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ABSTRACT

DESIGN OF A MODULAR, AXIAL -FLUX DIRECT DRIVE PERMANENT
MAGNET GENERATOR FOR WIND TURBINES

BakkAydén
M.S., Department of Electrical and Electronics Engineering
Supervisor: Assist. Prof. Dr. Ozan Keysan

January2018 154 pages

Wind energy technology is becoming more important issue in terms of renewable
energy applicationsTheoretical maximum of wind energy utilization is known
(which is predetermined by Betz as 59%) and generally imperfections in blade
manufcture redce the actual energy yield of the turkiess than the useable
energy. Thereforemmaximum energy yield from generator topology is desired.
According to fault statistics of wind turbines, most of the cases are related 1o gear
box failures. Mechanical loss and heat losses are again result from thesdgear
drive train systems. In thibesis, axiaflux permanent magnet direct drij&FPM

DD) topology is investigated becauseitsf high energy yieldlower maintenance
periods due to its modular direatrive conceptand axial length advantages
Proposed generator haselectrical output power of 5 MW at 12 rpm. Outer stator
axial flux concept will be used in tlar-coredgenerator. Genetic AlgorithifGA)
Optimization is usedn determining analytical parameters of the designthis
thesis cost basedaptimization procedure is carried under 9 different wind speed

conditions in order to get a more realistic design. Wind speecadataken from



real field based measurememriuwes of a sampleind power plant\(\VPP located

i n ¢anakk aThe dgorithm calc@dayed the design parameters of the
proposed AFPM generator based on a power generation reference of a commercial
5 MW Permanent Magnet Synchronous Genera®WRG wind turbine under
aforementioned wind conditions. In additidhe algorithm also considers the wind
speed time probabilistic and related generation incdmesder to verify the
validity of analytical design method, first a sample 50 kW AFPM design isiaied

by using FEA(Finite Element Analysisandthen critical parametesich as air gap

flux density, and induced emf values are compared with the analytical results.
Comparisonof the results of the designed generator supported the proposed
analyticaldesignmethod.Detailed electromagnetic and mechanical aspects of the
designed 5SMWL2 rpmmodular generator and its simulation resaltspresented

and verified by using FEA comparisdhis observed that in the proposed design,
PMs contribute most in & 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 feolarge diameter due to
theselected direetlrive conceptlnstallaion costs, crane costs for maintenance and
installation, transportation costs and downtime costs can be reduced with modular
design conceptWhen increasing mport ance of Areliabilityo,
Af atudlter anceo t aken itmtthe praposedoduratAFPM t i s expe
generator system will contribute significantly in the MW level wind energy
harvesting technologid®oth in onshore and offshore

Keywords: Wind energy conversion, axial flux permaneardggnet generator, direct
drive modular generator, genetic algorithm optimization, finite element analysis
(FEA)

Vi
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R! ZGAR T RBKNLM®RKX KERN EKSENEL AKI LI
DOJRUDAN S! RAKLCI MI KNATI SLI BKR GENER,
TASARIMI

BakkAyadén

Y¢é¢ksek Lisans, El ektri k ve EIl ektroni
Tez Y°neticisi: Yrd. Do - . Dr . Ozan |
Ocak 2018154 sayfa
R¢zgar enerjisi teknolojisi, yenilenebil
hale gelmektedirTeorik olarak naksimumr ¢ z gnarjsik ul | a n mekt@edirb i | i n

(Betz tarafed®daod ab@akobambrhekmnadér preei
bozukl ukl ar ger -ek emealjti yelideddBy Regamieé | abi |
g e n ertopotojlerinke n maksi mum ener ji Rgrmtairmii nbekl

hat a i statistiklerine g°re, ol ayl ar én
kaynakl anmaktadeéer . Mekani k ve éseél kayeéep
kaynakl anmaktadeéer . Bu tez -al ékmaseénda,
s¢r (AFPMDD)t opol o i yéksek enerji creti mi,

d¢kek bakém periyotl arée ve e&kwstedreéd!| mewktné
¥nerilenr gleznerpmbde 5MW - ékecxk gésceéene s
generat®°rde, har incsie psttia tkourll heskaseeenaeél a k daldaa | |
parametrelerini  belirlenmesinde, genetik algoritma (GA) optimizasyonu

kull anél méktér. Bu tezde, daha ger-ek-i |
optimizasyon 9 farkl & rewrtgiari Ihmizet ikro.k uR ¢

