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Tiivistelmä 


Tämä opinnäytetyö keskittyy HSPMSG:n (High-Speed Permanent Magnet Synchronous 
 Generator) tuottaman suoritustehokkuuden parantamiseen harjattomien liukurenkaiden 
 ja  suuritehoisten  tiheyksien  ansiosta.  Opinnäytetyö  huomioi  erityisesti  tuuliturbiinin 
 mekaanisten  ja  sähköisten  osien  välisen  vuorovaikutuksen  ja  pyrkii  antamaan  pienet 
 häviöt, jotka ovat voimassa generaattorin suunnitteluvaiheessa. 


Ensimmäisessä vaiheessa tehtiin yleiskatsaus PMSG:n (Permanent Magnet Synchronous 
 Generator) konesuunnittelusta ja niihin liittyvistä analyyseistä. Tehtiin olemassa olevien 
 konesuunnittelutopologioiden  vertaileva  analyysi  ja  pohdittiin  generaattorin  erilaisten 
 suunnitteluparametrien  ja  muuttujien  vaikutusta.  Lopuksi  raportoitiin  HSPMSG:ssä 
 sovelletut analyyttiset ja elementtimenetelmät (FEM) ja erityisesti sellaiset, joilla pyrittiin 
 täyttämään tuuliturbiinijärjestelmän koneen perusvaatimukset. 


Toisessa vaiheessa MATLABissa luotiin täysin integroitu analyyttinen malli HSPMSG:stä 
 ja koneen sähköisistä suureista. Tämän mallin tavoitteena oli laskea koneen ominaisuudet 
 (syöttöteho,  hyötysuhde  jne.)  ja  siihen  liittyvät  parametrit  arvioitiin.  Jotkut  näistä 
 simulaatiotuloksista on validoitu 2-D FEM:llä MotorXP-PM:ssä. 


Kolmannessa vaiheessa kahden eri menetelmän prototyyppimalli yhdistettiin validoitujen 
 tulo-  ja  lähtösuunnitteluparametrien  perusteella,  jotta  voitiin  suunnitella  uusi  tehokas, 
 helposti  muunnettavissa  oleva  generaattori  keskikokoiseen  ja  suureen 
 tuuliturbiinijärjestelmään.  Lisäksi  tämä  uusi  prototyyppi  saavutti  onnistuneesti 
 määritellyn lähtötehon lisäämättä rautahäviöitä tai vaihevirtaa. 
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Abstrakt 


Den  här  avhandlingen  fokuserar  på  förbättringen  av  prestandaeffektiviteten  som 
 genereras  av  High-Speed  Permanent  Magnet  Synchronous  Generator  (HSPMSG)  på 
 grund  av  borstlösa  släpringar  och  höga  effektdensiteter.  Den  tar  särskilt  hänsyn  till 
 samverkan mellan de mekaniska och elektriska delarna av vindturbinen och syftar till att 
 ge låga förluster som gäller i generatorns designfas. 


I  den  första  fasen  görs  en  översikt  över  maskinkonstruktionen  av  Permanent  Magnet 
 Synchronous Generator (PMSG) och deras tillhörande analyser. En jämförande analys av 
 de  befintliga  maskindesigntopologierna  görs  och  generatorns  inverkan  på  olika 
 designparametrar och variabler diskuteras. Slutligen rapporteras den analytiska och finita 
 elementmetoden  (FEM)  som  tillämpas  på  HSPMSG,  och  särskilt  de  som  syftar  till  att 
 uppfylla grundläggande maskinkrav för ett vindturbinsystem. 


I den andra fasen etableras en helt integrerad analytisk modell av HSPMSG och maskinens 
 elektriska  kvantiteter  i  MATLAB.  Denna  modell  syftar  till  att  beräkna  maskinens 
 egenskaper  (ingångseffekt,  effektivitet,  etc.)  och  dess  närliggande  parametrar 
 uppskattas. Vissa av dessa simuleringsresultat är validerade med 2-D FEM i MotorXP-PM. 


I den tredje fasen slås prototypmodellen av de två olika metoderna samman baserat på de 
 validerade designparametrarna för input och output för att designa en ny högpresterande 
 lätt  konverterbar  generator  för  ett  medelstort  och  storskaligt  vindturbinsystem. 


Dessutom nådde denna nya prototyp framgångsrikt den specificerade uteffekten utan att 
 öka järnförlusterna eller fasströmmen. 
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Abstract  


This thesis focuses on the enhancement of the performance efficiency generated by the 
 High-speed Permanent Magnet Synchronous Generator (HSPMSG) due to brushless slip 
 rings  and  high-power  densities.  It  especially  accounts  for  the  interaction  between  the 
 mechanical and electrical parts of the wind turbine and aims to give low losses which apply 
 at the design phase of the generator.  


In the first phase, an overview of the machine design of Permanent Magnet Synchronous 
 Generator (PMSG) and their associated analyses are done. A comparative analysis of the 
 existing machine design topologies is done, and the influence of the generator’s various 
 design  parameters  and  variables  is  discussed.  Finally,  the  analytical  and  finite  element 
 method (FEM) applied to the HSPMSG are reported, and especially those aiming to fulfill 
 basic machine requirements for a wind turbine system.  


In  the  second  phase,  a  fully  integrated  analytical  model  of  the  HSPMSG  and  electrical 
 quantities of the machine is established in MATLAB. This model aims at computing the 
 machine  characteristics  (input  power,  efficiency,  etc.)  and  its  adjacent  parameters  are 
 estimated. Some of these simulation results are validated with 2-D FEM in MotorXP-PM.  


