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Electrical machine drives are the most electrical energy-consuming systems worldwide. 


The largest proportion of drives is found in industrial applications. There are, however 
 many other applications that are also based on the use of electrical  machines,  because 
 they  have  a  relatively  high  efficiency,  a  low  noise  level,  and  do  not  produce  local 
 pollution. 


Electrical machines can be classified into several categories. One of the most commonly 
 used  electrical  machine  types  (especially  in  the  industry)  is  induction  motors,  also 
 known as asynchronous machines. They have a mature production process and a robust 
 rotor  construction.  However,  in  the  world  pursuing  higher  energy  efficiency  with 
 reasonable  investments not every application receives the advantage of using this type 
 of motor drives. The main drawback of induction motors is the fact that they need slip-
 caused  and  thus  loss-generating  current  in  the  rotor,  and  additional  stator  current  for 
 magnetic field production along with the torque-producing current. This can reduce the 
 electric motor drive efficiency, especially in low-speed, low-power applications. 


Often, when  high torque density  is required together with  low  losses,  it  is desirable to 
apply permanent magnet technology, because in this case there is no need to use current 
to  produce  the  basic  excitation  of  the  machine.  This  promotes  the  effectiveness  of 
copper use in the stator, and further, there is no rotor current in these machines. Again, 
if  permanent  magnets  with  a  high  remanent  flux  density  are  used,  the  air  gap  flux 
density  can  be  higher  than  in  conventional  induction  motors.  These  advantages  have 
raised  the  popularity  of  PMSMs  in  some  challenging  applications,  such  as  hybrid 
electric  vehicles  (HEV),  wind  turbines,  and  home  appliances.  Usually,  a  correctly 
designed  PMSM  has  a  higher  efficiency  and  consequently  lower  losses  than  its 
induction machine counterparts. Therefore, the use of these electrical machines reduces 
the  energy  consumption  of  the  whole  system  to  some  extent,  which  can  provide  good 
motivation to apply permanent magnet technology to electrical machines. 



(4)between  the  manufacturers  dictates  the  rules  of  low-cost  and  highly  robust  solutions, 
 where asynchronous machines seem to be more feasible at the moment. 


Two  main  electromagnetic  components  of  an  electrical  machine  are  the  stator  and  the 
 rotor.  In  the  case  of  a  conventional  radial  flux  PMSM,  the  stator  contains  magnetic 
 circuit lamination and stator winding, and the rotor consists of rotor steel (laminated or 
 solid) and permanent magnets. The lamination itself does not significantly influence the 
 total  cost  of  the  machine,  even  though  it  can  considerably  increase  the  construction 
 complexity,  as  it  requires  a  special  assembly  arrangement.  However,  thin  metal  sheet 
 processing methods are very effective and economically feasible. Therefore, the cost of 
 the machine is mainly affected by the stator winding and the permanent magnets. 


The work proposed in this doctoral dissertation comprises a description and analysis of 
 two  approaches  of  PMSM  cost  reduction:  one  on  the  rotor  side  and  the  other  on  the 
 stator  side.  The  first  approach  on  the  rotor  side  includes  the  use  of  low-cost  and 
 abundant ferrite magnets together with a tooth-coil winding topology and an outer rotor 
 construction. The second approach on the stator side exploits the use of a modular stator 
 structure instead of a monolithic one. 


PMSMs  with  the  proposed  structures  were  thoroughly  analysed  by  finite  element 
 method  based  tools  (FEM).  It  was  found  out  that  by  implementing  the  described 
 principles,  some  favourable  characteristics  of  the  machine  (mainly  concerning  the 
 machine  size)  will  inevitable  be  compromised.  However,  the  main  target  of  the 
 proposed  approaches  is  not  to  compete  with  conventional  rare  earth  PMSMs,  but  to 
 reduce  the  price  at  which  they  can  be  implemented  in  industrial  applications,  keeping 
 their  dimensions  at  the  same  level  or  lower  than  those  of  a  typical  electrical  machine 
 used in the industry at the moment. 


The  measurement  results  of  the  prototypes  show  that  the  main  performance 
 characteristics of these machines are at an acceptable level. It is shown that with certain 
 specific actions it is possible to achieve a desirable efficiency level of the machine with 
 the proposed cost reduction methods. 