bil gisi, ¢tanakkal e/ T¢grkiyedde bulunan ©°r
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saha bazleée °1-¢m dejerlerinden al énméexteéer.
tasaréem parametrel er.i hesapl amarkrar éné ti car
generat®°r¢n (a8l ¢cyzukaar ékdeak ul | ar é al t éndak
referanséné bazBaharek bkampkamakgeritma ay
istatistiklerini ve il gili ¢ r Analititm gel irl er
tasgreamemige-edojidtul amak inekbimS50kWAFPM akt a ©°r

t asar é @énlu &lEan Analizik ul | anél ar ak stnemhavaet i | mi K de
aralejée manyeti k aké yojunluju ve endg¢kl ene
sonu-1ar |l & mekatrekré.| aktadmaé& | anan generat®°r ¢n |
°neril en analiti k t as a rTésarlangn® SMWHAZnipm i dest ek
mod¢l er generat®r¢n detayl é elektromanyetil
sonu-1laré sunul muw]wvwea | EReakiutlléra kted @a éad&md a

méknatERBM)areoapl am maliyet i -1 kdgekieskanat késé
toplam k¢gtle i1 -in en az baS&-€inl én | edxjemu dd rd
S¢ré¢k konseptinden kayniakelng gyesnkesreakt °-ra¢gpné ndai jre
seviyesindeki rakiplerine ¢Mbdegl ekseéemaslar amur
konseptiyl e; kur ul um magereklyveitnl -e rmna | ikyuertull eurm
takéma maliyetl eri ve devr eiGgwearei lkiarl Imak oma,l |
AMd¢ Il erl i ktoo lvermnainfsreaoz aan ° ne mi hesaba kat el

mod¢l er AFPM generat®°r sisteminin karada ve

enerjisi kazaném teknolojilerine °neml. k at

Anahtar Kelimeler: R¢, z g ar ener jeéelss endelnsgxlganlyé kal écé o

generat?®°r, drog o ¢uldearn gsesmresrkd tgf r geneti k al go

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 tliesearch 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 Wamndummarize, OPEC crisis in
1970s and environmental problems worked eatalyst in development progress of
wind turbinesFirst wind turbines were operating at fixed speed and their structure
was very simple. This concept SquirrelCage InductiorGererator SCIG) was
called | ater as fADani sh concepto and bec
Nowadays, there are different types of wind turbines exist in the market both in
mechanical anctlectrical aspectsGlobal tend is going above 5MW of outpu
power and especially generator technologiesunderdevelopment in order to

maximize produced enerd¥]i [3].

Global annual and cumulative installed wind capacities between 2001 and 2016 are
given in Fig 1-1 and 12, respectively. As it can be seen from graphs, wind energy

harvesting has an increasitignd.



GLOBAL ANNUAL INSTALLED WIND CAPACITY 2001-2016
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Fig. 1-1. Worldwideyearlyinstalled wind capacit2001-2016[4]

GLOBAL CUMULATIVE INSTALLED WIND CAPACITY 2001-2016
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Fig. 1-2. Worldwide totalinstalled wind capacity 2002016[4]

According to annual market update reporGtdbal Wind Energy CounciGQWEQ),

itds expected to r e awlvindieBetgy capscity by 2020, o b a | cum
although itdéds estimated that annual <capacit:’
percent level. Detailed market forecast of GWEC for 22Q20 is given in Figl-

3.

Risein the usageof wind energy in Turkey is very similar to global trends. Wind

energy sourcegontributel about 6%0of T u r k ®@tgl électricitydemandn 2015

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

for past 5 years. Figl-4 shows the variation of cumulative installations foravin

power plants in TurkeyAccording toTurkish Wind Energy Associatiom(WEA),

itds expected to reach total installed capat
f r ame wo r ktotalwind cabaeity @psedictednore than 48 GW fromones

with over 7 m/s speed at 50 metaltstude[5].
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Fig. 1-4. Cumulative installations for wind power plants in Turkéjy

Wind turbine design is an important issue for renewable energy. Espeltigtyg

the last decadeits technology is substantially matured with variable speed

applications. Although there are physical aetodynamicalimitations due to

natural causes oWwind phenomenon, different arrangements of wind turbine

generator systems are inventedrtaximizethe captured energy. By this improved

technologies both in power electronics and generatoranufacturing and

installation costs are reduced. Therefore dxenergy harvesting concsgtarted to

penetrate the global markets. Accordingap today 83 countries use wind energy



harvesting applications commercially and 24 countries have installed wind power
capacity of more than 1GWEvolution of wind turbine sizeandfraction ofpower
electronicsstage capacitiesan be seen in Fid-5. As the sizes and powkavelsof

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 comifiergrid codes

and faut ride through capabilities.