In the third phase, the prototype model of the two different methods is merged based on 
 the  validated  input  and  output  design  parameters  in  order  to  design  a  new  high-
 performance  easily  convertible  generator  for  a  medium  and  large-scale  wind  turbine 
 system. Furthermore, this new prototype successfully reached the specified output power 
 without increasing iron losses or phase current.  
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Nomenclature 


𝐴𝑠 Area of slot (m2) 


𝐴𝑎𝑐 Winding cross-sectional area (m2) 


𝐴𝑠𝑡 Lamination stack length (m) 


B  Maximum flux density (T) 


𝐵𝑔 Air-gap flux density (T) 


𝐵𝑏 Back iron flux density (T) 


𝐵𝑡 Tooth flux density (T) 


𝐵𝑔𝑚 Air-gap magnetic flux density (T) 


𝐵𝑟 Magnet remnant flux density (T) 


𝐵𝑜 Base flux density (T) 


𝐵𝑓𝑙𝑢𝑥 Radial flux density through coil (T) 
 𝐵𝑠𝑎𝑡 Saturation flux density (T) 


𝐵𝑚 Magnetic flux density (T) 


𝐵𝑛 Magnetic flux density for polyphase windings (T) 
 𝐵(𝜃)  Flux density w.r.t magnet physical angle (T) 
 𝐵𝐻𝑚𝑎𝑥    Energy product (kJ/m3) 


C𝜙  Flux concentration factor 


𝐶𝑟 Resistance coefficient 


𝐶ℎ Coefficient of hysteresis losses 


𝐶𝑐 Coefficient of classical eddy current losses 
 𝐶𝑒 Coefficient of excess eddy current losses 


𝐶𝑓 Friction coefficient 


CP  Geometrical of permeance coefficient 


cov  Conversion factor 


𝐷𝑚𝑎𝑐ℎ   Outer diameter of a machine (m) 


𝐷𝑖𝑛   Inner diameter (m) 


𝐷𝑠   Strand diameter (m) 


𝑑𝑐    Density of conductor (kg/m3) 
 𝑑𝑠    Steel density (kg/m3) 
 𝑑𝑚    Magnet density (kg/m3) 


E  Electric field (V/m) 


𝐸𝑎 RMS phase excitation voltage/internal voltage (V) 


f  Electrical frequency (Hz) 


𝑓𝑒 Electrical frequency “estimated” (Hz) 


𝑓𝑜 Base frequency (Hz) 


𝑔  Air gap (m) 


𝑔𝑒 Effective air gap (m) 


H  Magnetic field strength (A/m) 


𝐻𝑐 Coercivity or coercive force (A/m) 



(13)𝐻𝑘 Knee magnetization force (A/m) 


ℎ𝑚 Magnet height (m) 


ℎ𝑠 Slot height (m) 


ℎ𝑑 Slot depression height (m) 


i  Coil current (A) 


𝐼𝑎 RMS armature/stator current (A) 


𝐽  Density of eddy current losses (A/m2) 
 𝐽𝑎 Stator current density “assumed” (A/m2) 
 𝐽𝑜 Stator current density “estimated” (A/m2) 
 𝐽𝑎𝑖𝑟 Density of air (kg/m3) 


𝑘𝑠 Skew factor 


𝑘𝑑 Breadth or distribution factor 


𝑘𝑤 Winding factor 


𝑘𝑝 Pitch factor 


𝑘𝑔 Magnetic gap factor 


𝑘𝑙 Leakage factor 


𝑘𝑟 Reluctance factor 


𝑘𝑐 Carter’s coefficient 


𝑘ℎ Coefficient of hysteresis losses 


𝑘𝑒 Coefficient of excess eddy current losses 
 𝑘𝑧 Surface current density (A/m2) 


𝑙  length of conductor (m) 


𝑙𝑒ℎ Half coil end turn length of an armature conductor (m) 
 𝑙𝑒𝑜 One end turn length of an armature conductor (m) 


𝐿𝑎𝑔 Air-gap inductance (H) 


𝐿𝑎𝑠 Self-slot leakage inductance (H) 


𝐿𝑎𝑚 Mutual inductance (H) 


𝐿𝑠𝑙𝑜𝑡 Slot leakage inductance (H) 


𝐿𝑒 End-turn inductance (H) 


𝐿𝑠 Synchronous inductance (H) 


𝐿𝑠𝑡 Stack length (m) 


LDr  Length to diameter ratio 


𝑀𝑎𝑐 Mass of the armature conductor (kg) 


𝑀𝑐 Core mass (kg) 


𝑀𝑐𝑏 Back iron core mass (kg) 


𝑀𝑐𝑡 Tooth core mass (kg) 


𝑀𝑚 Magnet mass (kg) 


𝑀𝑠 Shaft mass (kg) 


𝑀𝑠𝑒𝑟 Service mass (kg) 


𝑀𝑡𝑜𝑡 Total mass (kg) 


𝑚  Slot per pole per phase 



(14)𝑚𝑤  Magnet width (m) 


𝑚ℎ Magnet height (m) 


𝑚𝑏 Magnet barrier width (m) 


𝑚𝑖𝑛 Magnet inset height (m) 


𝑁  Rated speed “assumed” (rpm) 


𝑁𝑒 Rated speed “estimated” (rpm) 


𝑁𝑠 Number of slots 


𝑁𝑠𝑎𝑝 Number of slots with actual pitch of the coil 
 𝑁𝑠𝑓𝑝 Number of slots with full pitch coil 


𝑁𝑠𝑝 Number of slots short pitched 


𝜂   Material constant 


𝑁𝑐 Number of turns per coil 


𝑛  Flux density exponent 


nf  Frequency exponent 


𝑁𝑎 Number of armature turns per coil 


𝑁𝑐𝑠 Number of conductors/slots 


𝑝  Number of pole pairs 


𝑃  Active power (W) 


𝑃𝑏 Base power (W/lb) 


𝑃𝑐𝑏 Core back iron losses (W) 


𝑃𝑐𝑡 Tooth losses (W) 


𝑃𝑒𝑟𝑚  Slot permeance 


𝑃𝑠 Fundamental machine power (W) 


𝑃𝑠𝑡𝑟𝑎𝑦    Stray losses (W) 


