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ABSTRACT 

 

DESIGN OF A MODULAR, AXIAL -FLUX DIRECT DRIVE PERMANENT 

MAGNET GENERATOR FOR WIND TURBINES  

 

 

Baĸkaya, Aydēn 

M.S., Department of Electrical and Electronics Engineering 

Supervisor: Assist. Prof. Dr. Ozan Keysan 

 

January 2018, 154 pages 

 

 

Wind energy technology is becoming more important issue in terms of renewable 

energy applications. Theoretical maximum of wind energy utilization is known 

(which is predetermined by Betz as 59%) and generally imperfections in blade 

manufacture reduce the actual energy yield of the turbine less than the useable 

energy. Therefore, maximum energy yield from generator topology is desired. 

According to fault statistics of wind turbines, most of the cases are related to gear-

box failures. Mechanical losses and heat losses are again result from these gear-box 

drive train systems. In this thesis, axial flux permanent magnet direct drive (AFPM 

DD) topology is investigated because of its high energy yield, lower maintenance 

periods due to its modular direct-drive concept and axial length advantages. 

Proposed generator has an electrical output power of 5 MW at 12 rpm. Outer stator 

axial flux concept will be used in the air-cored generator. Genetic Algorithm (GA) 

Optimization is used in determining analytical parameters of the design. In this 

thesis, cost based optimization procedure is carried under 9 different wind speed 

conditions in order to get a more realistic design. Wind speed data are taken from  



vi 

real field based measurement values of a sample wind power plant (WPP) located 

in ¢anakkale, Turkey. The algorithm calculated the design parameters of the 

proposed AFPM generator based on a power generation reference of a commercial 

5 MW Permanent Magnet Synchronous Generator (PMSG) wind turbine under 

aforementioned wind conditions. In addition, the algorithm also considers the wind 

speed time probabilistic and related generation incomes.In order to verify the 

validity of analytical design method, first a sample 50 kW AFPM design is simulated 

by using FEA (Finite Element Analysis) and then critical parameters such as air gap 

flux density, and induced emf values are compared with the analytical results. 

Comparison of the results of the designed generator supported the proposed 

analytical design method. Detailed electromagnetic and mechanical aspects of the 

designed 5MW/12 rpm modular generator and its simulation results are presented 

and verified by using FEA comparison. It is observed that in the proposed design, 

PMs contribute most in the total cost while PM mass is the least dominant 

component in total mass. Proposed generator has axial length advantage over other 

MW level generator counterparts although it suffers from a large diameter due to 

the selected direct-drive concept. Installation costs, crane costs for maintenance and 

installation, transportation costs and downtime costs can be reduced with modular 

design concept. When increasing importance of ñreliabilityò, ñmodularityò and 

ñfault-toleranceò taken into account, it is expected that the proposed modular AFPM 

generator system will contribute significantly in the MW level wind energy 

harvesting technologies both in onshore and offshore. 

 

Keywords: Wind energy conversion, axial flux permanent magnet generator, direct 

drive modular generator, genetic algorithm optimization, finite element analysis 

(FEA) 
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¥Z 

 

R¦ZGAR T¦RBĶNLERĶ Ķ¢ĶN MOD¦LER, EKSENEL AKILI 

DOĴRUDAN S¦R¦ķL¦ KALICI MIKNATISLI BĶR GENERAT¥R 

TASARIMI  

 

 

Baĸkaya, Aydēn 

Y¿ksek Lisans, Elektrik ve Elektronik M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Yrd. Do­. Dr. Ozan Keysan 

 

Ocak 2018, 154 sayfa 

 

 

R¿zgar enerjisi teknolojisi, yenilenebilir enerji uygulamalarē a­ēsēndan daha ºnemli 

hale gelmektedir. Teorik olarak maksimum r¿zgar enerjisi kullanēmē bilinmektedir 

(Betz tarafēndan bu oran %59 olarak belirlenmiĸtir) ve t¿rbin kanadē ¿retimindeki 

bozukluklar ger­ek enerjiyi kullanēlabilir enerjinin altēna d¿ĸ¿rmektedir.Bu nedenle,  

generatºr topolojilerinden maksimum enerji ¿retimi beklenmektedir. R¿zgar t¿rbini 

hata istatistiklerine gºre, olaylarēn ­oĵu diĸli kutusu arēzalarēndan 

kaynaklanmaktadēr. Mekanik ve ēsēl kayēplar da yine aktarma organē kayēplarēndan 

kaynaklanmaktadēr. Bu tez ­alēĸmasēnda, eksenel akēlē kalēcē mēknatēslē doĵrudan 

s¿r¿ĸl¿ (AFPM DD) topoloji y¿ksek enerji ¿retimi, mod¿ler yapēsē sayesindeki 

d¿ĸ¿k bakēm periyotlarē ve eksenel uzunluk avantajlarē y¿z¿nden araĸtērēlmēĸtēr. 

¥nerilen generatºr 12 rpmôde 5MW ­ēkēĸ g¿c¿ne sahiptir. Hava ­ekirdekli 

generatºrde, harici stator eksenel akē konsepti kullanēlacaktēr. Tasarēmēn analitik 

parametrelerini belirlenmesinde, genetik algoritma (GA) optimizasyonu 

kullanēlmēĸtēr. Bu tezde, daha ger­ek­i bir tasarēm elde edebilmek i­in, maliyet bazlē 

optimizasyon 9 farklē r¿zgar hēzē koĸulu altēnda ger­ekleĸtirilmiĸtir. R¿zgar hēzē 

bilgisi, ¢anakkale/T¿rkiyeôde bulunan ºrnek bir r¿zgar santralinin (WPP) ger­ek 
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saha bazlē ºl­¿m deĵerlerinden alēnmēĸtēr. Algoritma ºnerilen AFPM generatºr 