10 MW

1980 1985 1990 1995 2000 2005 2011 2018 (E)

Power Rating: = 0% | t0% | 30% | 100%
Electronics Role Soft starte Rotor Rotor
resistan power

Fig. 1-5. Evolution of wind turbine$8]

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

necessary to validate are given as follows:

 Low cost
1 Longlasting

1 Low service requirement

If we go in detail of these conditiofrem theengineering point of view, lightweight,
low cost, low speed, high torque and variable speed operation shaxddsidered
during the desigistage of wind power plant (WPIF]. Wind turbine generators
dominating the markets nowadays hav&V-level power output capacity in
averageGearboxes are usedander to paithelow speed hub witthe high speed

generator shaftHowever, gearboxeresult in high mechanical wear, decreased



efficiency and lower lifespan. Therefore, wind energy systems with geared
drivetrain need regular maintenance. Lspeed gegrators and direct drive systems
are introduced in order to omit the gearbox and increase the overall effifiéncy
Higher overall efficency, lower noise, reliabilitgnd 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 obtainedne disadvantage of direct drivencept is that they have larger
diameters than conventional geared wind turbines in order to provide same output
power in low speeds$n addition, using modern rarearth permanent magnets such

as NdFeB, higher energy densities become reachable and nweefidonovel
generators can be manufacturégenerators with permanent magnets will be
covered more detailed in the next chaptér.this study, direct drive axial flux

permanent magnet topology is chosen to design among other topologies.

Wind turbines an be categorized tmtwo types according to theiotationalaxis

position:

9 Horizontal axis wind turbines (HAWTg&xample of it is given in Fid.-6 (a)

1 Vertical axis wind turbines (VAWTgxanple of it is given in Figl-6 (b)

() (b)

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



As the name refers, IHAWTS, shaftaxisis parallel with groundvhile 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 kiWertical

axis wind turbinesangle of strike of the air is inherently varies with the rotation and

ités hard to capture energy especially unde
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 ipb two main control techniguegxist:stall
controlandpitch control. Generally in stall controlled technique, turbine blades ar
fixed aerodynamic structuseand these turbines need high peak torque to limit
turbine speed while ipitch control technique, blade piteimgle can be changed
during operation of turbinee. angle of attack of air can be adjusted therefore these
turbines do not needver torquefor limit the eed[10]. In variable speed

applicationspitch control is a commonly used techniqlig].

A usualwind turbine consistof turbine blades and shaft, gearbox #rebenerator.

The main generators used in wind turbines are synchronous and induction generator
concepts. In conventional applicatioagiearbox is connected between turbine shaft
and genertar and used for increasing the low speed of turbine blades to high speed
of generator. In direct drive wind turbinéise generators directly coupledto main

shaft of the turbine andperatest low speeds. Geared and direct drive schematics
of wind turbines are shown in Fif+7. Wind turbines can be categorized into three
maingroups according to generatotationalspeedTheseare fixed speed, liited
variable speed angiriablespeed12]. Althoughthefirst examples of wind turbines

were generally fixed speed ones littee Danish concept, modern wind turbines
nowadays use variable speed concept because ddrlgtver andhighertorque
advantages. More detailed explanations and schematics about categorizing wind
turbines according to their drivetrain, generators and flux orientations will be given

in thenext chapter.
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Fig. 1-7. Conventional geared (left) and direct dr{vight) wind turbineq13]

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 WEGsased every year,
reliability for these systems becomesre 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 Permabh&lagnet wind turbine
generatoilAFPM-DD) is chosen and designed because dhigs reliability, high
torque density and volume advantagene cesigned and proposed generatordras
output power of 5 MW. Gearless drive train is chosen especiallyntoeasd
overall efficiency and redudamaintenanceosts.The poposed 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 validatiorAlso in this study,the proposed
generator system is compared with its MW level counterparise last chapter
Table t1 shows the recent MW level wind turbine mtdwvith respect to their
brand origin, generabr type and output powerl4]i [23]. Based on these table
values, i can be said thahetrend is going twards10 MW per turbine in a few
years. When increasing importanseo f Areliabilityo,- Amodul

t ol e ramtakereidto account, it is expected that the proposed generator system



and its comparison with existed commercial counterparts will contribute

significantly in the MW level wind energy harvesting technologies.