𝑃ℎ Hysteresis losses (W) 


𝑝𝑒 Eddy current losses (W) 


𝑃𝑖𝑟𝑜𝑛 Iron losses (W) 


𝑃𝑤𝑖𝑛𝑑 Windage losses (W) 


𝑃𝑐 Total core losses 


𝑃𝑟 Rotor eddy current losses (W) 


𝑃𝑎 Conductor or copper losses (W) 


𝑃𝑜𝑢𝑡 Power output (W) 


𝑃𝑖𝑛 Power input (W) 


𝑄  Reactive power (VAR) 


q        Number of phases 


𝑅𝑠𝑜 Stator outside radius (m) 


𝑅𝑟𝑜 Rotor outside radius (m) 


𝑅𝑎 Armature/stator resistance (Ω) 


𝑅𝑏 Bottom corner radius (m) 


𝑅𝑡 Top corner radius (m) 


𝑅𝑆 Outer magnet boundary (m) 



(15)𝑅2 Outer boundary of magnet (m) 


𝑅𝑖 Inner magnetic boundary (m) 


𝑅1 Inner boundary of magnet (m) 


𝑅𝑐𝑖 Core inside radius (m) 


𝑅𝑐𝑜 Core outside radius (m) 


𝑅𝑜𝑢𝑡 Outer diameter (m) 


𝑅𝑖𝑛 Inner radius (m) 


𝑟  Radius of rotor (m) 


Rey  Reynold’s number 


𝑆𝑚 Magnet segments 


𝑠𝑏𝑖̇𝑟  Stator back iron ratio 


𝑠𝑏𝑖̇𝑑  Stator core back iron depth (m) 


𝑡  Thickness of the material (m) 


T  Torque (Nm) 


𝑇𝑓 Peripheral tooth fraction 


𝑇𝑐 Temperature coefficient of the resistance 


𝑇𝑐𝑜𝑔 Cogging torque (Nm) 


𝜏  Shear stress (psi) 


𝜏𝑠 Total slot width (m) 


𝑢𝑟𝑒𝑐 Recoil permeability 


𝜇  Kinematic viscosity of cooling media (𝑚2/𝑠) 


𝑢0 Permeability of free space 


𝑣𝑡𝑖𝑝 Tip speed (m/s) 


𝑉  RMS phase voltage (V) 


𝑉𝑜𝑢𝑡 Output voltage (V) 


v  Volume of the material (m3) 


𝑉𝑎 Terminal voltage (V) 


𝑉𝑏𝑎𝑐𝑘 Back-emf (V) 


𝜔  Angular frequency (rad/s) 


𝜔𝑚 Mechanical frequency (rad/s) 


𝑤𝑡 Width of tooth (m) 


𝑤𝑠  Average width of slot (m) 


𝑤𝑠𝑏𝑜𝑡𝑡𝑜𝑚 Slot bottom width (m) 


𝑤𝑠𝑡𝑜𝑝 Slot top width (m) 


𝜔0 Electrical frequency (rad/s) 


𝑤𝑑 Slot depression width (m) 


𝑋𝑠 Synchronous reactance (Ω) 


𝛼  Pitch of a winding (electrical degree) 
 𝛼𝑡𝑖𝑝 Tooth tip angle (degree) 


𝛽  Efficiency (percentage) 


𝜀  Kinematic viscosity of air (m2/s) 



(16)𝛾  Coil electrical angle (degree) 
 𝛾𝑎𝑑 Advance angle (electrical degree) 


ᴪ  Torque angle between Va and Ea (electrical degree) 


𝜙  Angle between 𝐸𝑎 and 𝐼𝑎 or power factor angle (electrical degree)  


𝜙𝑠  Radial flux through coil (Wb) 


𝜙𝑝𝑘 Peak radial flux through coil (Wb) 


𝜙𝑙𝑖𝑛𝑘 Flux linkage (Wb) 


𝜙𝑔𝑚 Air-gap magnetic flux (Wb) 


𝜆  Length of rotor (m) 


𝜆𝑠 Slot fill factor 


𝜆𝑛 Magnetic flux linkage (T) 


𝜆(𝜃)  Total flux linkage w.r.t physical angle (T) 
 𝜌  Electrical resistivity of the material (Ω ∙ m) 


𝛿  Skin depth 


𝜎̂  Stator winding conductivity (S/m) 
 𝜃𝑠𝑘 Skew angle (electrical degree) 


𝜃𝑚 Magnet physical angle (radians) 


𝜃𝑚𝑠𝑘 Magnet skew angle (mechanical degree) 
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Chapter 1 



1  Introduction 


This  thesis  provides  comprehensive  research  on  the  topic  "Design  of  a  High-speed 
 Permanent Magnet Synchronous Generator for a Wind Turbine" to fulfil the requirements 
 for  the  master’s  degree  programme  in  Automation  Technology.  Based  on  the  results 
 garnered  from  this  research  I  could  gain  an  insight  into  the  topic  that  could  provide 
 suggestions  much  needed  to  the  current  machine  designers  working  on  this  topic  and 
 ultimately fulfil the purpose of clean and sustainable energy. 


  



1.1  Background 


With the substantial growth in the clean and sustainable energy driven by renewable energy 
 resources,  such  as  wind  energy  is  adopted  for  future  electricity  generation.  In  1990,  16 
 countries  generated  a  total  of  about  3.6  billion  kWh  of  wind  electricity.  In  2017,  129 
 countries generated a total of about 1.13 trillion kWh of wind electricity [1]. Much of the 
 effort has devoted to further increase the efficiency of the wind turbines. As systems have 
 matured, there is also an increasing demand for low-cost high-performance technologies for 
 renewable  energy  resources.  Designing  a  high-speed permanent  magnet  synchronous 
 generator is one area of interest for its potential to significantly reduce the cost of electricity 
 produced by the wind turbines [2].   


