surface and the

Stefan-Boltzman constant [W/m2K4]

• Tamb represents the ambient bulk temperature [K] (temperature of the

medium surrounding the body).

• Trad is the temperature of the surrounding radiation environment [K], (in

other words it is the temperature of a third body at which the hot body is

radiating).

In the considered case the Cconst parameter is neglected due to the small

temperature gradient for the inner surface of the rotor back iron as well as
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Figure B.1: Geometry of the model for the heat flux estimation through the outer surface
of the stator.

of the outer surface of a water jacket around the stator. Therefore, the heat

transfer equation can be presented as:

n · (kh∇T) = q0 + hc(Tamb − T) (B.2)

2.2. Heat transfer for the stator outer surface

As mentioned before, the cooling strategy for the outer surface of the stator

includes the water jacket cooling. To estimate the heat flux from the stator to

the system of water cooling, a simple FE model was developed. The geometry

of the model is presented in Fig. B.1. It consists of an iron piece on the bottom

that represents the stator yoke of the machine and a top layer which represents

the cross-sections of water channels which are hollowed in the piece of con-

struction steel around the stator. This piece could be a part of the housing of

the generator. A very good thermal contact is assumed between the stator sur-

face and the water cooling system. The model is used to identify an acceptable

value for the convection coefficient hcs for the outer surface of the stator.

A fixed temperature of 100o C is assigned to the bottom boundary of the

model. The boundaries surrounding the water tubes also have assigned fixed

temperatures. Each of the tubes has assigned a different temperature, starting

with a low temperature on the left to high on the right hand side (Fig. B.1). A
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rough estimation of the temperature increase of the water flowing around the

stator was obtained through the following example.

The simulated machine has 5 MW rated power. Assuming 4% of the rated

power to be losses in the machine to be evacuated through the water jacket,

we have Ploss = 200 kW. With a given specific heat capacity of water Cp(=4181

[J/kgK]) and a water flow rate qw =2 kg/s, an increase of the water tempera-

ture can be calculated as follows:

∆T =
Ploss

qwCp
= 23.9o[C] (B.3)

which means that in the model each of the 10 tubes has 2.39 [oC] higher tem-

perature than the neighboring one on the left. The temperature of the water

injected into the system is assumed to be 40 oC.

To the boundary on top of the model, which represents the contact surface

between the water jacket cooling system and the ambient air, the heat flux

boundary condition was assigned. The radiation term was neglected and the

convection heat coefficient hcs for that boundary was calculated as for the

outer surface of a tube with natural air convection only (hc = 4.79 [W/m2K]).

To the left and right boundary of the model an insulation term was applied.

With this model, a static computation of the heat flux qb through the middle

horizontal boundary 1 was performed. Moreover the average temperature of

the discussed boundary was calculated Tb. Finally, the convection heat trans-

fer coefficient hcs for the outer surface of the stator was calculated:

hcs =
qb

Tb − Tamb
(B.4)

where Tamb is the ambient temperature equal to 20 oC and qb is a heat flux in

W/m2.

2.3. Heat transfer for the rotor inner surface

In case of the rotor inner surface, a forced air cooling was applied. Due to the

cylindrical shape of the inner rotor, the gradient of the temperature for the

radiation is very low, and therefore the radiation is neglected. The heat flux

can be described by Eqn. (B.2), where kh is the thermal conductivity of the air

in the clearance of the rotor. The value of the coefficient kh is known for the

average temperature, which is assumed to be 20 oC. The hcr convective heat

transfer coefficient, for the rotor inner surface, has to be identified. To do that,

the following set of equations can be used.

1 The middle horizontal boundary is the boundary between the stator yoke and the wa-
ter jacket
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The Nusselt number Nu is a dimensionless ratio of convection heat transfer hc

to thermal conduction kh in a fluid layer of thickness L.