Table 1. RecentMW level wind turbine generators worldwifi®4]i [24]

Power
Brand Origin Level Type Drivetrain
(MW)
Sinovel China 1.5-6.0 DFIG 3 stage gearbo
3.45 PMSG
Vestas Denmark 187 3.0 DEIG 3 stage gearbo
MHI-Vestas Denmark 427 9.5 PMSG 3 stage gearbo
. 1.7-3.8 DFIG 3 stage gearbo
GE Wind uS 6.0 PMSG Direct Drive
Goldwind China 157125 PMSG Direct Drive
. 271 3.3 DFIG 3 stage gearbo
Gamesa Spain 5 PMSG 2 stage gearbo
Enercon Germany 0.87 7.78 EESG Direct Drive
Nordex Germany 1.57 3.9 DFIG 3 stage gearbo
Siemens 2.37 3.2 Gearbox
wind Germany 3.31 8 PMSG, SCIG Direct Drive
Suzlon India 0.67 2.1 DFIG 3 stage gearbo
. 2.01 3.6 DFIG, SCIG
Senvion Germany 6.2 and EESG 3 stage gearbo

1.3. Thesis Outline

In Chapter2, general overview of wind energy conversion systems and challenges
in this area willbe summarized. For this purpose, generator systems used in wind
energy comersion systems will be classifiedcording to electrical and mechanical
aspecs. Importance oimodularitywill be described. Finallychosen direct drive
AFPM generator system will be explained and advantages and disadvantages of it

will be evaluated.

In Chapter3, detailed analytical dggn 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 discussedruter to check the accuracy of the

analytical design methodology proposed in this thesis.



In Chapterd, 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 #sis will be dexribed Finally, optimized design
parameters and analytically calculated performance values of the proposed 5MW 12
rpm generator will bpresentedDiscussion of the mass and cost components of the
proposed design will be given at the end of this chapter.

In Chapterb, 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 Chapter6, comparison of the proposed generator with sinfil\W-level wind
turbine generators droth market and academic workal be presented in terms of
powerand torquedensity Finally, conclusions and future waslabout 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 tabinlates].
chapter, detailed survey of wind energy fundamentals and general overview of wind
enggy conversion systems will be summarized. To accomplish @napter 2is
divided into five main parts. Inthe first part, windpower equations anéley
parameters will beliscussed. This data especially used in wind turbine investment
calculations and wid potential estimation techniquebhen challenges in wind
energy conversion systems will be introduced and common problems will be
addressedn thenext partexistingwind turbinetechnologiesvill be classified and
evaluated according to their mechaliand electrical aspects. Then three main flux
orientations in PM based systems will be shown and explained. Finiadly,
importance of modularity in woh energy conversion systems and duvantages
andthedisadvantagesf axial flux PM machinewill be evaluatedAlso 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 powBrrom ahorizontal axisvind turbine can

beexpressed as a function of the wind speed as follows:
v -" 6 _h “10 (2-1)

where, ” is the mass density of air0, is the power coefficient which is a
function of the tip speed ratmand the pitch anglb, i is radius of the turbine blade
and U is the wind velocity Power coefficient, sometimes called performance
coefficient, can be defined as the ragiche captured wind powelo the available

input power of the wind. Therefori tells ushow efficientthe urbineis. Generally

11



imperfections in blade manufacture reduces the actual empeoglyctionof the
turbine lower than the wuseable energy. Theoretically, maxinb®%
(approximately 16/27) ahewind energycan becapturedy an ideal wind turbine.

This result is concluded by German physiditiert Betz in 1919. This limitation is

valid for both vertical and horizontal axis wind turbines. Maximum value of
performance coefficienQp) is limited by Betz criterionSince physical limitations

exist in nature such as friction and other mechanical losses, maximum value of the
performancecoefficient Cp is always lower than theoretical maximum of Betz

constant.

In [25], power coefficienis definedas a nonl inear function of
angl asfdqldws,

6 A o6 — 61 6 Q 6 (2-2)

where,

— (2-3)

These coefficients shown above depend on the turbine physical characteristics.
Investigaion of these values is out of scope of thissisTip speed ratigTSR- / )

is defined as a ratio of linear tip speed of turbine bladeind speedas shown in

Eq. (24). This ratio is very useful when designing a wind turb@ptimal TSR is

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

— (2-4)

where, vis the wind speedvn is the rotational rotor spe@mdR s the rotor radius
TSR is a kind of measurement of htagtturbine bladesotate. Until a proper limit,
higher rotational speeds leads to higher output power levels. Therafgird,SR is
aimed when designing a wind turbifigach wind turbine has unique value of TSR
regardless of the generator topology used in manufgd@éyeApproximate optimal