While  the  wind  energy  benefits  for  electricity  generation  have  been  known  for  about  a 
 century [1], only recently have technological advances enabled the use of small-scale wind 
 turbine systems to practically generate electricity on the industrial scale. Existing studies in 
 the literature have focused on large-scale wind turbines within a range of few megawatts of 
 power generation. While there are definite low weight and high-speed benefits to such wind 
 turbine generator design, the existing wind turbine generator design present an unacceptable 
 weight and less efficient electric machine for most wind turbine design. Fortunately, the use 
 of  highly  efficient  electric  machines  in  wind  turbines  has  significantly  extended  the 
 applications of renewable energy resources in power generation.   


This  research  takes  advantage  of  the  permanent  magnet  (PM)  machine  and  its  other 
necessary  characteristics,  which  offers  a  wide  range  of  speed  and  still  maintaining good 
efficiency and power factor for the wind turbine system. As such, many characteristics are 
crucial for the design of the PM machine which includes a brushless PM machine for the 



(18)wind turbine generator. The term “brushless” means that the PM machine does not require 
 brushes,  which  reduce  the  weight,  cost,  and  losses.  Additionally,  the  availability  of  rare-
 earth magnets making brushless PM machines more popular [3]. 


There are a number of factors that dictate which type of electric machine is optimal for a 
 wind  turbine  system  such  as  the  high-power  density  linked  mainly  to  the  quality  of 
 permanent magnets because of their high magnetic excitation air-gap flux density instead of 
 the  size  of  the  PM  machine.  In  addition,  current-excited  machines,  on  one  hand,  have 
 comparatively  lower  power  density  due  to  their  lack  of  space  for  conductors  in  a  small 
 volume, while on the other hand, the high-frequency design reduces the size and weight of 
 the  machine  for  the  same  power  requirements,  respectively.  The  high-frequency  design 
 offers  the  elimination  of  power  transmission  elements.  As  such,  many  of  the  additional 
 components are downsized, and the resulting machine becomes more efficient, lighter, and 
 portable to get maximum benefits from wind energy [4].  



1.2  Concept  


Natural resources have often been used in solving environmental challenges. The electrical 
 energy  produced  by  the  rotation  of  wind  turbine  propellers  is  one  predominant  way  to 
 overcome such challenges.  Industry and academia often discuss  a wind turbine generator 
 that  can  fit  not  only  into  the  renewable  energy  market  easily  but  are  fully  capable  of 
 producing maximum power without compromising technical features throughout the entire 
 lifecycle of the wind turbine system. When tasked to design a wind turbine generator, the 
 designer  will  make  every  effort  to  keep  it  simple  in  design,  small  in  size,  and  easier  to 
 control. In addition, the competitors look for competitive futuristic design, which is fast to 
 enter the market.   


Among the many concepts of designing a competitive wind turbine generator, a high-speed 
completely convertible generator is often used for required power production. High-speed 
completely convertible generators have lower lifecycle costs and perfectly feasible for the 
deployment  in  the  rural  and  sparsely  dispersed  areas  where  resources  are  minimum  and 
large-scale power plants are not feasible as compared to low and medium-speed wind turbine 
generators. The use of permanent magnet material in electrical machine design has converted 
the idea of high speed completely convertible generator into a reality. The most important 
of  these,  however,  is  to  design  a  high-speed  permanent  magnet  synchronous  generator 
(HSPMSG) with excellent performance without compromising the technical features [5].  



(19)Experimental  work  on  HSPMSG’s  has  yielded  a  number  of  advantages  such  as  smaller 
 volume and higher power density over the other type of generators used in wind turbines. 


Any  wind  turbine  system  based  on  the  HSPMSG  design  concept  heavily  relies  on  the 
 electrical,  magnetic,  and  structural  performance  of  the  PM  machine,  for  example,  the 
 electrical frequency, the voltage waveform, the magnetic flux, the magnet volume, selecting 
 the number of poles, pole size, the magnetic pole pitch, the length-to-diameter ratio, the air-
 gap size, and stator back iron thickness. All these electromagnetic design parameters must 
 be selected carefully to achieve an excellent performance of the machine [6]. In addition, 
 the design work is conducted to assess the permanent magnet material for the rotor and the 
 properties of the stator accordingly.  


A good design concept for HSPMSG relies not only on the electromagnetic design but other 
 technical  features  as  well  such as  the thermal design  of a machine.  Common  observation 
 shows that, at high speed, the temperature of some of the components of a machine such as 
 the  permanent  magnets  of  the  rotor  increased  and  close  to  critical  temperature  can  cause 
 demagnetization. Also, the stator windings are thermally sensitive to the excessive amount 
 of  heat  and  temperature.  In  short,  this  research  comprises  a  careful  calculation  of  all  the 
 design parameters required for HSPMSG, the selection of appropriate material for the rotor, 
 and properties of the stator by keeping in mind the thermal sensitivity of the material and 
 suitable  cooling  methods  at  high-speed  without  compromising  the  technical  features  of  a 
 machine.  



1.3  Motivation 


HSPMSG has the capability to generate a significant amount of electrical energy for wind 
turbines for a long period of time at an affordable cost. However, some studies suggest that 
a considerable amount of energy is lost during the operation phase of the wind turbine due 
to inappropriate choices that have been made during the design phase. The need for a highly 
efficient generator that can fulfil the demands of the future wind energy market is the main 
motivation  for  exploring  the  concept  of  HSPMSG  in  this  thesis.  The  main  aim  of  this 
research is to calculate the design parameters and selection of permanent magnet material 
for HSPMSG by keeping the losses  at a minimum level. The Analytical  Analysis will be 
carried out in MATLAB software whereas, the Finite Element Analysis will be carried out 
in MotorXP-PM software. Some suggestions will be given regarding thermal analysis of the 
machine including designing an appropriate cooling system. This research will represent a 



(20)comprehensive  design  methodology  with  a  prototype  model  of  a  brushless  high-speed 
 permanent magnet synchronous generator suitable for a wind turbine system.  