Nu =
hcL

kh
(B.5)

The Nusselt number can be identified based on the empirical equations de-

pending on the conditions of cooling and the shape of the cooled object. The

inner part of the rotor has the shape of a tube, however it is difficult to ap-

ply the equations for the tube since the condition of L ≫ d is not fulfilled in

the case of the ring type generator where the diameter d is much larger than

the length L of the machine. Therefore, the closest approximation of the con-

sidered shape is a flat plate with a constant heat flux condition. The Nusselt

number can be identified by the following equation [88]:

Nu = 0.0308R4/5
e P1/3

r (B.6)

Equation (B.6) is valid for 0.6≤ Pr ≤60.

The Prandtl number Pr is a dimensionless ratio of kinematic viscosity and

thermal diffusivity [88]:

Pr =
νk

αd
=

Cpµd

kh
(B.7)

where νk is the kinematic viscosity of the fluid, αd is thermal diffusivity, Cp

is the thermal capacity of the fluid, µd is the dynamic viscosity and kh is the

thermal conductivity.

The Reynolds number Re is a dimensionless ratio of inertia to viscous forces

defined as

Re =
U∞L

ν
(B.8)

where U∞ is the velocity of the fluid, L is the characteristic length, which for

this case is the length of the machine.

Finally, the convective heat transfer coefficient hcr for the inner surface of the

rotor is computed as:

hcr =
khNu

L
(B.9)

2.4. Convection in the air gap

Heat flux in the air gap can be described in radial and axial direction. In the

considered case no air flow in the axial direction is assumed. Consequently
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we neglect the heat flux in the axial direction. Heat transfer in the radial direc-

tion consists of conduction, convection and radiation. However, radiation is

neglected due to the relatively small difference in the surface temperatures of

the rotor and stator. The convection in the air gap depends on the ruggedness

of the rotor and stator surfaces and the angular speed of the rotor. In case of

smooth surfaces, the transition point between the laminar and turbulent flow

is described by the Taylor number [80]:

Ta =
Ω2

mrδδ3

ν2
A

(B.10)

where Ωm is the mechanical angular speed of the rotor, rδ is the air gap radius,

δ is the air gap , νA is the kinematic viscosity of the air2. The modified Taylor

number Tam can be used to adjust the Taylor-Couette flow 3 to the correspond-

ing air-gap length and rotor radius:

Tam =
Ta

Fg
(B.11)

where Fg is

Fg =
π4

(

2rδ−2.304δ
2rδ−δ

)

1697

(

0.0056 + 0.0571
(

2rδ−2.304δ
2rδ−δ

)2
)

(

1 − δ
2rδ

)

(B.12)

When the Tam value is less than 1700, the air flow in the air gap is considered

as laminar and the Nusselt number is equal to 2. In the case that Tam is higher

than 1700, the air flow is turbulent and the Nusselt number is calculated based

on the following equations:

Nu = 0.128T0.367
am (B.13)

for: 1700 ≤ Tam ≤ 104, and

Nu = 0.409T0.241
am (B.14)

for: 104 ≤ Tam ≤ 107

The thermal resistance 4 between rotor and stator can be calculated as [80]:

2 The kinematic viscosity of air is defined as the ratio of dynamic viscosity to mass den-
sity of the fluid

3 Taylor-Couette flow describes a flow of a viscous fluid confined in between two rotat-
ing cylinders

4 The thermal resistance of a region is defined as the ratio between the temperature
difference between two sides of the region and the heat transfer rate between these two
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Rth =
dh

AkhNu
(B.15)

where dh is the hydraulic diameter of the air gap calculated as dh = δ
√

8/3, A

is the surface area which in this case is the air gap surface in circumferential

direction. It has to be reminded that the Taylor number based calculation of

the convection in the air gap contains a proportion of the conduction. Based

on the Rth value the convective heat transfer can be identified. However, due

to the limitations of the software used for thermal computations the value

of the thermal resistance in the air gap was used for the identification of the

corresponding thermal conductivity value:

kair gap =
δ

Rth A
(B.16)

2.5. Example for a 5MW direct-drive PM synchronous generator

In this section, the values of the convective heat transfer coefficient for the ro-

tor inner surface hcr and the thermal conductivity value in the air gap kairgap

are calculated for the 5MW direct-drive generator. The chosen machine is opti-

mized for the grade M250-50A for 50 pole pairs and 35 tons of allowed active

mass of the generator. Table B.1 presents the geometrical parameters of the

generator that are crucial for the calculations.