Keywords: permanent magnet synchronous machine, tooth-coil winding, fractional-slot 
non-overlapping winding, ferrite permanent magnet, modular stator structure. 
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Nomenclature 


Abbreviations and symbols 


J  current density  A/mm2 


A  linear current density  A/m 


B  flux density  T 


BPM permanent magnet flux density  T 


Bδ air gap flux density  T 


bd tooth width  m 


De external diameter of the stator  m 


Dδ air gap diameter  m 


Ds stator diameter  m 


H  magnetic field strength  A/m 


hd tooth height  m 


hys height of stator yoke  m 


hyr height of rotor yoke  m 


hPM height of permanent magnet  m 


I  current  A, RMS 


i  current, instantaneous value i(t)  A 


id current along d-axis  A 


iq current along q-axis  A 


kCu space factor for copper  - 


kw winding factor  - 


Ls synchronous inductance  H 


Ld inductance along d-axis  H 


Lq inductance along q-axis  H 


lPM permanent magnet length  m 


′  effective core length  m 


lPM permanent magnet length  m 


P  power, losses  W 


p  number of pole pairs  - 


Rδ air gap radius  m 


rr radius of rotor  m 


SPM permanent magnet area  m2


Sr rotor area  m2


Su slot area  m2


Sc cross-sectional area of conductor  m2


T  torque  Nm 


Trel reluctance torque  Nm 


U  voltage  V, RMS 


V  volume  m3


Qs number of stator slots 


wPM permanent magnet width  m 



(14)zQ number of conductors in slot 


Ψ  magnetic flux linkage  Vs 


ΨPM permanent magnet flux linkage  Vs 


φ  phase shift angle  rad, ° 


ζ  angle shift between air gap flux density and linear current density  rad, ° 


tangential tension  Pa 


δ  air gap  m 


αPM relative permanent magnet width 


Subscripts 


PMSM  Permanent magnet synchronous machine 


PMASynRM  Permanent magnet assisted synchronous reluctance machine 
 PMSynRM  Permanent magnet synchronous reluctance machine 


SRM  Synchronous reluctance machine 
 SMC  Soft magnetic composite 


PM  Permanent magnet 


TCW  Tooth-coil winding 


MTPA  Maximum torque per amper 
MTPV  Maximum torque per volt 
HEV  Hybrid electric vehicle 
FEM  Finite element method 
DTC  Direct torque control 
LCM  Least common multiple 
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1  Introduction 


Electrical  machines  are  a  vital  part  of  modern  society.  They  are  implemented  in 
 numerous  applications  and  different  systems  worldwide.  Moreover,  according  to  a 
 report  by  the  U.S.  Department  of  Energy  in  1980,  in  the  USA  medium  power  motors 
 from  0.75  kW  to  90  kW  consumed  about  36  %  of  electricity  generated  in  the  USA, 
 which  is about 60 % of electricity  supplied to the  motors  in total (Dorrell, 2014a).  At 
 present, 40 % of electricity produced worldwide is consumed by electrical machines in 
 industrial applications (de Almeida et al., 2014). This together with the fact that energy 
 consumption  is constantly  increasing — there  has been  a 50 %  increase  since 1980 to 
 2012  (Dorrell,  2014a)  —  demonstrates  the  importance  of  using  high-efficiency 
 electrical machines. 


Induction  motors  are  still  considered  the  "workhorse"  in  industrial  applications.  This 
 can  be  explained  by  their  robust  rotor  construction  and  mature  manufacturing 
 technology. However, asynchronous machines suffer from additional losses in the rotor 
 and stator windings. In order to reduce these losses additional actions should be taken. 


Many  of  these  approaches  (aiming  at  the  loss  reduction  of  the  machine)  increase  the 
 overall  manufacturing  cost.  The  approaches  include  a  larger  size  of  the  machine,  a 
 copper cage winding in the rotor instead of aluminium one, the use of high-performance 
 steel lamination with a high magnetic permeability and a low specific loss. Despite the 
 fact that these actions  lead to a higher price of the electrical  machine (Parasiliti et al., 
 2004), they still cannot solve the inherent drawbacks of asynchronous machines, which 
 are  the  requirement  for  an  additional  proportion  of  current  in  the  stator  (magnetizing 
 current component) and a slip-based, loss-generating current flowing on the rotor side.  