1.4  Outline 


This thesis is structured into the following chapters: 


Chapter 2    Literature Review – A literature survey of a high-speed permanent  
 magnet synchronous generator is discussed.  


Chapter 3    Methodology – Highlights some of the design layouts used to solve 
 design challenges associated with a brushless high-speed permanent 
 magnet synchronous generator for a wind turbine system. 


Chapter 4    Analytical  Method  –  Underlines  machine  variables/parameters  and 
 their values considered to develop a brushless high-speed permanent 
 magnet synchronous generator for a wind turbine system as well as 
 some guidelines to evaluate different parts of a machine.  


Chapter 5    Finite Element Method – Identify and evaluate machine  


variables/parameters to resolve complex geometry of a machine for 
 2-D field calculation and simulation. 


Chapter 6    Modelling and Simulation – Provide a framework to identify input  
 design parameters for the prototype model of a machine and draw  
 output design parameters for the results and analyses purpose.  


Chapter 7    Prototype  Model  –  Presents  input  design  parameters/variables  used 
 for analytical design parameters estimation from MATLAB and  
 finite element design parameters estimation from MotorXP-PM.   


Chapter 8    Results and Analyses – Looks at the simulation results to ensure that 
 the design methodology adopted, fulfil the primary motives of this  
 research work with analyses. 


Chapter 9    Conclusion and Future Work – Summarizes the conclusion and  
discuss potential directions for future research work.  



(21)
Chapter 2



2  Literature Review 


This chapter of the thesis overlooks some of the previous research work carried out on this 
 topic, most of which apply to HSPMSG design driven by wind turbine systems. A literature 
 survey provides a necessary consideration such as the selection of the lamination material, 
 coil  construction,  and  thermal  analysis  for  HSPMSG  design,  and  how  the  operational 
 efficiency of the machine can be increased by making adequate design choices as compared 
 to  other  counterparts  for  the  same  rated  power.  By  this  survey,  a  detailed  prototype 
 modelling of brushless HSPMSG is possible and solving the additional technical challenges 
 associated with thermal sensitivity of the magnet material, and high-temperature design for 
 instance.  



2.1  Previous research work 


Among  the  many  viable  research  work  from  the  past,  was  the  observation  that  the  wind 
 turbine can be used to produce electricity. Early researchers correctly hypothesized that by 
 designing highly efficient wind turbine generator, would be able to save energy and reduce 
 losses. However, the reasoning for how to design a highly efficient wind turbine generator 
 was not properly understood. In 1941, Smith-Putnam machine built the world’s first large 
 wind turbine using a two-blade propeller downstream system at a constant rotational speed 
 of 28 rpm (revolution per minute). The Smith-Putnam machine’s wind turbine produces 1.25 
 MW of wind electricity that fed directly into the grid using a synchronous electric generator 
 [7]. 


Figure 1. Smith-Putnam wind machine (a) diagrammatic (b) on-site photograph 



(22)While  the  Smith-Putnam  machine’s  idea  was  correct,  the  analysis  tools  were  relatively 
 simple,  and  the  generator  design  was  under-predicted.  As  the  machine  design  theory 
 evolved, the predictions improved as well. During the period 1958 - 1966, France built three-
 blade propeller design units of a wind-operated electric generator. One unit installed near 
 Paris operated at the constant speed of 47 rpm with its synchronous generator speed of 1000 
 rpm  and  3000  V,  connected  to  a  50  Hz  and  60  kW  electric  grid  station  via  a  step-up 
 transformer and a 15 km transmission lines. A further unit, in southern France, operated at 
 the constant speed of 56 rpm with its synchronous generator speed of 1530 rpm [8]. Over 
 the next two decades, a series of global oil crises and environmental concerns increase the 
 needs of renewable energy resources such as wind energy even more demanding for future 
 power production [9].  


Figure 2. French wind turbine located near Paris, France; 800 kW (36 mph rated wind speed) 



(23)As the idea of electrical energy produced through the wind turbine evolved, the idea of wind 
 turbine generator evolved accordingly. In 1997, Veen et al. [10] published a paper on the 
 design of a high-speed 1400 kW synchronous generator with permanent magnet excitation 
 and loaded by a rectifier, it becomes apparent that rotor losses are a major problem. In this 
 paper, the authors showed that an early choice among several stator windings configuration 
 could improve the problem of rotor losses to an acceptable level, such as 0.1 – 0.2% of the 
 rated power. Ultimately, the cooling of the rotor to an acceptable temperature range become 
 feasible.  They  computed  that  an  appropriate  solution  for  the  rotor  losses  caused  by  the 
 asynchronous field  components can be found with the help of studying the effect of high 
 frequencies at material properties, dimensions, and harmonics using field equations. 


While most previous research works represented the effect of losses occur due to the high-
 speed and high-frequency of PM machines, in 1999, Proca et al. [11] looked at the analytical 
 modelling of a surface-mount permanent magnet motor. They found that the ripple in the 
 electromagnetic  torque  is  produced  due  to  three  main  reasons.  The  first  being  the  non-
 sinusoidal  shape  of  the  current  in  most  brushless  direct  current  (DC)  motors,  second 
 occurring  due  to  the  mismatch  in  the  shape  between  the  back-emf  (electromotive  force) 
 shape and the current shape, and the third reason is to align with the low reluctance paths 
 (slotting  effects).  They  used  a  technique  of  utilizing  a  great  deal  of  mathematical 
 relationships to calculate the open circuit field, the armature reaction field, the effect of stator 
 slotting, and the magnetic field on load to develop field distribution and relative permeance. 


In addition to this research work, they extended to include the derivation  for the cogging 
 torque and the electromagnetic torque. The analytical model developed in this research work 
 was compared with finite element analysis (FEA) model and a very good correlation was 
 obtained. 