tasarēm parametreleri hesaplamalarēnē ticari bir 5MW kalēcē mēknatēslē senkron 

generatºr¿n (PMSG) yukarēda bahsedilen r¿zgar koĸullarē altēndaki g¿­ ¿retim 

referansēnē baz alarak hesaplamēĸtēr. Buna ek olarak, algoritma ayrēca r¿zgar hēzē 

istatistiklerini ve ilgili ¿retim gelirlerini gºz ºn¿nde bulundurmuĸtur. Analitik 

tasarēm yºnteminin ge­erliliĵini doĵrulamak i­in ilk baĸta ºrnek bir 50 kW AFPM 

tasarēmē SEA (Sonlu Eleman Analizi) kullanēlarak benzetilmiĸ daha sonra hava 

aralēĵē manyetik akē yoĵunluĵu ve end¿klenen emf gibi kritik parametreler analitik 

sonu­larla karĸēlaĸtērēlmēĸtēr. Tasarlanan generatºr¿n karĸēlaĸtērma sonu­larē 

ºnerilen analitik tasarēm yºntemini desteklemektedir. Tasarlanan 5MW/12 rpm 

mod¿ler generatºr¿n detaylē elektromanyetik ve mekanik yºnleri ve benzetim 

sonu­larē sunulmuĸ ve SEA kullanēlarak doĵrulanmēĸtēr. ¥nerilen tasarēmda,  kalēcē 

mēknatēslarēn (PM) toplam maliyet i­indeki katkēsē en fazla iken PM k¿tlesinin 

toplam k¿tle i­in en az baskēn bileĸen olduĵu gºzlemlenmiĸtir. Se­ilen doĵrudan 

s¿r¿ĸ konseptinden kaynaklē y¿ksek ­apēna raĵmen ºnerilen generatºr¿n diĵer MW 

seviyesindeki rakiplerine gºre eksenel uzunluk avantajē vardēr. Mod¿ler tasarēm 

konseptiyle;  kurulum maliyetleri, kurulum ve bakēm i­in gerekli vin­ maliyetleri, 

taĸēma maliyetleri ve devre dēĸē kalma maliyetleri d¿ĸ¿r¿lebilir. ñG¿venilirlikò , 

ñMod¿lerlikò ve ñArēza-toleransēò nēn artan ºnemi hesaba katēldēĵēnda, ºnerilen 

mod¿ler AFPM generatºr sisteminin karada ve denizdeki MW seviyesindeki r¿zgar 

enerjisi kazanēm teknolojilerine ºnemli katkē yapmasē beklenmektedir. 

Anahtar Keli meler: R¿zgar enerjisi dºn¿ĸ¿m¿, eksenel akēlē kalēcē mēknatēslē 

generatºr, doĵrudan s¿r¿ĸl¿ mod¿ler generatºr, genetik algoritma optimizasyonu, 

sonlu eleman analizi (SEA) 
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CHAPTER 1 

INTRODUCTION  

1.1. Background of Wind Energy Harvesting 

Like many developments in technology, modern wind energy utilization by means 

of wind turbines started 40 years ago due to search for alternative energy sources 

except oil, whose deficiency and high prices were a global crisis issue. Besides, air 

pollution and other environmental problems made it indispensable to search for 

clean and renewable energy sources such as wind. To summarize, OPEC crisis in 

1970s and environmental problems worked as a catalyst in development progress of 

wind turbines. First wind turbines were operating at fixed speed and their structure 

was very simple. This concept of Squirrel Cage Induction Generator (SCIG) was 

called later as ñDanish conceptò and became a milestone for modern wind turbines. 

Nowadays, there are different types of wind turbines exist in the market both in 

mechanical and electrical aspects. Global trend is going above 5MW of output 

power and especially generator technologies are under development in order to 

maximize produced energy [1]ï[3].  

Global annual and cumulative installed wind capacities between 2001 and 2016 are 

given in Fig. 1-1 and 1-2, respectively. As it can be seen from graphs, wind energy 

harvesting has an increasing trend. 
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Fig. 1-1. Worldwide yearly installed wind capacity 2001-2016 [4] 

 

 

Fig. 1-2. Worldwide total installed wind capacity 2001-2016 [4] 

 

According to annual market update report of Global Wind Energy Council (GWEC), 

itôs expected to reach 791 GW of global cumulative wind energy capacity by 2020, 

although itôs estimated that annual capacity growth rate will be stabilize around five 

percent level.  Detailed market forecast of GWEC for 2016-2020 is given in Fig. 1-

3. 

Rise in the usage of wind energy in Turkey is very similar to global trends. Wind 

energy sources, contributed about 6% of Turkeyôs total electricity demand in 2015 

[5]. Turkey has nearly stable increase rate of installation rate of wind power plants 

for past 5 years. Fig. 1-4 shows the variation of cumulative installations for wind 

power plants in Turkey. According to Turkish Wind Energy Association (TWEA), 

itôs expected to reach total installed capacity of 10 GW, under the current regulatory 

framework. Turkeyôs total wind capacity is predicted more than 48 GW from zones 

with over 7 m/s speed at 50 meters altitude [5].  
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Fig. 1-3. Global wind energy market forecast [5] 

 

 

Fig. 1-4. Cumulative installations for wind power plants in Turkey [6] 

 

Wind turbine design is an important issue for renewable energy. Especially during 

the last decade, its technology is substantially matured with variable speed 

applications. Although there are physical and aerodynamical limitations due to 

natural causes of wind phenomenon, different arrangements of wind turbine 

generator systems are invented to maximize the captured energy. By this improved 

technologies both in power electronics and generators, manufacturing and 

installation costs are reduced. Therefore, wind energy harvesting concepts started to 

penetrate the global markets. According to [7], today 83 countries use wind energy 
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harvesting applications commercially and 24 countries have installed wind power 

capacity of more than 1GW.  Evolution of wind turbine sizes and fraction of power 

electronics stage capacities can be seen in Fig. 1-5. As the sizes and power levels of 

wind turbines are increased, importance of efficiency and grid connection subjects 

also increased. Because wind power plants gradually becomes inevitable parts of 

electrical grids in most countries and they are expected to conform the grid codes 

and fault ride through capabilities.  