Table B.1: Geometrical parameters of the optimized generator for M250-50A, 50 pole pairs,
35 tons of allowed active mass and 5MW rated power.

d = 9.8092 [m] Air gap diameter
δ = 0.0098 [m] Air gap length
l = 0.5474 [m] Core length of the stator

Convective heat transfer coefficient for the inner rotor surface.

The velocity of the fluid for the forced air cooling in this case is U∞ = 10 m/s.

Using the core length of the stator as in Table B.1, the Reynolds number, given

by (B.8), is equal to 349110. The Prandtl number, given by (B.7), equals 0.7354

for 20 oC air temperature. From (B.6) the Nusselt number corresponding to

the conditions of the inner rotor surface can be calculated and is equal to 755.8

sides as a consequence of this temperature difference. Notice the analogy with the electrical
resistance as the ratio between the electrical voltage drop between two sides of the region
and the electrical current between these two sides as a consequence of the voltage drop.
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which corresponds to 37.4 [W/m2K] for the convection heat transfer coeffi-

cient hcr, see Eqn. (B.9).

Thermal conductivity in the air gap.

For the calculation of the heat transfer coefficient in the air gap, the rated speed

of the rotor was assumed (Ωm = 12 rpm). For that case, the Taylor number

is equal to 18073. To find the modified Taylor number Tam the Fg value was

found based on (B.12): Fg = 0.9174. The thermal resistance is then equal to Rth

= 0.0066. Finally the approximated value of the conduction coefficient kairgap

that takes into account the convection in the air gap was estimated to be equal

to 0.0886 [W/mK] using Eqn. (B.16).
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APPENDIX C

Magnet losses in PMSG

The numerical methodology to compute the energy losses in the permanent

magnets of a PMSG with surface magnets, as described in detail in chapter 3,

is also applied during the PhD research with success for PM machines with

rotors with inner magnets. This appendix illustrates the used methodology

for the magnet loss calculation for PMSG for Electrical Vehicle (EV) applica-

tions where this type of rotor is considered. The influence of two electrical

steel grades (M330-35A and M330P-35A) on the permanent magnet losses is

investigated. The 3 phase generator is a 40kW machine with interior rare earth

type magnets. The machine consists of ten magnets in the rotor (5 pole pairs)

and 15 stator teeth with concentrated windings.

The computational approach for quantifying the losses in the permanent

magnets of the generator consists of three steps:

STEP1: In the first step an electromagnetic time simulation in Flux2D is

performed. The 2D model describes the whole machine (stator and rotor) to-

gether with the electrical supply. The output of this simulation used in STEP2

is the vector potential along boundaries of a particular rotor section. Hundred

time steps during one electrical period are recorded.

STEP2: Secondly, a 2D model of the same particular rotor section of STEP1

is modelled in time in Comsol, but now allowing induced currents in the per-

manent magnets by assigning an electrical conductivity different from zero.

Figure C.1 shows the magnetic induction obtained by this model. The time

dependent vector potential recorded in STEP1 is assigned as the boundary

condition of the Comsol model. Enforcing the boundary conditions continu-

ously in time and space is obtained through an interpolation of the recorded

values of STEP1. The electrical conductivity and remanence are assigned to the

domain representing the permanent magnets (0.55 MS/m, 1.1 T respectively).

A time step computation with a total length of one electrical period is per-

formed. For each time point the local magnetic induction is recorded in 1701
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Figure C.1: Magnetic induction obtained by a 2D Comsol model in STEP2.

points of the magnet geometry (including boundaries of the permanent mag-

net domain). The time step length depends on the simulated working point of

the generator, i.e. 400 Hz (nominal working point) and 700 Hz. After the time

simulation, the value of dB/dt is calculated locally in the permanent magnet

based on the recorded variations of B in time. This is done in order to be able

to apply a computationally inexpensive method for calculating the magnet

losses in the 3D model of STEP3, see e.g. [53].