Previous research shows that cogging torque, and electromagnetic torque was maximized by 
considering radial components of magnetization in permanent magnets only. Consequently, 
this reduced the overall performance of the PM machine. In 1999, Rasmussen [12] showed 
that by including tangential components of magnetization to calculate the field distribution 
could  enhance the machine performance.  The author’s main objective  is  to  represent  the 
analytical prediction of the magnetic field from a surface mount magnet motor. He used this 
model to calculate the field distribution for three different types of magnetizations such as 
sine  magnetization,  radial  sine  magnetization,  and  radial  magnetization.  Additionally,  he 
constructed the Hall probe and encoder test setup in order to measure the radial air-gap flux 



(24)density.  The  author  achieved  a  good  agreement  between  the  model  developed  and  the 
 measured results. 


Experimental  work  on  brushless  permanent  magnet  synchronous  machine  has  yielded 
 several insights as well. In 2002, Zhu et al. [13] developed a 2-D analytical model with the 
 solution of the Laplacian/quasi-Poissonian field equations in the air-gap/magnet regions, and 
 no  simplifying  assumptions  about  the  relative  recoil  permeability  of  the  magnets.  They 
 performed analytical calculations for the field distributions from both overlapping and non-
 overlapping stator windings and compared with  FEA predictions from a slotless  machine 
 having both radial and tangential magnetization of a rotor as well as for a slotted machine 
 with  tangential  magnetized  rotor  having  both  overlapping  and  non-overlapping  stator 
 windings. This model incorporates the work previously done by Rasmussen [12] and extends 
 the  experimental  work  for  internal  and  external  rotor  topologies,  radial,  and  tangential 
 magnetization, overlapping and non-overlapping stator winding configurations and slotted 
 and slotless stators [13]. 


Likewise, Zhu et al. [12], Proca et al. [10] also extended their electromagnetic and cogging 
 torque work from 1999 by publishing a new paper based on Zhu et al. [13] work. In 2003, 
 Proca et al. [14] extend field calculations to include the electromagnetic and cogging torque 
 with  the  back-emf  shape  included.  A  comparison  was  conducted  with  FEA  and  showed 
 excellent agreement.  


The previous methods followed an analytical approach by assuming calculations of torque, 
 back-emf,  etc.  across  the  macro-elements  such  as  air-gap  with  permanent  magnets. 


However, in  2000, Zhilichev  [15]  presents  a method of building  the numerical-analytical 
solution  of  the  magnetic  problems  for  slotted  and  slotless  PM  machines  with  surface 
magnets. In this research work a simple analysis shows that if a hybrid method of magnetic 
field calculation is adopted then the fast convergence between different types of solutions is 
achieved by using the Schwartz technique for overlapping sub-regions. This method allows 
electric machine designers to combine analytical  and numerical solutions  such as  Fourier 
series,  boundary  integrals  and  finite  elements  in  the  overlapping  sub-regions  taking 
advantage of symmetry, periodicity and linear magnetic properties of airgap and slot areas 
in  PM machines.  He validated the method by using different  solutions  in  the slot and by 
finite element method (FEM) analysis. 



(25)As  discussed  in  PM  machine  design  there  are  several  factors  that  dictate  which  type  of 
 method is optimal for a given set of  approaches. The factor includes things like the rotor 
 configuration,  windings  configurations,  type  of  magnetization,  and  slotting  of  a  different 
 type. However, examining the design factors of the PM machine more comprehensively, we 
 see that the thermal analysis is essential in terms of the overall performance of an electric 
 machine.  In  2011,  Mahmoudi  et  al.  [16]  analyzed  axial-flux  permanent-magnet  machine 
 with  different  experimental  methods  (reducing  cogging  torque  by  skewing  of  slots  and 
 magnets, various speed operating conditions through mechanical stress analysis of rotor and 
 lumped-circuit analysis depicts thermal problems through a thermal network similar to an 
 electrical  circuit).  Because  of  the  machine  design’s  thermal  performance  according  to 
 parameters such as housing heat transfer coefficient, winding current density and machine 
 thermal resistance, we use modern thermal analysis techniques such as experiments, lumped-
 parameters  thermal  model  and  numerical  analysis  (which  are  usually  FEA-based)  for  the 
 thermal  analysis  of  a  machine.  From  this  research  work,  the  author  draws  three  main 
 conclusions.  First,  the  experimental  method,  though  accurate,  is  limited  to  designed-and-
 constructed  machines.  Second,  the  lumped-parameters  thermal  model  is  analytical;  it 
 quickly  estimates  machine-temperature  distribution.  Third  and  finally,  for  accurate 
 prediction, numerical analysis is preferred, which includes 3-D-coupled electric, magnetic, 
 and thermal analysis of a machine. A 3-D method, though complex, gives highly accurate 
 results for the thermal behavior of an electric machine.  


A number of research works have looked at the computational analysis of electrical machines 
such as the experimental methods, the analytical methods and the numerical methods. These 
methods  of analysis  have been employed to  model  the electrical machines  and to  predict 
their performance accurately at the design stage [17]. In contrast, Guda et al. [18] looked at 
how a microturbine generation system behaves if it is composed with a permanent magnet 
synchronous generator (PMSG) for isolated as well as grid-connected operations with the 
help of modelling and simulation techniques. In this paper, a good description of the system 
is given with a mathematical modelling method as well as the load analysis of PMSG. The 
simulation  results  show  that  the  developed  model  has  met  the  requirements  of  load 
conditions  successfully.  Their  work  simplifies  the  previous  studies  to  include  block 
diagrams  describing  the  system  with  varying  load  and  specific  fuel  consumption  in 
MATLAB/Simulink.  