 

Fig. 1-5. Evolution of wind turbines [8] 

 

When designing and investing a wind power stations, 3 main properties which are 

necessary to validate are given as follows: 

¶ Low cost 

¶ Long-lasting 

¶ Low service requirement 

If we go in detail of these conditions from the engineering point of view, lightweight, 

low cost, low speed, high torque and variable speed operation should be considered 

during the design stage of wind power plant (WPP) [9]. Wind turbine generators 

dominating the markets nowadays have MW-level power output capacity in 

average. Gearboxes are used in order to pair the low speed hub with the high speed 

generator shaft. However, gearboxes result in high mechanical wear, decreased 
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efficiency and lower life-span. Therefore, wind energy systems with geared 

drivetrain need regular maintenance. Low-speed generators and direct drive systems 

are introduced in order to omit the gearbox and increase the overall efficiency [7]. 

Higher overall efficiency, lower noise, reliability and reduced maintenance costs are 

the main advantages of direct drive concept. Direct drive solutions offer simpler and 

more efficient structures for drivetrain of wind turbines, therefore smaller nacelle 

can be obtained. One disadvantage of direct drive concept is that they have larger 

diameters than conventional geared wind turbines in order to provide same output 

power in low speeds. In addition, using modern rare-earth permanent magnets such 

as NdFeB, higher energy densities become reachable and more powerful novel 

generators can be manufactured. Generators with permanent magnets will be 

covered more detailed in the next chapter.  In this study, direct drive axial flux 

permanent magnet topology is chosen to design among other topologies.  

Wind turbines can be categorized into two types according to their rotational axis 

position: 

¶ Horizontal axis wind turbines (HAWT), example of it is given in Fig. 1-6 (a) 

¶ Vertical axis wind turbines (VAWT) example of it is given in Fig. 1-6 (b) 

       

 

Fig. 1-6. Wind turbine types according to rotation axis (a) horizontal axis (b) vertical axis 

(a) (b) 
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As the name refers, in HAWTs, shaft axis is parallel with ground while in VAWTs 

shaft axis is perpendicular to ground. Horizontal axis wind turbines are dominant in 

the market due to its robust structure and high overall efficiency. Vertical axis 

turbines are generally used in small wind applications in levels of kWs. In vertical 

axis wind turbines, angle of strike of the air is inherently varies with the rotation and 

itôs hard to capture energy especially under unbalanced wind flow conditions, while 

pitch and yaw control of the turbine can be successfully implemented in horizontal 

axis turbines.  

Another important issue is the speed control of these turbine blades in terms of 

aerodynamic means.  At this point two main control techniques exist: stall 

control and pitch control.  Generally in stall controlled technique, turbine blades are 

fixed aerodynamic structures and these turbines need high peak torque to limit 

turbine speed while in pitch control technique, blade pitch angle can be changed 

during operation of turbine i.e. angle of attack of air can be adjusted therefore these 

turbines do not need over torque for limit the speed [10]. In variable speed 

applications pitch control is a commonly used technique [11]. 

A usual wind turbine consists of turbine blades and shaft, gearbox and the generator. 

The main generators used in wind turbines are synchronous and induction generator 

concepts. In conventional applications, a gearbox is connected between turbine shaft 

and generator and used for increasing the low speed of turbine blades to high speed 

of generator. In direct drive wind turbines, the generator is directly coupled to main 

shaft of the turbine and operates at low speeds. Geared and direct drive schematics 

of wind turbines are shown in Fig. 1-7. Wind turbines can be categorized into three 

main groups according to generator rotational speed. These are fixed speed, limited 

variable speed and variable speed [12]. Although the first examples of wind turbines 

were generally fixed speed ones like the Danish concept, modern wind turbines 

nowadays use variable speed concept because of higher power and higher torque 

advantages.  More detailed explanations and schematics about categorizing wind 

turbines according to their drivetrain, generators and flux orientations will be given 

in the next chapter. 
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Fig. 1-7. Conventional geared (left) and direct drive (right) wind turbines [13] 

 

1.2. Problem Statement and Research Objective 

As the wind energy conversion systems become more capable player of the 

global energy sector and installed capacities of the WECs increased every year, 

reliability for these systems becomes more important issue. Especially with the 

increased power rates of these turbines, size and volumes also increase and 

modularity becomes vital.  

In this thesis work, a Direct Drive Axial Flux Permanent Magnet wind turbine 

generator (AFPM-DD) is chosen and designed because of its high reliability, high 

torque density and volume advantages. The designed and proposed generator has an 

output power of 5 MW. Gearless drive train is chosen especially for increased 

overall efficiency and reduced maintenance costs. The proposed generator also has 

a modular structure, thus reliability and high efficiency is desired even in a fault-

state. Parameters of the designed machine will be chosen according to genetic 

algorithm optimization and FEA validation. Also in this study, the proposed 

generator system is compared with its MW level counterparts in the last chapter. 

Table 1-1 shows the recent MW level wind turbine models with respect to their 

brand, origin, generator type and output power [14]ï[23]. Based on these table 

values, it can be said that the trend is going towards 10 MW per turbine in a few 

years. When increasing importances of ñreliabilityò, ñmodularityò and ñfault-

toleranceò are taken into account, it is expected that the proposed generator system 
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and its comparison with existed commercial counterparts will contribute 

significantly in the MW level wind energy harvesting technologies.  