As  it  is  mentioned  above,  if  the  efficiency  of  an  induction  machine  is  needed  to  be 
 increased it usually leads to higher manufacturing cost compared to the original design, 
 which  is  not  very  desirable  for  manufacturers.  Therefore,  special  efficiency  standards 
 were developed. In each country there are specific efficiency standards for an electrical 
 machine  with  a  particular  nominal  power:  for  example,  the  USA  and  the  EU  have 
 adopted  the  IEC  standard  (IE1−IE5).  The  minimum  efficiency  level  of  electrical 
 machines is determined by this standard. It should be noted that there is a trend towards 
 increasing the lower permitted efficiency limit for motors (Dorrell, 2014b). 


As  the  use  of  high-efficiency  electrical  machines  can  pay  back  and  cover  their  higher 
initial investment compared with their lower-efficiency counterparts over their life time, 
and  the  overall  tendency  is  to  limit  the  use  of  low-efficiency  electrical  machines,  it  is 
important  to  find  solutions  that  provide  lower  losses,  and  consequently,  a  higher 
efficiency  of  the  motor.  However,  from  a  motor  manufacturer's  point  of  view,  low 
manufacturing cost a key  issue,  because they are  among the key points that determine 
the  manufacturer's  competitiveness  in  the  market.  Therefore,  the  machine  solution 
should  also  have  competitive  manufacturing  costs  compared  with  conventional 
induction motors. 



(16)In order to be able to analyse the losses in an asynchronous machine, it is necessary to 
 have a clear picture of the origins of these losses. Figure 1.1 (a) shows the power loss 
 distribution of a speed-controlled induction motor drive. 


Figure 1.1: a) Loss distribution of an induction motor drive. b) Loss distribution of a permanent 
 magnet  synchronous  motor  drive.  It  should  be  noted  that  the  reduced  stator  resistance  losses 
 shown  in  (b)  are  illustrated  only  to  highlight  that  the  stator  resistance  losses  in  PMSMs  are 
 typically  lower  compared  with  induction  machines,  but  it  does  not  mean  that  this  loss 
 component is smaller than other loss components in a PMSM. 


Figure 1.1 (a) shows that all the losses in an induction motor drive can be divided into 
 six  different  elements.  Some  of  these  loss  components  are  inherent  in  all  electrical 
 motor  drives  with  a  controlled  speed,  these  elements  include  for  instance  converter 
 losses,  iron  losses,  friction  losses,  stray-load  losses,  and  stator  resistive  losses.  Stator 
 resistive losses are Joule losses in the stator winding, caused by the current running in it. 


This  current  can  be  divided  into  three  components:  magnetizing  current,  loss 
 component,  and  torque  production  current.  Additional  stator  losses  produced  by 
 magnetizing currents (additional Joule losses) can be avoided if a PMSM is used instead 
 of an induction motor, because PMSMs do not need to produce the magnetic flux in the 
 machine  by  means  of  electricity.  Even  on  the  contrary,  in  high-performance  PMSMs 
 with advanced dynamic characteristics, also often referred to as servo motors (Puranen, 
 2006), the  influence  of  armature  current on the  magnetic  state of  a  machine  has  to  be 
 minimized, to increase the overload characteristics of this machine type. 


Figure  1.1  (b)  shows  the  loss  distribution  in  a  typical  permanent  magnet  synchronous 
motor  drive.  We  can  see  that  there  are  no  rotor  resistive  losses  and  the  stator  Joule 
losses  are  lower  in  PMSMs  compared  with  induction  machines.  Therefore,  if  other 
losses (converter losses, iron losses and friction losses) are kept at the same level, it is 
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 possible  to  significantly  increase  the  efficiency  of  an  electrical  machine  by  exploiting 
 permanent magnet technology (Petrov and Pyrhӧnen, 2013). 



1.1 
 Rare-earth PM free solutions 

One of the significant drawbacks of PMSMs in industrial applications is the fluctuating 
 price of the rare-earth elements (i.e.  neodymium, dysprosium), which  are  fundamental 
 components of modern high performance permanent magnets (Morimoto et al., 2014a). 