(26)So far, we have seen that the computational analysis as well as the modelling and simulation 
 techniques  can yield  a systematic and sequential optimization for the design  of brushless 
 HSPMSG.  However,  adopting  a  set  of  approaches  only  does  not  guarantee  a  high-
 performance wind turbine generator because these kinds of analyses depend on the tradeoff 
 in  losses  (eddy  current,  hysteresis,  etc.),  general  torque,  cogging  torque,  machine  design, 
 optimization,  sizing,  analytical  models,  general  models,  performance,  and  parameter 
 calculations (inductance, resistance, etc.) [19]. Therefore, a simple but cohesive approach is 
 needed who are topic-oriented to address the specific design requirements and permanent 
 magnet material properties simultaneously. In 2014, Hsiao et al. [20] conducted a number 
 of experiments in which design of high performance permanent-magnet synchronous wind 
 generator  is  analyzed  aiming  at  high  induced  voltage,  low  harmonic  distortion,  high 
 generator efficiency, optimal generator parameters such as pole-arc to pole-pitch ratio and 
 stator-slot-shoes dimension, etc. are determined with the proposed technique using Maxwell 
 2-D  and  MATLAB  software  using  Taguchi  method.  In  this  paper,  the  authors  proposed 
 double three-phase and six-phase winding configurations, which consist of six windings in 
 the stator, can provide evenly distributed current for high performance operation regarding 
 voltage and current demands. Also, windings are connected in series to increase the output 
 voltage at  low wind speed, and in  parallel  during high  wind speed to  generate electricity 
 even when either one winding fails, thereby enhancing the reliability. They found that with 
 a 6 Ω load, the output power for the double three-phase winding and six-phase winding were 
 10.64  and  11.13  kW  correspondingly.  In  addition,  they  showed  that  with  24  Ω  load,  the 
 efficiencies of double three-phase windings and six-phase windings were 96.56 and 98.54% 


respectively.  


While winding configuration is one most important factor to enhance PMSG performance, 
 their importance will be less significant without considering the stator lamination material. 


In  2004,  Paulides  et  al.  [21]  proposed  an  excellent  agreement  that  the  iron  loss  can  be 
reduced considerably by employing 6.5% SiFe (Silicon Iron) lamination rather than 3% SiFe 
with experimental data. They represented a predicted no-load and full-load stator iron losses 
which  shows  the  benefits  of  employing  6.5%  SiFe  laminations  for  high  speed  and  high-
power PM generators, whose output is rectified by a simple bridge rectifier. They found that 
3% SiFe is rarely considered in large electrical machines because of its lower saturation flux 
density  and  higher  cost.  In  contrast,  6.5%  SiFe  is  considered  due  to  its  higher  electrical 
resistivity at high fundamental frequency.  



(27)From this literature survey, we can clearly say that how a number of factors such as the rotor 
 topologies, air-gap flux density, stator windings configurations, and cogging torque, etc. can 
 be used with the help of computational analyses and optimization methods, etc. to predict 
 the possible output of the design process such as the output torque, maximum efficiency, 
 and the size of the machine, etc. Of course, there are many other considerations to consider 
 in optimizing the entire design process of HSPMSG with different prototype models of a 
 machine, but computational analyses and optimization methods are still yielding important 
 insight  into  the  design  process.  Appropriate  design  of  high-speed  machines  requires 
 addressing multiple design boundaries simultaneously. For example, Arkkio et al. [22] has 
 presented a design of high-speed permanent magnet synchronous machines but has not done 
 the  rotor-dynamics  analysis.  In  another  example,  Kolondzovski  et  al.  [23]  has  given  an 
 improved  design  methodology  but  lacks  in  thermal  analysis.  Although  different  design 
 methodologies are presented by researchers, no one has given fully integrated design which 
 constitutes  electrical,  mechanical,  and  thermal  analysis  of  a  machine.  Therefore,  it  is 
 necessary  to  have  a  set  of  equations  that  can  be  directly  calculated  from  the  machine 
 geometry and altered in order to reach an optimal solution [19].  



2.2  Topic framing 


As discussed previously, past studies have shown that the computational analyses such as 
 analytical analysis, and numerical analysis etc., as well as optimization methods along with 
 modelling  and  simulation  techniques  can  yield  an  optimum  solution  for  the  design  of 
 brushless HSPMSG. This literature survey is then propagated forward to minimize design 
 choices offering significant approach for a particular sort of brushless HSPMSG. The basic 
 machine parameters are: 


•  For required output power, 660 kW is chosen [24]. The output power is often determined 
 by the type of application in which the generator is being used that can make a difference 
 in  output power rating  of generator  in  kVA as  well as  the  referred devices connected 
 with the generator measured in a kW output power. 


•  The generator rated speed of 15000 rpm is selected for brushless HSPMSG to meet the 
required performances at the high rotating speed [25]. In the design of high-speed PM 
machines, the issue is to reduce the iron and eddy current losses due to the high frequency 
produced by the high speed of the generator respectively [19].  



(28)•  The output voltage of 690 Volts (DC) is used in this design because it is commonly used 
 in the industry; keeping the losses as minimum as possible [24].  


•  The number of stator slots of the machine is set to 24. It means that the machine has 24 
 stator slots to accommodate the machine’s armature windings (main windings) and flux 
 path for the magnetic circuit [26].  


•  Two  pole  pairs  or  four  poles  are  selected  for  this  design.  The  factors  involved  in  the 
 selection  of  pole  pairs  are  the  length  of  the  machine  and  the  fundamental  frequency 
 produced by the synchronous speed of the generator. The length of the machine becomes 
 longer if too few poles such as the two poles are chosen. On the contrary, the length of 
 the machine becomes shorter if too many poles such as six poles are used. For optimal 
 design four poles are suitable. Similarly, too few poles produce lower frequency and too 
 many poles produce higher frequency than the required frequency. Therefore, four poles 
 or two pole pairs are chosen to get the shortest possible length of the machine without 
 compromising the performance [27].   