Table 1-1. Recent MW level wind turbine generators worldwide [14]ï[24] 

Brand Origin  

Power 

Level 

(MW)  

Type Drivetrain  

Sinovel China 1.5 - 6.0 DFIG 3 stage gearbox 

Vestas Denmark 
3.45 PMSG 

3 stage gearbox 
1.8 ï 3.0  DFIG 

MHI-Vestas Denmark 4.2 ï 9.5 PMSG 3 stage gearbox 

GE Wind US 
1.7- 3.8 DFIG 3 stage gearbox 

6.0 PMSG Direct Drive 

Goldwind China 1.5 ï 2.5 PMSG Direct Drive 

Gamesa Spain 
2 ï 3.3 DFIG 3 stage gearbox 

5 PMSG 2 stage gearbox 

Enercon Germany 0.8 ï 7.78 EESG Direct Drive 

Nordex Germany 1.5 ï 3.9 DFIG 3 stage gearbox 

Siemens 

Wind 
Germany 

2.3 ï 3.2 
PMSG, SCIG 

Gearbox 

3.3 ï 8  Direct Drive 

Suzlon India 0.6 ï 2.1 DFIG 3 stage gearbox 

Senvion Germany 
2.0 ï 3.6  DFIG, SCIG 

and EESG 
3 stage gearbox 

6.2 

 

1.3. Thesis Outline 

In Chapter 2, general overview of wind energy conversion systems and challenges 

in this area will be summarized. For this purpose, generator systems used in wind 

energy conversion systems will be classified according to electrical and mechanical 

aspects. Importance of modularity will be described. Finally, chosen direct drive 

AFPM generator system will be explained and advantages and disadvantages of it 

will be evaluated. 

In Chapter 3, detailed analytical design equations of the proposed AFPM generator 

will be described and related drawings will be given. Following this chapter, FEA 

results and analytical calculation results for the sample 50 kW AFPM generator will 

be compared and results will be discussed in order to check the accuracy of the 

analytical design methodology proposed in this thesis.  
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In Chapter 4, optimization process will be introduced and optimized parameters of 

the proposed AFPM generator will be presented. First, evolutionary algorithm and 

nature of the genetic algorithm will be described. Then all details of the optimization 

procedure followed in this thesis will be described. Finally, optimized design 

parameters and analytically calculated performance values of the proposed 5MW 12 

rpm generator will be presented. Discussion of the mass and cost components of the 

proposed design will be given at the end of this chapter. 

In Chapter 5, finite element analysis of the proposed design is reviewed and results 

of this analysis will be compared with analytically calculated design parameters in 

order to verify the proposed AFPM design.  

In Chapter 6, comparison of the proposed generator with similar MW-level wind 

turbine generators on both market and academic works will be presented in terms of 

power and torque density. Finally, conclusions and future works about this thesis 

study will be discussed.  
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CHAPTER 2 

REVIEW OF WIND ENERGY CONVERSION (WEC) SYSTEMS 

In the previous chapter, background of wind energy conversion systems is 

introduced and related wind energy statistics are summarized and tabulated. In this 

chapter, detailed survey of wind energy fundamentals and general overview of wind 

energy conversion systems will be summarized. To accomplish this, Chapter 2 is 

divided into five main parts. In the first part, wind power equations and key 

parameters will be discussed. This data especially used in wind turbine investment 

calculations and wind potential estimation techniques. Then challenges in wind 

energy conversion systems will be introduced and common problems will be 

addressed. In the next part, existing wind turbine technologies will be classified and 

evaluated according to their mechanical and electrical aspects. Then three main flux 

orientations in PM based systems will be shown and explained. Finally, the 

importance of modularity in wind energy conversion systems and the advantages 

and the disadvantages of axial flux PM machines will be evaluated. Also in the last 

part, reasons for choosing direct drive axial flux permanent magnet generator 

concept will be explained.   

2.1. Power Equations and Parameters  

The available shaft power (output power) P from a horizontal axis wind turbine can 

be expressed as a function of the wind speed as follows: 

 ὖ ” ὅ ‗ȟ‍“ὶὺ (2-1) 

where , ”   is the mass density of air , ὅ is the power coefficient which is a 

function of the tip speed ratio ɚ and the pitch angle ɓ,  ὶ is radius of the turbine blade 

and ὺ is the wind velocity. Power coefficient, sometimes called performance 

coefficient, can be defined as the ratio of the captured wind power to the available 

input power of the wind. Therefore, it tells us how efficient the turbine is. Generally 
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imperfections in blade manufacture reduces the actual energy production of the 

turbine lower than the useable energy. Theoretically, maximum 59% 

(approximately 16/27) of the wind energy can be captured by an ideal wind turbine. 

This result is concluded by German physicist Albert Betz in 1919. This limitation is 

valid for both vertical and horizontal axis wind turbines. Maximum value of 

performance coefficient (Cp) is limited by Betz criterion. Since physical limitations 

exist in nature such as friction and other mechanical losses, maximum value of the 

performance coefficient Cp is always lower than theoretical maximum of Betz 

constant.  

In [25], power coefficient is defined as a nonlinear function of TSR (ɚ) and pitch 

angle (ɓ)  as follows, 

 ὅ ‗ȟ‍ ὅ ὅ‍ ὅ Ὡ ὅ‗ (2-2) 

where,   

 
Ȣ

Ȣ
 (2-3) 

These coefficients shown above depend on the turbine physical characteristics. 

Investigation of these values is out of scope of this thesis.Tip speed ratio (TSR-l) 

is defined as a ratio of linear tip speed of turbine blade to wind speed as shown in 

Eq. (2-4). This ratio is very useful when designing a wind turbine. Optimal TSR is 

desired to obtain maximum power from wind as much as possible. 

 ‗  (2-4) 

where,  v is the wind speed, wm  is the rotational rotor speed and R is the rotor radius. 

TSR is a kind of measurement of how fast turbine blades rotate. Until a proper limit, 

higher rotational speeds leads to higher output power levels. Therefore, high TSR is 

aimed when designing a wind turbine. Each wind turbine has unique value of TSR 

regardless of the generator topology used in manufacture [26]. Approximate optimal 

TSR for a conventional three blade wind turbine system is given as 5~6 in [27]. 