TSRfor aconventional three blade wind turbine system is given as 54 ]n

Minimum wind speed that is needed to start to rotatbltaes iutin wind speed,

while the cut-out speed is the maximum speafdwind that turbine is allowed to

12



continue operationintermittent nature of the wind determines the production
variationof the WECSs. There are some approaches for estimate the wind profile at
agiven place. Weibull distributiors used taepresenthewind speed distribution

andit indicates the occurrence frequency of the wind speeds according to time for a
given site measurementhis indication isrequiredbecause of the probabilistic
nature of wind. Weibull distributioandRayleigh distributiongre used to estimate

and analyze the wind speed distribution. IEC 61400 stanaéidh is specialized

for design requirements of wind turbine, mentions Rayleigh and Weibull

distributions as the most common distributions for wind prd2@]. Weibull (F,)

and Rayleigh Ez) cumulative probability functions are given#iy. (2-5) andEq.
(2-6), respectively.

av g
F =1 - ' -
w(V) expl éﬁ g (2-5)
Fr(v) =1 -exp[ &= ap %— f’] (2-6)
Q GVm +

wherev, \, c andk are wind speed , mean wind speed, scale parameter and shape
parameterdn Rayleigh distributios, shapg@arameters equalo 2 and mean wind
speed value is required. [29], authors calcuta 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 Hg. 2

= Time-series
—Weibull

0,08 4 —p— Rayleigh

0,06

0,04

Probability density

0,02 J

0,00

1 3 5 7 9 11 13 15 17 19 21
Wind speed (m/s)

Fig. 21. Wind speed probability density functions Bwzcaada regiof29]
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2.2. Challenges in WEC Systems

Main focus and effortiuring 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 andhetr technical trend parameters have to fulfill this

economical objective.

As the power scales of wind turbBiecreasepenetration of these energy sources
into electrical grid becomes inevitable. Demand side management techniques and
different storage tehnologies 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 plantaredescribed 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 lgaitage 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 deteesiithe 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 desigip30]. For example, mechanical parts which have high withstand
ability for humidity is preferable for offshore wind turbines. Failure rates and
corresponding downties for different parts of generator are obtainef8dj and

given in Fig. 22. According to this stastics based o collected datait can be
concluded that main failures and longest downtimes result from gearboxes and

electrical systems.

As a rule é thumb in generator design itiimportant to avoid gearbox because of

its mechanical partand need for periodic maenanceand lubricationIncreased
maintenance periods are big advantage for wind turbines whose locations are hard
to reach such as offshore wind turbifies]. Drivetrain of a VSCF (variable speed

constant frequerny turbine generally consists of blades, low and high speed shafts,

14



gearbox 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 transmiss 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 gd#x, which increases the rotational speed of the
low-speed shaft. Gearbox allowsngeator 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 chhare geared and

gearless are given iFig. 23 and Fig. 24, respectively.

Electric system — [ LWK fallure Rate, approx. 5800 Turbine Years
[ WMER fallure, approx. 15400 Turbine Years

B LWK downtime, approx, 5800 Turbine Years
Other - W WMEP downtime, approx. 15400 Turbine Years

Electric control —

Hydraulic system —

Yaw system —|

Rotor hub |
Mechanical brake —|
Rotor blades — \—* 1

Gearbox — !
Generator —

Drive train — e——
I I I 1 T T I | I I 1
1 o075 05 02 0 2 4 6 8 10 12 14
Annual fallure frequency Downtime per fallure (days)

Fig. 22. Failure frequency and downtime for different part of wind turfiaé

Gearbaes arethe main source of mechanical faults and losses in wind turbine
systems. Al so, iregulasnaintenaneesos gearbox coroporardsk e
in order to avoid an unexpected failuMoreover, they result in mechanical and
thermal losses hence reduced efficiertfiyvironmental drawback of the gearbox is
audible noise created by mechanical pdi2]. 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 diamter diect drive system[32].
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spinner ~__
Y - Xrotor hub

main bearing

main axle
model NEG Micon

gear box \
52/900
rotor blade - technical data -
cooling y
system 24 ,- technology
> rated power : 900 kW
y rated wind speed : 16.0 m/s
gear/motor cut-in wind speed o3.5m/fs
generator disc brake rotor diameter 1 52.0m
swept area : 2,140 m2
roor speed 1 15-22rpm
maintenance crane generator : asynchronous
weight
tower nacelle $ 265t
rotor {incl. hub) 1 16.5t

Fig. 23. NEG Micon wind turbine with gearbdg0]

As the name refers, in direct drive generators gearbox and all bearing structures are
eliminated. Therefore, turbine blades andegator are connected time same shaft
rotating at low speed. With this eliminated gearbox and other mechanical structures,
direct drive systms offer lower maintenance costicresed efficiency and
reliability. The nain purposes of the diredtive concet for wind turbines are;

1 to increasehe efficiency thugnergy yield
i todecreas¢hegearbox failures

9 to reducethe 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
generatorsotatesat low speed. Relationship between power and torque according
formula which defines the output power of generator:

0 "8 (2-7)

where,P is the output poweiT is the torque andm is the mechanical speed of the
shaft Torque must be increase invdysproportional to decrease of angular speed
in direct drive generatois order to produce same amount of power as in the geared

drive caseln some designs ratio of axial length to air gap diamkisrpptimized
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[33]. According to[34], electromagnetic torque of an axial flux permanent magnet

machine is proportional to outer diameter as shovi&nir{2-8).
Y0 (2-8)

To do that when scaling up the turbine sizes, amount of matbaald bencreased

in order to maintain theiragap againstmagnetic attractiorfiorces 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 prodheesame amount of
power.More material also means extm@st which is a disadvantage for this type of
generators. Torque per volurardtorque per magsarameters are important during

the design of the generator sysgelBESG and PMSG are two main direct drive
solutions exist in the market. One of the comméntirect drive EESG of Enercon

is shown on Fig.-2. Radial flux orientation is mostly preferred among direct drive
generator$31]. However RFPM can be disadvantagewhen allocated space for
generator is limied 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, especiayl when maintenance problems are taken into acc@umgct 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 avage is due to shorter axial length and compact
structure rather than radial flux counterpart. Torque per mass disadvantage is related
to large diametewhich is apenalty of this typ of generatord8ecause of reasons
aforementioned aboviend is goig through thénigh torquedirect drivegenerators

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

Thereforepverall efficiency and reliability of the systeran be increased
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Sanililinc model Enercon E-66
- technical data -
s
rotor blade technology
pitch regulation rated power ;1.8 MW
rated wind speed : 120 m/s
cut-in wind speed : 25 m/s
rotor diameter 1700 m
swept area 3,848 m?
rotor speed :10-22 rpm
generator  : synchronous
yaw "‘mtor ring generator
machine support gearbox  :none
brake
: weight
axle pn nacelle 1 688t
blade adapter rotor (incl. hub) : 317t
: tower (98m, concrete) : 861t
inner
o tower tower (86m, steel tubular)  : 219t
rotor blade =

blade pitch motor

Fig. 2-4. Enercon E66 wind turbine without gearbdg0]

Modularity on the other hand, is related to availability of maximportion 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 mulével power electronic converters and modula
machine structures for large wind turbine generdidi$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 cond#iof 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 predictrerols[35].

2.3. Current Wind Turbine Generator Technologies

In this section, generators areategorized according to their mechanical and
electrical properties. In mechanical categorization, drivetrain approach is considered
ie. whether drivetrain includes gearbox or.fmotlectrical categorization, most used

generator types in WECs namely imtion and synchronous generators are
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considered in terms of wind turbine point of vielus, main approach in this part

when describing their properties is based on whether they are induction or
synchronous generators. Wind turbines are mainly categonizéide 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 o0ptsupportive b memzotipoweer i t 6 s
electronic converter it providé¢$1]. These type of turbes 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 typeof generatorcan be used with both fixgdlso known a®anish Concept)

and variable speeddowever, SCIGs are commonly used for constant speed
operation. The most common configuration of this generator consists of three stage
gearbox connected to SCIGdanompensating capacitdi®0]. Generator speed is
determined according to grid electrical frequensgmetimes sofstarter can be

used after the generator for smoother grid conne¢86h This type of SCIG is

given in Fig. 25.

\/ 7y ~
% | SCIG v
[ & / —

N gearbox

Compensating
capacitors

Fig. 2-5. SCIGDanish conceptvind turbine schemati86]

Robustnessff-the-shelf parts, lower investment costs, stable operation and lower

maintenace 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 constructiondmmes anechanicablrawback for SCIGBesides,

high number of poles leads to higher leakage flux losses in prattiesdfore gear

boxes are generally used with SCIGse to fixed speed operation above rated wind
speeds, limited output power is anotldeawback 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 podepadent. Capacibr banks or Static
SynchronousCompensator§STATCOM) are commonly used for reactive power
compensation with SCIGsWind speed fluctuations and towsnadow effect
directly converted in torque dips and fatigue loads on turbinenmdhanical
systemg11], [37].

In variable speed applications of SCIG baolback voltage source converters
(VSCs) are employed in order to mele¢ grid codeq38]. Schematic diagram of
thistype WEC is givenin Fig. 26. Generatogiven in Fig. 23 was also a constant

speed SCIG namely, Danish Concept.