In this method it is assumed that eddy currents in the magnet are resistance

limited, and permanent magnet segments are electrically isolated from each

other. Since eddy currents are resistance-limited, their influence on the induc-

ing magnetic field distribution is negligible. Therefore, the equations which

govern the resistance-limited eddy currents are equivalent to those of a linear

magnetostatic field problem. Indeed, the magnetostatic field problem, given

by

∇× Hm = Jm (C.1)

Bm = µHm (C.2)

∇ · Bm = 0 (C.3)
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where µ is the absolute permeability of the magnetic material is formally equiv-

alent with

∇× E = −∂B

∂t
(C.4)

Je = σE (C.5)

∇ · Je = 0 (C.6)

where σ is the electrical conductivity of the permanent magnet material when

Hm ≡ E, Jm ≡ − ∂B
∂t and µ ≡ σ. In the 3D model a tangential flux boundary

condition is imposed at the outer surface.

STEP3: In this step a 3D model of one magnet segment is used. Based on

the induction values in the magnet recorded in Comsol 2D during one elec-

trical period (STEP2) the value of ∂B
∂t is calculated. This value is then used as

a source term in the 3D static computation (C.1)-(C.3) or formally equivalent

(C.4)-(C.6) as Je. Enforcing the source term continuously in time and space is

obtained through an interpolation of the recorded values. Finally, a series of

equvalent static 3D computations is performed calculating eddy current losses

for each segment of the magnet.

It is important to notice that the calculation of eddy current losses in the

magnet is already possible in STEP2. However, since the 2D model assumes

infinite axial length of the machine, the value of the losses will be overesti-

mated. Even after rescaling with the real value of the axial length of the ma-

chine.

In the simulations, the goal is to compare losses for two steel grades applied

in the stator and rotor of the machine. Figure C.2 presents the B(H) curves

measured at 400Hz.

Nominal working point 400Hz

The nominal working point of the machine is at 400Hz. The time stepping

of the 2D time simulations was properly adjusted to simulate a full electrical

period of the machine. First the magnet losses were computed with the 2D

Comsol model using the grade M330-35A. The instantaneous resistive heat

loss per magnet is presented in Fig. C.3. The total magnet losses per machine

equal 499.6 W. This value is an overestimation of the losses in the magnets due

to the infinite axial length of the machine in the 2D model.

The second performed simulation for grade M330-35A was the 3D computa-

tion using the model of only one magnet segment (STEP3). The axial length of
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Figure C.2: B(H) characteristics of grades M330-35A and M330P-35A measured at 400Hz.
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Figure C.3: Instantaneous magnet loss value per magnet. Calculated with 2D model for
the generator using steel grade M330-35A

the magnet segment is 0.01 m. After performing a series of formally equiva-

lent static computations, the instantaneous magnet loss value was calculated.

Fig. C.4 presents the time waveform of the losses per magnet segment during

one electrical period of the machine. The total magnet losses calculated for 22
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Figure C.4: Instantaneous magnet loss value per magnet segment, calculated with 3D
model for the generator using steel grade M330-35A and having axially segmented mag-
nets.

magnet segments in the axial direction and ten poles equal 137.9 W. As ex-

pected, the value of losses computed for the proper axial length of the magnet

segment is much lower than the value computed using the 2D model with

infinite axial length.

To check the correct implementation of the used models, the following com-

parison was done. In the 3D model, a full axial length of 0.224 m was assigned

to a single magnet segment, i.e. 0.01 m axial length was replaced by 0.224 m in

the model. The corresponding series of static computations gave a magnet loss

time function as presented in Fig. C.5. According to this simulation the total

magnet losses for the whole machine in the case of non segmented magnets

(axial length of magnet equal to axial length of the machine: 0.224 m) would

be equal to: 474.4 W.

The same series of computations were also performed for the steel grade

M330P-35A. The results of the comparison of the magnet losses for both

grades are presented in Table C.1. It can be concluded that the magnet losses

for the machine using the steel grade M330-35A are lower than for the ma-

chine with the M330P-35A steel grade.

Machine working conditions at 700Hz.