Minimum wind speed that is needed to start to rotate the blades is cut-in wind speed, 

while the cut-out speed is the maximum speed of wind that turbine is allowed to 
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continue operation. Intermittent nature of the wind determines the production 

variation of the WECs. There are some approaches for estimate the wind profile at 

a given place. Weibull distribution is used to represent the wind speed distribution 

and it indicates the occurrence frequency of the wind speeds according to time for a 

given site measurement. This indication is required because of the probabilistic 

nature of wind. Weibull distribution and Rayleigh distributions are used to estimate 

and analyze the wind speed distribution. IEC 61400 standard, which is specialized 

for design requirements of wind turbine, mentions Rayleigh and Weibull 

distributions as the most common distributions for wind profile [28]. Weibull ( wF ) 

and Rayleigh ( RF ) cumulative probability functions are given in Eq. (2-5) and Eq. 

(2-6), respectively. 

 (v) 1 exp[ ]kw

v
F

c

å õ
= - -æ ö

ç ÷
 (2-5) 
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m

v
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p å õå õ
= - - æ öæ ö
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where v, vm, c and k are wind speed , mean wind speed, scale parameter and shape 

parameters. In Rayleigh distributions, shape parameter is equal to 2 and mean wind 

speed value is required. In [29], authors calculate the wind speed probability density 

values of the Bozcaada region of Turkey from both time series measured data and 

distributions of Weibull and Rayleigh. This distribution can be seen in Fig. 2-1. 

 

Fig. 2-1. Wind speed probability density functions for Bozcaada region [29] 
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2.2. Challenges in WEC Systems 

Main focus and effort during the design and implementation of wind turbines is to 

obtain more efficient and cost effective solutions hence to reduce the cost of energy, 

which can be considered as a key issue. Therefore, every detail about machine 

design, grid connection and other technical trend parameters have to fulfill this 

economical objective. 

As the power scales of wind turbines increase, penetration of these energy sources 

into electrical grid becomes inevitable. Demand side management techniques and 

different storage technologies such as flywheels and batteries are developed for grid 

connection and disturbance support such as short term fluctuations. This integration 

dictates wind turbines to conform the grid codes in which quality and requirements 

of power plants are described in terms of frequency and voltage support. Therefore, 

modern wind turbines with high power capacities have to keep connected and 

support grid in terms of voltage regulation and reactive power during the 

disturbances. This ability is also called low voltage ride through (LVRT) capability.  

Another important challenge about wind turbines is the ease of maintenance. 

Reliability is related to failure rates of different parts of a wind turbine. Thus 

performance of every component of wind turbine determines the reliability of the 

wind turbine. Especially, for offshore wind turbines where access for repair and 

maintenance is difficult, improving reliability becomes an important key parameter 

during the design [30]. For example, mechanical parts which have high withstand 

ability for humidity is preferable for offshore wind turbines. Failure rates and 

corresponding downtimes for different parts of generator are obtained in [30] and 

given in Fig. 2-2. According to this statistics based on collected data, it can be 

concluded that main failures and longest downtimes result from gearboxes and 

electrical systems.  

As a rule of thumb in generator design it is important to avoid gearbox because of 

its mechanical parts and need for periodic maintenance and lubrication. Increased 

maintenance periods are big advantage for wind turbines whose locations are hard 

to reach such as offshore wind turbines [31]. Drivetrain of a VSCF (variable speed 

constant frequency) turbine generally consists of blades, low and high speed shafts, 
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gear-box and generator. Turbine shaft can be referred as low speed shaft while 

generator shaft is referred as high speed shaft. Gearbox in a wind turbine system is 

responsible of transmission of aerodynamic power from turbine to the generator 

shaft.  In geared type of generator, turbine blades with hub structure connected to 

shaft of the generator via a gear-box, which increases the rotational speed of the 

low-speed shaft. Gearbox allows generator to operate at high speeds, therefore 

smaller diameters can be used with same amount of torque needs. Gear ratio is a 

measure of relationship between output and input speeds of dynamic system. 

Drawings of nacelles of two commercial wind turbines which are geared and 

gearless are given in Fig. 2-3 and Fig. 2-4, respectively. 

 

Fig. 2-2. Failure frequency and downtime for different part of wind turbine [30] 

 

Gearboxes are the main source of mechanical faults and losses in wind turbine 

systems. Also, itôs necessary to make regular maintenance for gearbox components 

in order to avoid an unexpected failure. Moreover, they result in mechanical and 

thermal losses hence reduced efficiency. Environmental drawback of the gearbox is 

audible noise created by mechanical parts [12]. Because of these reasons, 

manufacturers and designers start to develop gearless drive systems for wind 

turbines from early 1990s. However, geared systems still offer cheaper solutions 

than large diameter direct drive systems [32]. 



16 

 

Fig. 2-3. NEG Micon wind turbine with gearbox [30] 

 

As the name refers, in direct drive generators gearbox and all bearing structures are 

eliminated. Therefore, turbine blades and generator are connected on the same shaft 

rotating at low speed. With this eliminated gearbox and other mechanical structures, 

direct drive systems offer lower maintenance cost, increased efficiency and 

reliability. The main purposes of the direct-drive concept for wind turbines are; 

¶ to increase the efficiency thus energy yield  

¶ to decrease the gearbox failures  

¶ to reduce the maintenance cost 

In electrical generator design, one of the main criterion is torque. Due to tip speed 

limitation and natural result of gearless topology, direct drive wind turbine 

generators rotates at low speed. Relationship between power and torque according 

formula which defines the output power of generator: 

 ὖ ὝȢ‫  (2-7) 

where, P is the output power, T is the torque and wm is the mechanical speed of the 

shaft. Torque must be increase inversely proportional to decrease of angular speed 

in direct drive generators in order to produce same amount of power as in the geared 

drive case. In some designs ratio of axial length to air gap diameter, k is optimized 
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[33]. According to [34], electromagnetic torque of an axial flux permanent magnet 

machine is proportional to outer diameter as shown in Eq. (2-8).  