It means that it is difficult to forecast the expenses of permanent magnet materials in the 
 manufacturing process in the long term. The rapid increase in rare-earth magnet costs in 
 2011  boosted  research  on  rare-earth-free  electrical  machine  solutions  even  in  some 
 performance-  or  weight-critical  applications,  such  as  automotive  electric  propulsion 
 systems  (Boldea  et  al.,  2014).  Some  of  proposed  approaches  for  rare-earth-free 
 electrical  machines  found  in  the  literature  are:  a  synchronous  reluctance  ferrite 
 permanent magnet assisted machine (Obata et al., 2014; Takeno et al., 2011), a switched 
 reluctance  motor  (Kiyota  et  al.,  2014),  an  axial  flux  ferrite  permanent  magnet 
 synchronous machine (Chino et al., 2011), a ferrite spoke-type rotor PMSM (Kim et al., 
 2014), an outer rotor ferrite PMSM (Petrov et al., 2013), and even some interesting new 
 ideas such as a wound-field synchronous motor, which is excited by space harmonics in 
 the air gap (Aoyama  and Noguchi, 2014). Most of the rare-earth-free solutions can  be 
 divided  into  two  types:  switched  reluctance  electrical  machines  and  PMSMs applying 
 ferrite permanent magnet technology.  


Switched reluctance electrical machines have been intensively studied over the last few 
 decades (Zhu and Liu, 2014; Vrenken et al., 2013; Silventoinen et al., 1999; Bianchi et 
 al.,  2002).  However,  the  main  problems  related  to  these  machines,  for  instance  the 
 specific  requirements  set  by  a  unique  converter  structure  and  a  high  noise  level,  have 
 not been solved yet. 


The  use  of  ferrite  permanent  magnets  in  electrical  machines  is  another  alternative  to 
 conventional PMSMs with rare-earth permanent magnets. The interest in this approach 
 is  increasing  because of the abundant availability of these  magnets and their  low cost. 


However,  ferrite  magnets  suffer  from  a  low  remanent  flux  density  and  a  high 
demagnetization risk compared with rare-earth permanent magnets. Figure 1.2 shows, in 
the  same  scale,  the  volume  of  NdFeB,  SmCo  and  Ferrite  PM  that  have  the  same 
magnetic energy V×(BH)max (Petrov and Pyrhӧnen, 2013). 



(18)Figure 1.2 Volumes of rare-earth permanent magnets (NdFeB, SmCo) and Ferrite PM that have 
 the same magnetic energy product. 


Figure  1.2  shows  that  to  reach  the  same  excitation  torque  as  in  an  electrical  machine 
 with  rare-earth  permanent  magnets  additional  actions  are  required  (magnetic  flux 
 concentration,  larger  air  gap  radius,  the  use  of  reluctance  torque);  otherwise,  with  the 
 same  machine  structure,  the  maximum  torque  achievable  can  be  much  lower  when 
 ferrite magnets are used instead of rare-earth magnets. 


Thus,  it  is  challenging  to  design  and  construct  a  ferrite  permanent  magnet  electrical 
 machine  with  a  power  suitable  for  most  industrial  applications  (0.75  −  90  kW).  The 
 weakness  of  ferrite  magnets  can  be  compensated  by  enhancing  the  magnetic  flux 
 concentration produced by these magnets; some examples are shown in Figure 1.3. 


Figure 1.3: Approaches to  magnetic flux concentration on the rotor side a) V-shape permanent 
magnet rotor. With this rotor structure it  is possible to achieve  inductance saliency  (difference 
of the inductances along the d- and q-axes). b) Spoke type permanent magnet rotor. c) W-shape 
permanent  magnet  rotor;  with  this  rotor  structure,  a  significant  flux  concentration  can  be 
achieved (Chiba et al., 2013). 
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 The use of  magnetic  flux concentration can  be  most efficient  in spoke-type permanent 
 magnet  rotors  with  a  high  pole  pair  number,  because  in  this  case  the  amount  of 
 magnetic  material  in  the  rotor  can  be  increased,  whereas  in  rotor  surface  PMSMs  the 
 volume  of  the  permanent  magnet  material  at  different  pole  pair  numbers  remains 
 approximately at the same level, as it is shown in Figure 1.4 (c, d). 


Figure  1.4:  Rotor  arrangements  of  PMSMs  with  different  pole  numbers,  a)  Spoke  type 
 permanent  magnet  rotor  with  four  poles.  b)  Spoke  type  permanent  magnet  rotor  with  eight 
 poles.  c)  Surface  permanent  magnet  rotor  with  four  poles,  d)  Surface  permanent  magnet  rotor 
 with eight poles. 


Figure 1.4 shows that if a higher pole number is used in a spoke-type permanent magnet 
 rotor, it is possible to increase the amount of permanent magnet material to concentrate 
 the  magnetic  flux.  However,  in  the  case  of  rotor  surface  PMSMs  with  a  higher  pole 
 number,  the  amount  of  permanent  magnet  material  remains  approximately  the  same. 