Grid

ST AC

— T o .
K box | S — L
W — /bC AC T

N

N 4 DClink LC Filter
¥ P

PWM Digital 5w

Control

Fig. 26. SCIG with backo-back VSC convertd38]

b) Wound Rotor Induction Generators (WRIG)

Wound rotor induction generators are also knawtihhe markets Optislip concept
and have beeproducedby Vestas since 199(036]. These type of generators are
used forlimited variable speed applications, thus there will be dynamic slip control
[38]. This control is applied by connecting electronically controlled resistor blocks

to rator of the generatoMechanical loads are reduced in this type of configuration
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because of controllable spe&lip denotes the relation between threspeed and

synchronous speed.i#t given by the formula as follows,
P — (2-9)

where, sis the slip, Nsis synchronous speed\: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 exisshunt capacitors connected to line for compensation purposes.

Typical WRIG schematic diagram withese capacitors is shown in Fig7 2t can

be concluded that main advantage of this concept is limited variable speed operation
ability due to resistors conaied series with power electronic converter. The main
disadvantage of WRIG is lower efficiency due to heat losses on resistors while

increasing variable speed range.

O Gear
O box

Transformer

|~

PE with Grid
resistors

Fig. 27. WRIG schematic diagrafB8]

C) Doubly-fed Induction Generators (DFIG)

Amongwind turbinegenerator types, doubfed induction generator system with 3
stage gearbox (DFK3G) is the mostitilized formationat presenf39]. Although it
consists more complicated power electronic control, it can coattive and
reactive power flowwvithin supply side or rotor sidé&tator iscoupledto grid via
transformer while rotopartis coupledto grid by usingpower electronic converter
stagesThis power electronic converter is rated at fraction (usually bet2@80%)

of generator powef40], therefore these converters are called as partial scale
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convertes. The main objective of this power electronic block is to adjust speed
range and grid reactive power supp&bmetimes second PG$garallel grid side
converter) is used parallel with -tiok in order to control unbalanced conditions
better. Configuraton of DFIG is shown in Fig. -8. Multistage or single stage

gearbox can be used with DFIGs.

Transformer
) Few L 7 7 |
O box / \ ),
= |
Grid
AC 1 DC/ |
DCL— | AC

DC-Link
RSC GSC

Fig. 28. Conventional grid connect&FIG, RSC: Rotor side converter, GSC: Grid side

convertel[36]

Slip rings and gearb@sare the main disadvantages of this generator. DFIGs are
not suitable for direct drive because of efficiency problems. As mentioned before,
asmachine 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 agnetizing 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. Staiartof the DFIG is directlycoupledto the

grid, thus possible active and reactive power support can be realized via partial scale
converter of rotor. Backo-back converter seen in Fig8tan be used with crowbar

in order limit the current and prale fault handling capacityO] .

Variable speed operation and efficient converter with active/reactive power control
rather than WRIG, low price, easy 4lffe-shelf availability arehemain advantages
of DFIG. Dependency on gearbox, complex power electronic andoinattscale

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

converters are the main disadvantages of this type of wind turbine generators.
Espei ally with the increasing I mportance
DFIGs will become less preferall@0], [41]. In Fig. 29, market share of different

wind turbire 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.

- Europe SCIG in fixed speed concept
Q

i 80,0 Wound-Rotor Induction
2 = 70,0

S =R ’ Generator

=z 3 00 DFIG

5 2 500

2 8 400

5 &8 300 PMSG

@ 20,0

2 10,0 —8—FEESG

v 0,0

SCIG in variable speed
concept

2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Years

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 scalédack
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 proeim manufacturesf 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
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the main advantages of this concept is thaB&GEan be operated with variable
speed applications with suitable grid connected power electronic sblock
Additionally, this machine type has cost advantagmpared to the direclrive PM
machine due to eliminated PM cadBbwer converter losses and higist 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 generafdB]. It can be either geared

or directdriven. However, direetlriven concpt 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 sdhati@matic
diagram ofEESGis givenin Fig. 211 with gearbox depicttwith dashed lines in
order to show i.tbés optional for EESG

Fig. 2-10. Enercon EL26 EP4, 4.2 MW wind turbine during the installatjdd]

Gear | ([ e i 2T e Aan=1
| - DC — AC \ &Z '

[ ' DC Link ‘
Transformer

Grid

DC
AC

Fig. 2-11. EESGElectrically ExcitedSynchronous Generator grid connectjgg]
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b) Permanent Magnet Synchronous Generators (PMSG)

In this generator type field excitatiosirealizedvia permanent magnetather than

the DC excited field winding. Permanent magnet synchronous generators are

available in both direedriven and multistage geared versions. In geared version,

gearbox compensate the space and volume disadvarsaged by direct drive

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

higher poweito-weight ratios than electrically excited generators. Therefore,

overall efficiency is increased in direct drive PMSGs due to its rabustturgd45].