 Ὕͯ Ὀ  (2-8) 

To do that when scaling up the turbine sizes, amount of material should be increased 

in order to maintain the air-gap against magnetic attraction forces between stator 

and rotor parts. This means direct drive machines are heavier and larger in diameter 

rather than other types of machines in order to produce the same amount of 

power. More material also means extra cost, which is a disadvantage for this type of 

generators. Torque per volume and torque per mass parameters are important during 

the design of the generator systems. EESG and PMSG are two main direct drive 

solutions exist in the market. One of the commercial direct drive EESG of Enercon 

is shown on Fig. 2-4. Radial flux orientation is mostly preferred among direct drive 

generators [31]. However RFPM can be disadvantageous when allocated space for 

generator is limited for specific applications such as nacelle or electric vehicle wheel 

motor. Transverse flux PM generators can produce higher torques with lower copper 

losses. However complicated construction is an important penalty for transverse flux 

option, especially when maintenance problems are taken into account. Direct drive 

axial flux type permanent magnet machines are advantageous in torque to volume 

ratio among other machine topologies while torque per mass values are not much 

attractive. Torque per volume advantage is due to shorter axial length and compact 

structure rather than radial flux counterpart. Torque per mass disadvantage is related 

to large diameter which is a penalty of this type of generators. Because of reasons 

aforementioned above, trend is going through the high torque direct drive generators 

as it eliminates gearbox losses and minimizes maintenance and repair cost. 

Therefore, overall efficiency and reliability of the system can be increased. 
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Fig. 2-4. Enercon E-66 wind turbine without gearbox [30] 

 

Modularity on the other hand, is related to availability of maximum portion of 

mechanical or electrical structure of generator during the failure periods. With the 

rapidly increased power levels of 5 MW and above for per turbine, nowadays trend 

is going through the modular multi-level power electronic converters and modular 

machine structures for large wind turbine generators [1]ï[3]. Mechanical modularity 

can be considered as operating parallel machines instead of one bulky generator. 

Contrary to conventional generators, modular generators have the ability of continue 

to operate with its healthy modules under fault conditions of defective modules. 

Therefore, reliability and overall efficiency is increased. Challenges for increasing 

efficiency of wind turbines from the control point of view can be considered as fault 

monitoring and diagnostic, forecasting error and predictive controls [35].  

2.3. Current Wind Turbine Generator Technologies 

In this section, generators are categorized according to their mechanical and 

electrical properties. In mechanical categorization, drivetrain approach is considered 

ie. whether drivetrain includes gearbox or not. In electrical categorization, most used 

generator types in WECs namely induction and synchronous generators are 
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considered in terms of wind turbine point of view. Thus, main approach in this part 

when describing their properties is based on whether they are induction or 

synchronous generators. Wind turbines are mainly categorized in the literature 

according to their rotational speeds. These speed categories are fixed speed, limited 

variable speed or variable speed. Variable speed configuration is the most used one 

among other speed options because itôs more grid-supportive by means of power 

electronic converter it provides [11]. These type of turbines are capable of operating 

at different wind speeds and more flexible in terms of torque and reactive power 

control [12].  

2.3.1. Induction Generators 

a)  Squirrel Cage Induction Generators (SCIG)  

This type of generator can be used with both fixed (also known as Danish Concept) 

and variable speed. However, SCIGs are commonly used for constant speed 

operation. The most common configuration of this generator consists of three stage 

gearbox connected to SCIG and compensating capacitors [30]. Generator speed is 

determined according to grid electrical frequency. Sometimes soft-starter can be 

used after the generator for smoother grid connection [36]. This type of SCIG is 

given in Fig. 2-5. 

 

Fig. 2-5. SCIG Danish concept wind turbine schematic [36] 

 

Robustness, off-the-shelf parts, lower investment costs, stable operation and lower 

maintenance makes SCIG preferable in WECs. But in order to get more efficient 
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operation SCIG should be constructed with low number of poles because high 

number of poles construction becomes a mechanical drawback for SCIG. Besides, 

high number of poles leads to higher leakage flux losses in practical. Therefore gear-

boxes are generally used with SCIGs. Due to fixed speed operation above rated wind 

speeds, limited output power is another drawback of this system. Lack of power 

electronic unit results in poor capability of reactive power control and voltage level 

problems. Need for magnetizing current in order to create magnetic field for stator, 

makes induction generator reactive power-dependent. Capacitor banks or Static 

Synchronous Compensators (STATCOM) are commonly used for reactive power 

compensation with SCIGs. Wind speed fluctuations and tower-shadow effect 

directly converted in torque dips and fatigue loads on turbine sub-mechanical 

systems [11], [37].  

In variable speed applications of SCIG back-to-back voltage source converters 

(VSCs) are employed in order to meet the grid codes [38]. Schematic diagram of 

this type WEC is given in Fig. 2-6. Generator given in Fig. 2-3 was also a constant 

speed SCIG namely, Danish Concept. 

 

Fig. 2-6. SCIG with back-to-back VSC converter [38]  

 

b) Wound Rotor Induction Generators (WRIG) 

Wound rotor induction generators are also known in the market as Optislip concept 

and have been produced by Vestas since 1990s [36]. These type of generators are 

used for limited variable speed applications, thus there will be dynamic slip control 

[38]. This control is applied by connecting electronically controlled resistor blocks 

to rotor of the generator. Mechanical loads are reduced in this type of configuration 
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because of controllable speed. Slip denotes the relation between the rotor speed and 

synchronous speed. It is given by the formula as follows, 

 ί  (2-9) 

where, s is the slip, Ns is synchronous speed, Nr is rotor speed. Higher slip 

magnitudes indicate higher power losses on rotor connected resistors hence lower 

efficiency. Gearboxes in this system can have multiple stages just as the SCIG case. 

Also there exist shunt capacitors connected to line for compensation purposes. 

Typical WRIG schematic diagram with these capacitors is shown in Fig. 2-7. It can 

be concluded that main advantage of this concept is limited variable speed operation 

ability due to resistors connected series with power electronic converter. The main 

disadvantage of WRIG is lower efficiency due to heat losses on resistors while 

increasing variable speed range.  