The same set of computations as for 400Hz was repeated for 700Hz. The com-

parison of the computed magnet losses for two steel grades can be found in
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Figure C.5: Instantaneous magnet loss value per magnet, calculated with the 3D model for
the generator using steel grade M330-35A and having axially non segmented magnets.

Table C.1: Comparison of magnet losses for two steel grades and different computational
approaches (400Hz).

Method of Magnet losses [W] Magnet losses [W]
losses

calculation grade: M330-35A grade: M330P-35A
2D comsol model 499.6 539.4
3D comsol model 474.4 534.2
(not segmented)

3D comsol model 137.9 154.5
(segmented)

Table C.2. Identically as in the previous case, it can be concluded that the mag-

net losses for the machine using grade M330-35A are lower than for the ma-

chine with M330P-35A steel grade. Moreover, when comparing magnet losses

for 400 and 700Hz, it can be seen that the increase in the electrical frequency

of the machine results in a significant increase of the magnet losses.



199

Table C.2: Comparison of magnet losses for two steel grades and different computational
approaches (700Hz).

Method of Magnet losses [W] Magnet losses [W]
losses

calculation grade: M330-35A grade: M330P-35A
2D comsol model 1332.8 1381.3
3D comsol model 1254.3 1327.5
(not segmented)

3D comsol model 327.5 338.5
(segmented)
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APPENDIX D

Geometry and data of the

industrial high speed 2.1 MW

generator

4.1. Introduction

In the previous chapters the electromagnetic and thermal methodology for the

analysis of a direct-drive and a geared PMSG was presented. To illustrate the

possibilities of the developed models we consider in this chapter a 2.1 MW

wind generator available on the market.

The generator is a three phase, high speed (1600 rpm) PMSG. The basic gen-

erator data are presented in Table D.1.

Table D.1: Basic parameters of the 2.1 MW generator for wind energy application.

Generator parameters

Rated power 2.1 MW
No. of pole pairs 3

No. of slots 72
No. of magnets 24

Shaft speed 1600 RPM
Stator outer diameter 910 mm
Rotor inner diameter 400 mm

Air gap length 12 mm
Magnet thickness 35 mm
Stator axial length 566 mm
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GEOMETRY AND DATA OF THE INDUSTRIAL HIGH SPEED 2.1 MW

GENERATOR

Figure D.1: Cross-section of the 2.1 MW generator. Stator and rotor arrangement.

In Fig. D.1 the cross-section of the generator is shown presenting the arrange-

ment of the outer stator with its 72 slots and the inner rotor with its 24 surface

magnets.

4.2. Electromagnetic model

4.2.1 The constructed Finite Element Model

The given generator was modeled using a 2D Finite Element (FE) method.

Due to the symmetry in the generator, only one pole pair of it was modeled

in order to limit the computational time. Figure D.2 presents the modeled ge-

ometry. Notice that, four neighboring magnets have the same magnetization

orientation, e.g. the magnetization of the permanent magnets in blue in Fig.

D.2 is oriented towards the air gap, while the four magnets in red are oriented

in the opposite way. This topology simplifies the manufacturing of the rotor

and reduces the magnet losses in the permanent magnets. According to data

provided, the magnet remanence is between 1.26 and 1.32 T. It is expected

that the magnet remanence will drop with the increase of the magnet temper-

ature during operation of the generator. To take this into account a 10% drop
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Figure D.2: Geometry of the electromagnetic FE model for 2.1 MW generator. Winding
scheme.

of the magnet remanence was chosen and the value of Br used in the simula-

tions was set to 1.13 T. For the finite element modeling the equivalent relative

permeability value of the magnets was set to 1. The two layer winding was

identified, connected in six parallel stars with 3 turns per slot and a coil throw

of 1 - 11.