Dueto its full scale converter, fdturide-through capabilities and reactive power

support ability are important advantages of PMSG -§edle converter also allows

generator to operate at different frequencj@6]. However, high prices of

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

Chinads

p r e[804 oanh bhevansidaredtas aodisaglvantage of this concept.

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

alternative for PM excited synchronous getargoopularity 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 pemmegresit

synchronous generatoRecently,capacity of PMSG wind turbirsehasincreased
up tonearly 10MW [8], [46]. Schemat of PMSG with multiple stge gearbox is

given in Fig. 212 below.

Gear
box

DC

Transformer

-

DC

AC

=40):

Grid

Fig. 2212. Permanent magnet synchronous generator withlymaand full scale power

electronic converte36]

As mentioned before in direct drive sectigear box structure causes mechanical

| oss

and

requires

periodical ma i

Nt enance

able to produce energy. Hence this results in downtime losses. Maintenance and
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repair losses makes wind turbine inefficient and expenisivestment. Therefore,
the trend is using direariven or single stage gearbox with PMS[38], [45].
Single stage gearbox still have mechanical losses rdtlaer gearless system.

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

In directdrive generatorsyith the low rotational speeddiameters are increased in
order to obtain higher torque values, hence power levelssstag 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.-23, a picture of 5 MW Multibrid M5000 wind

turbine is given.

Fig. 213. Multibrid M5000 5MW wind turbine generator(Courtesy of Multibrid and
Areva)[47]

It can be concluded that diredtive technology among PM3@ gaining attention

in last decade due to increased efficiency and reliability issues especially for
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offshore wind turbine$48]i [50]. In Fig. 214, schematic of direct drive PMSG is

given.

z @ AC 4

Transformer

DC

-1

AC /

Grid

Fig. 214. Schematic of direadriven PMSH36]

Permanent magnets in PMSGs are arramydidferent configuration related to their

flux path. These are called as radial fli8F), axial flux (AF) and transverse flux
(TF). In radial flux conceptroute of the magnetic flux is perpendicular to the
direction of the rotor shaft. In axial fluxncept, 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 tihetationdirection of theshaft Additionally,

PM machines can be classified accordm¢heir mechanical structures such as slot
type and stator/rotor positig81].The sections of a PMSG parts can be classified as
active and inactive parts. Active part consists of electromagnetic elements in
machinesuch 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, idect drive PMSG ighosen for the design because of its higher
energy Yyield, improvedreliability, higher overall efficiency, relatively long
maintenance periods and better fault fldieough capability rather than the other
electrically excited and multistage geared generator counterpatiability and
availability can be increased byedeloping modular and fault tolerant PMSG.

Modularity will be discussed and explainedte followingsubsections.

2.4. Flux Orientations in PMSG Based Systems

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

rotor side is providedybrareearth permanent magnets. Therefore, the flux paths for
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these permanent magnets and active parts of the geraneitoportant in terms of
evaluating magnetic equivalent circuit thie system. In this subsection, different
flux orientations and corderations 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 agchsg 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 stryd®jrelf PMs ae
mounted on the rotor surfacthis type is called as surface mounted permanent
magnet machine. Otherwise PMs are placed in slots (buried) of rotor part, aiming to
concentrate the flux especiallyhen 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 capabilitiyouter rotor surfacpt3]. 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 surfacenounted PM generator arrangement is givelfig. 215. Buried

PM verson of RFPM is given in Fig.-26. As seen on figures, flux crosses the

airgap in radial patin both configuratioa
a)

Stator

Rotor

a)

Fig. 2-15. RFPM with surface mounted permanent magfi€ip

28



a)

Stator

Rotor

a) <

Fig. 2-16. RFPM with buried permanent magjs for flux concentratiofi0]

RFPM generator can be manufactured in small diameters due to adjustable axial
length as aforememted 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 cledi®c
Internal rotor type is the most used RFPM in industry applications. Complete view
of conventional inner rotor surface nmaad PM type radial fix machine is given

in Fig. 217.

Fig. 217. Conventional internal rotor RFPM complete vig4]

2.4.2. Axial Flux (AFPM)

Starting from early 90s, AFPM has been extensively used as an alternative for radial
flux counterpar{52]i[55]. In axial flux permanent magnet generators (AFPM)
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magneticflux crosses the air gap in the axial direction. The main advantage of
AFPM is that it has relatively short axial lengtineFeforehigher torque per volume
ratios are achieveld 2]. 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 diesen carefully in order to achieve higher
output powel[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 configuratiohAFPMs. 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
differentcriterions is given in Fig.-28.
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