 

Fig. 2-7. WRIG schematic diagram [38] 

 

c) Doubly-fed Induction Generators (DFIG)  

Among wind turbine generator types, doubly-fed induction generator system with 3 

stage gearbox (DFIG-3G) is the most utilized formation at present [39]. Although it 

consists more complicated power electronic control, it can control active and 

reactive power flow within supply side or rotor side. Stator is coupled to grid via 

transformer while rotor part is coupled to grid by using power electronic converter 

stages. This power electronic converter is rated at fraction (usually between 20-30%) 

of generator power [40], therefore these converters are called as partial scale 
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converters. The main objective of this power electronic block is to adjust speed 

range and grid reactive power support. Sometimes second PGSC (parallel grid side 

converter) is used parallel with dc-link in order to control unbalanced conditions 

better. Configuration of DFIG is shown in Fig. 2-8. Multistage or single stage 

gearbox can be used with DFIGs. 

 

Fig. 2-8. Conventional grid connected DFIG, RSC: Rotor side converter, GSC: Grid side 

converter [36] 

 

Slip rings and gearboxes are the main disadvantages of this generator. DFIGs are 

not suitable for direct drive because of efficiency problems. As mentioned before, 

as machine rotational speed decreases, torque must be increase in order to produce 

same amount of power. Therefore generator size should be increased. However, as 

the diameter of DFIG increases airgap also increase and magnetizing current 

increases. Higher magnetizing current means lower efficiency. Besides, generators 

with larger diameters have large number of poles hence leakage flux problems can 

occur just as in the SCIG case. Stator part of the DFIG is directly coupled to the 

grid, thus possible active and reactive power support can be realized via partial scale 

converter of rotor. Back-to-back converter seen in Fig. 2-8 can be used with crowbar 

in order limit the current and provide fault handling capacity [40] .  

Variable speed operation and efficient converter with active/reactive power control 

rather than WRIG, low price, easy off-the-shelf availability are the main advantages 

of DFIG. Dependency on gearbox, complex power electronic and fractional scale 

adjustable reactive power control, slip rings, high stator peak torques during fault 
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conditions, weak LVRT capability than synchronous generators with full-scale 

converters are the main disadvantages of this type of wind turbine generators. 

Especially with the increasing importance of grid integration, itôs expected that 

DFIGs will become less preferable [30], [41]. In Fig. 2-9, market share of different 

wind turbine generator technologies for Europe can be seen. As it can be seen on 

figure, market share of DFIG has a decreasing trend due to the aforementioned 

disadvantages above. 

 

Fig. 2-9. Market share of different wind turbine generators for Europe between 2006 and 

2015 [42] 

 

2.3.2. Synchronous Generators 

a) Electrically Excited Synchronous Generators (EESG)  

Synchronous generators for wind turbines connected to grid via full scale back-to-

back power electronic converters. In wound rotor synchronous generators (WRSG), 

additional partial scale converter is used for rotor DC excitation for required field 

[40]. Therefore WRSGs are also called as electrically excited synchronous 

generators (EESG).  Rotor of synchronous generator can be excited permanent 

magnets (PM) also, but this type of generator will be described in the next 

subsection. One of the most prominent manufacturer of EESG is Enercon. In Fig. 2-

10, one of the gearless Enercon wind turbine can be seen. EESG of this commercial 

wind turbine has 4.2 MW of output power and rotor diameter of 127 meters. One of 



24 

the main advantages of this concept is that EESG can be operated with variable 

speed applications with suitable grid connected power electronic blocks. 

Additionally, this machine type has cost advantage compared to the direct-drive PM 

machine due to eliminated PM cost. Power converter losses and high cost of the full 

scale converter are the main disadvantages of this power take off system. But, it can 

provide wide control ability of wind turbine generator [43]. It can be either geared 

or direct-driven. However, direct-driven concept is more popular due to elimination 

of gearbox losses and increased efficiency. It is manufactured in large size and 

number of poles, therefore EESG can be heavy and expensive solution. Schematic 

diagram of EESG is given in Fig. 2-11 with gearbox depicted with dashed lines in 

order to show itôs optional for EESG.  

 

Fig. 2-10. Enercon E-126 EP4, 4.2 MW wind turbine during the installation [44] 

 

 

Fig. 2-11. EESG-Electrically Excited Synchronous Generator grid connection [38] 



25 

b) Permanent Magnet Synchronous Generators (PMSG) 

In this generator type field excitation is realized via permanent magnets rather than 

the DC excited field winding. Permanent magnet synchronous generators are 

available in both direct-driven and multi-stage geared versions. In geared version, 

gearbox compensate the space and volume disadvantage caused by direct drive 

concept. Direct drive PMSGs are preferred because of their higher energy yield and 

higher power-to-weight ratios than electrically excited generators. Therefore, 

overall efficiency is increased in direct drive PMSGs due to its robust structure [45]. 

Due to its full scale converter, fault-ride-through capabilities and reactive power 

support ability are important advantages of PMSG. Full-scale converter also allows 

generator to operate at different frequencies [30]. However, high prices of 

permanent magnets and fluctuations in these prices, as occurred in 2010 due to 

Chinaôs precautive actions [30], can be considered as a disadvantage of this concept. 

Demagnetization risk of PMs is another disadvantage of PMSG. As a good 

alternative for PM excited synchronous generator, popularity of EESG depends on 

the PM prices. It can be said that reduction in magnet prices and disadvantages 

discussed in EESG section cause EESG less preferable against permanent magnet 

synchronous generators. Recently, capacity of PMSG wind turbines has increased 

up to nearly 10 MW [8], [46]. Schematic of PMSG with multiple stage gearbox is 

given in Fig. 2-12 below.  