•  A  3-phase PM  machine  is  chosen for this  particular type of generator design  because 
 balanced torque is achieved in a 3-phase machine. Higher number of phases can be used 
 if the generator is connected to a DC bus distribution through a power electronics module 
 but with the higher number of phases, we get higher AC line current harmonics [28].   


•  The  number  of  slots  per  pole  per  phase  selected  for  this  generator  design  is  2.  This 
 parameter  is  important  not  only  to  determine  the  connection  between  rotor  poles  and 
 stator  windings  but  also  to  figure  out  the  generated  back-emf  of  the  machine.  The 
 parameter  slots/pole/phase  play  a  vital  role  to  get  a  balanced  sinusoidal  voltage 
 waveform and to reduce machine harmonics accordingly [29].  


•  U-shaped  magnets  with  circular  ducts  are  chosen  in  this  design  among  many  rotor 
 topologies in MotorXP-PM to reduce losses and withstand high temperature. In addition, 
 tooth coil winding pattern is used to get the shortest possible length of the machine.  


•  A standard double layer overlapping type of winding is used for the design and analysis 
 of  a  machine.  In  addition,  the  number  of  armature  turns  per  coil  is  set  to  8,  and  224 
 conductors per slot is chosen for the analytical as well as the finite element analysis of 
 the machine, respectively.  


•  Material used to design rotor and stator lamination is 6.5% SiFe, which is a good choice 
 when it comes to iron losses reduction and operating temperature range accordingly [21]. 


•  The Machine design analysis phase is carried out with the help of analytical and finite 
element (FE) methods to predict the performance of HSPMSG accurately.  



(29)•  The  analytical,  material,  basic  electrical  model,  machine  size  and  weight,  and  basic 
 losses  analysis  are  carried  out  in  MATLAB.  MATLAB  yields  important  analytical 
 estimations much needed for the optimal solution of the machine design  problems.  In 
 other words, MATLAB validates the analytical assumptions carried out in the analytical 
 method of this research work. 


•  Finally, the FE, electromagnetic, harmonic, and thermal analysis are carried out by using 
 MotorXP-PM.  MotorXP-PM  model  and  simulate  PM  machines  in  a  more  detailed 
 manner to study static as well as the dynamic characteristics of a machine in the form of 
 a 2-D simulation [30]. 


Table  1  below  summarizes  the  basic  design  considerations  and  parameters  which  are 
 assumed in the design of brushless HSPMSG for a wind turbine.  


Table 1. Basic parameters and considerations assumed for brushless HSPMSG design 


Parameter/design consideration  Symbol  Assumed Value/Detail 


Power output  𝑃𝑜𝑢𝑡 660 kW 


Rated speed  N  15000 rpm 


Output voltage  𝑉𝑜𝑢𝑡 690 V (DC) 


Number of stator slots  𝑁𝑠 24 


Pole pairs  p  2 


Number of phases  q  3 


Number of slots/pole/phase  m  2 


Magnet type  -  U-shaped 


Type of winding  -  Double layered overlapping 


Number of armature turns per coil  𝑁𝑎 8 


Number of conductors/slot  𝑁𝑐𝑠 224 


Rotor and stator material  -  6.5% SiFe 


Machine design analysis  - 


Analytical, material, basic electrical 
 model, machine size & weight, basic 
 losses, FE, electromagnetic, harmonic, 


and thermal 
 Machine design analysis methods  -  Analytical, and FE 


Software tools for modelling & 


simulation  -  MATLAB, and MotorXP-PM 



(30)These  values/details  present  some  basic  assumptions  that  have  been  made  from  previous 
 research  work  carried  out  on  this  topic.  But  detailed  generator  parameters  are  presented 
 using in-depth analysis with the help of geometric equations and relationships obtained in 
 chapter 4 on analytical method and chapter 5 on the finite element method of this research 
 work.  



2.3  MotorXP-PM 


MotorXP-PM enables machine designers to optimize their design for the performance and 
 efficiency, providing crucial link between the electromagnetic as well as the thermal analysis 
 of  a  wind  turbine  generator.  MotorXP-PM  allows  fast  and  easy  numerical  and  graphical 
 results of steady-state as well as the dynamic analysis of an electric machine simultaneously. 


This  software  comes  with  a  MATLAB  based  application  and  as  a  standalone  program 
without MATLAB [30]. In this research work MATLAB based application is used for finite 
element, electromagnetic, harmonic, and performance analysis of the machine. This chapter 
introduces  some  of  the  basic  description  of  MotorXP-PM  only.  However,  the  complete 
functionality of MotorXP-PM is represented in the latter chapter of the thesis when it comes 
to the finite element analysis of HSPMSG. 



(31)
Chapter 3



3  Methodology 


This  chapter  introduces  some  of  the  basic  design  methodologies  considered  in  machine 
 design in terms of design phases simultaneously. These include considerations such as how 
 machine design phases can be used to get a detailed design for brushless HSPMSG, and how 
 to achieve overall characteristics, performance, and efficiency for brushless HSPMSG by 
 validating  modelling  and  simulation  results  based  on  two  different  design  methodologies 
 such  as  the  analytical  method,  and  finite  element  method.  Once  an  overall  view  of  two 
 different  methods  is  presented,  a  machine  design  process  is  presented  to  show  how  each 
 design variable/parameter is transformed into the performance of a machine to evaluate the 
 impact on the HSPMSG design as a whole.  



3.1  Methods 


The design parameters assumed in section 2.2 provide a basis to represent an overview of 
 methodology more practical, or at least design centric. Fortunately, because of the previous 
 research work, the methods adopted to design HSPMSG are divided into analytical and finite 
 element methods to solve design challenges associated with electric machine design. This 
 allows  the  problem  to  be  decomposed  into  three  separable  phases  which  are  solved 
 sequentially: machine design analysis, modelling & simulation, and optimal design solution. 


We  explore  these  two  methods  for  computing  the  basic  generator  requirements  for  wind 
turbine systems as diagrammed in figure 3. 
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