4.2.2 Simulations

The no load electromotive force (EMF) is calculated using a time simulation

for the FE model of the investigated generator. In the simulation, the current

injected in the winding is 0 A. Br of the magnets equals 1.13 T at the considered

operating temperature. The material applied for this simulation is a linear ma-

terial with relative permeability set to a constant value (1000). The simulation

is performed in two steps. During the first step, a time simulation with a coarse

time discretization is performed for the time interval [0, t1], with t1 = 0.512 s

and is started to achieve the steady state behaviour in the magnetic circuit of

the machine. During the second step, an accurate simulation including a fine
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Figure D.3: No load phase EMF (1600 rpm).

time discretization and lasting one electrical period ( f = 80Hz) is performed

using the final solution of the first step as the initial condition. During the sec-

ond simulation, the EMF waveform is calculated with the time step equal to

0.000250 s (see Fig. D.3). For both simulations the rotational speed of the rotor

is set to 1600 rpm. Based on the computed waveforms of the EMF, the rms

value is calculated and is equal to 420 V.

The voltage for full load was calculated by injecting a three phase sinusoidal

line current of 1950 A rms in the winding. The current is injected for the nom-

inal load condition. The load angle is 34◦, the cosϕ is equal to 0.84. The re-

sulting voltage is the sum of the mains voltage and voltage drop over the re-

sistance of the stator winding. However, the voltage drop over the resistance

is considered negligible (see also 4.2.3 of this appendix). The used simulation

approach is the same as in the case of no load EMF. This means that two sim-

ilar consecutive simulations (coarse and accurate), were performed. Fig. D.4

presents the voltage waveform recorded during the second (accurate) simula-

tion. The used time step for the simulation is 0.000250 s. For both simulations

the rotational speed of the rotor is set to 1600 rpm. Based on the waveforms of

the voltage for full load the rms value is calculated and is equal to 485 V.
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Figure D.4: Phase voltage for the full load (1600 rpm).

Phasor diagram of the machine

To be able to correctly simulate working conditions of the investigated ma-

chine the phasor diagram has to be identified. At first the situation with a

line current in phase with the no load voltage (EMF) is investigated. Based

on the waveforms presented in Fig. D.3 and D.4 the shift angle between no

load and full load voltage is identified using Fourier analysis. The analysis

resulted in a shift angle of β = 18 ◦. Next, the voltage drop due to the total

reactance was calculated (152.2 V) for a nominal load using FEM. This was

done with an additional time FE simulation. For this time FE simulation the

remanence of the magnets was set to 0 T and a three phase sinusoidal current

of 1950 A rms, nominal frequency of 80 Hz, was injected in the winding. This

resulted in the mains voltage of 152.2 V and as a consequence in a reactance

of Xm + Xσ = 0.0781Ω. By using a 2D model, the end windings reactance is

not included. Therefore, the total reactance is underestimated. Based on the

obtained computed data a phasor diagram was constructed and is presented

in Fig. D.5. It can be concluded that the set of obtained data is consistent for

the applied nominal load.

4.2.3 Losses computation

Copper losses.
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Figure D.5: Phasor diagram for the PMSG with nominal current.

In order to quantify the copper losses we assume that the average copper tem-

perature for the full load conditions (2.1 MW) is equal to 130◦ C. The data

sheets of the generator mentions the measured value of the stator winding

resistance per phase to be equal to 0.000875 Ω at 21◦ C. The stator winding re-

sistance per phase at 130◦ C was calculated using the temperature dependence

of the copper resistivity ρCu:

ρCu = 17.24e−9(1 + 0.00427(T − 20)) (D.1)

where T is the temperature at which the resistivity is calculated. For full load

conditions (I=1950A, copper temperature = 130◦ C) the single phase winding

resistance then equals 0.0013 Ω.

Consequently the total copper losses for the whole machine becomes

3*0.0013*19502 = 14.83 kW.

The iron losses for the machine are computed in paragraph 3.5, and the

magnet losses in 3.4.1



APPENDIX E

Material data

5.1. Introduction

The following appendix contains material data of all the steel grades consid-

ered in this thesis. First, the magnetization characteristics and then the iron

loss characteristics for different frequencies are presented.

5.2. Magnetization characteristics

5.3. Loss measurements

In this paragraph the measured iron losses for different steel grades are pre-

sented for three different frequencies (10, 50 and 100 Hz).
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Figure E.1: Magnetization characteristics of steel grades with 0.5 mm lamination thickness.
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Figure E.3: Iron losses for the steel grade M250-50A for different frequencies.
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