 

Fig. 2-12. Permanent magnet synchronous generator with gear-box and full scale power 

electronic converter [36] 

 

As mentioned before in direct drive section, gear box structure causes mechanical 

loss and requires periodical maintenance. Once gearbox fails, wind turbine canôt 

able to produce energy. Hence this results in downtime losses. Maintenance and 
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repair losses makes wind turbine inefficient and expensive investment. Therefore, 

the trend is using direct-driven or single stage gearbox with PMSGs [32], [45]. 

Single stage gearbox still have mechanical losses rather than gearless system. 

However, it reduces the rotor diameter and total mass of the direct-driven version. 

In direct-drive generators, with the low rotational speeds, diameters are increased in 

order to obtain higher torque values, hence power levels stay same or goes up. 

However, increase in diameter and total generator volumes are not feasible for 

reliability, modularity and transportation. A Germany originated company named 

Multibrid, designed and commissioned a PMSG with one stage gearbox, Multibrid 

M5000. Main focus is to reduce the large size of multi MW large direct drive 

PMSGs. However, this design has the disadvantage of gearbox but cheaper than 

direct-drive generator. In Fig. 2-13, a picture of 5 MW Multibrid M5000 wind 

turbine is given.   

 

Fig. 2-13. Multibrid M5000 5MW wind turbine generator(Courtesy of Multibrid and 

Areva) [47] 

 

It can be concluded that direct-drive technology among PMSGs is gaining attention 

in last decade due to increased efficiency and reliability issues especially for 
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offshore wind turbines [48]ï[50]. In Fig. 2-14, schematic of direct drive PMSG is 

given. 

 

Fig. 2-14. Schematic of direct-driven PMSG [36] 

 

Permanent magnets in PMSGs are arranged in different configuration related to their 

flux path. These are called as radial flux (RF), axial flux (AF) and transverse flux 

(TF). In radial flux concept, route of the magnetic flux is perpendicular to the 

direction of the rotor shaft. In axial flux concept, path of the magnetic flux is parallel 

to the direction of the rotor shaft. Finally in transverse flux concept, path of the 

magnetic flux is perpendicular to the rotation direction of the shaft. Additionally, 

PM machines can be classified according to their mechanical structures such as slot 

type and stator/rotor position [31].The sections of a PMSG parts can be classified as 

active and inactive parts. Active part consists of electromagnetic elements in 

machine such as PMs, iron core and copper. Inactive part consists of mechanical 

parts such as steel, shaft and other mechanical frame structures.   

In this thesis work, direct drive PMSG is chosen for the design because of its higher 

energy yield, improved reliability, higher overall efficiency, relatively long 

maintenance periods and better fault ride-through capability rather than the other 

electrically excited and multistage geared generator counterparts. Reliability and 

availability can be increased by developing modular and fault tolerant PMSG. 

Modularity will be discussed and explained in the following subsections. 

2.4. Flux Orientations in PMSG Based Systems 

As mentioned before, in PMSG based systems the main electromagnetic flux on 

rotor side is provided by rare-earth permanent magnets. Therefore, the flux paths for 
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these permanent magnets and active parts of the generator are important in terms of 

evaluating magnetic equivalent circuit of the system. In this subsection, different 

flux orientations and considerations of PM based synchronous generators will be 

given. To do this, subsection is divided into three parts, namely radial flux, axial 

flux and transverse flux sections.  

2.4.1. Radial Flux (RFPM) 

In the radial flux configuration, permanent magnets are arranged so that magnetic 

flux passes the airgap in radial direction. Radial flux configuration is the most 

common concept in permanent magnets based large direct drive synchronous 

generators, due to their high torque density and simple structure [12]. If PMs are 

mounted on the rotor surface, this type is called as surface mounted permanent 

magnet machine. Otherwise PMs are placed in slots (buried) of rotor part, aiming to 

concentrate the flux especially when low remanent flux density magnets are used 

and still high airgap flux density is needed. RFPM generators can be sometimes 

constructed with outer rotor inner stator configuration in order to utilize high number 

of poles with increased cooling capability of outer rotor surface [43]. Iron cored and 

air-cored are two core types used with inner rotor and outer rotor configuration, 

respectively. Diameter of RFPM can be adjusted with longer axial length. A typical 

radial flux surface mounted PM generator arrangement is given in Fig. 2-15. Buried 

PM version of RFPM is given in Fig. 2-16. As seen on figures, flux crosses the 

airgap in radial path in both configurations.  

 

Fig. 2-15. RFPM with surface mounted permanent magnets [10] 
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Fig. 2-16. RFPM with buried permanent magnets for flux concentration [10] 

 

RFPM generator can be manufactured in small diameters due to adjustable axial 

length as aforementioned above. However, long axial length is disadvantage for 

nacelle and space of wind turbine generator. Additionally, thermal expansion of 

rotor and stator parts may be problematic in determining air gap clearance [10]. 

Internal rotor type is the most used RFPM in industry applications. Complete view 

of conventional inner rotor surface mounted PM type radial flux machine is given 

in Fig. 2-17.   

 

Fig. 2-17. Conventional internal rotor RFPM complete view [51] 

 

2.4.2. Axial Flux (AFPM)  

Starting from early 90s, AFPM has been extensively used as an alternative for radial 

flux counterpart [52]ï[55]. In axial flux permanent magnet generators (AFPM), 
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magnetic flux crosses the air gap in the axial direction. The main advantage of 

AFPM is that it has relatively short axial length. Therefore, higher torque per volume 

ratios are achieved [12]. In multistage variations of this machine, outer diameter can 

be limited without decreasing the torque density significantly. Ratio of inner 

diameter to outer diameter should be chosen carefully in order to achieve higher 

output power [56]. This property is preferred when working with limited nacelle 

space. Adjustable planar air gap is another advantage over the radial flux machines 

[57]. There are different types of stator/rotor configurations of AFPMs. AFPMs can 

be classified as slotted and slotless machines, considering the stator winding 

position. A table showing the various types of AFPM generators according to 

different criterions is given in Fig. 2-18.
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