Therefore,  no  additional  magnetic  flux  can  be  attained  in  rotor  surface  PMSMs  with 
 higher pole numbers. 


It  should  be  noted  that  in  a  spoke-type  permanent  magnet  rotor  there  is  a  trade-off 
between  the  height  of  the  magnet  and  its  maximum  possible  width,  because  of  the 
limited area in the inner rotor radius, as it can be seen in Figure 1.4 (b). This means that 
if the magnet has a higher height, the maximum magnet width is lower. The labelling of 
the permanent magnet dimensions is shown in Figure 1.5. 



(20)Figure  1.5:  Labelling  of  the  magnet  dimensions.  The  length  of  the  permanent  magnet  (lPM)  is 
 given in the axial  direction of the PMSM. The  maximum width of the  magnet (wPM)  is limited 
 by the rotor  dimensions, pole  number, and permanent  magnet height  (hPM)  in spoke type rotor 
 PMSMs. 


The permanent magnet flux density is limited by its remanent flux density and magnetic 
 circuit  reluctance.  However,  by  increasing  the  height  of  the  permanent  magnet  it  is 
 possible  to  reduce  the  influence  of  an  external  magnetic  circuit  on  the  permanent 
 magnet flux and keep the no-load permanent magnet flux density closer to its remanent 
 flux density. The permanent magnet flux density in a magnetic circuit with silicon steel 
 and an air gap can be estimated as 


= ℎ


+ ℎ + (1.1) 


Theoretically,  in  rotor  surface  PMSMs  the  larger  permanent  magnet  height  provides  a 
 higher  flux density  in the air gap, and consequently, a  higher power with the same air 
 gap radius. However, at some point (when the permanent magnet flux density is close to 
 its  remanence)  it  is  not  possible  to  increase  the  permanent  magnet  height  any  further, 
 because no significant improvement in the air gap flux density can be achieved. In this 
 case, the permanent magnet material is not used very efficiently, which impacts on the 
 overall price of the machine. There may also be another problem related to approaching 
 the  remanent  flux  density  at  no-load.  In  such  a  case,  it  is  possible  that  the  armature 
 reaction  momentarily  increases  the  flux  density  of  the  magnet  material  beyond Br. 
 Consequently, the magnetic material may be prone to hysteresis losses (Pyrhönen et al., 
 2015). 


The  magnetic  flux of a PMSM depends on the permanent  magnet  flux density and  its 
 active surface (SPM = lPM×wPM). In a rotor surface PMSM the active permanent magnet 
 surface  does  not  depend  on  the  magnet  height,  and  the  maximum  permanent  magnet 
 active surface can be obtained by 


. = 2π (1.2) 


However,  in  the  case  of  a  spoke-type  rotor,  the  permanent  magnet  height  has  an 
influence on the maximum active surface and can be estimated as 
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. = 4 . (1.3) 


where the maximum magnet width can be written as 


. = −  


π cos 1 −ℎ
 2


(1.4) 


In Eqs. (1.3) and (1.4) we can see that in the spoke-type rotor PMSM (with constant air 
 gap  radius  and  machine  length),  the  maximum  magnet  surface  depends  on  both  the 
 magnet  height  and  the  number  of  poles.  Therefore,  a  spoke-type  permanent  magnet 
 rotor does not always have a larger maximum permanent magnet surface compared with 
 a rotor surface PM as it is shown in Figure 1.6. 


Figure 1.6: Maximum active permanent magnet surface in a spoke-type rotor and a rotor surface 
 PM  as  a  function  of  pole  pair  number  and  permanent  magnet  height.  The  rotor  has  the 
 dimensions r  =  100  mm  and lr  =  100mm.  If  the  permanent  magnet  surface  area  appears  to  be 
 negative it means that this rotor construction is not realizable. 


Figure 1.6 shows that at a moderate permanent magnet height and pole pair number it is 
 possible  to  significantly  increase  the  permanent  magnet  active  surface,  which  has  a 
 direct influence on the permanent magnet flux, and consequently, on the flux density in 
 the air gap. 


It should be noted that in a spoke-type rotor, the flux path crosses only one permanent 
magnet, whereas in a rotor with surface PMs it crosses two permanent magnets, as it is 
shown in Figure 1.7. This means that if the height of one permanent magnet is the same 
in both rotor types, the effective total permanent height used in Eq. (1.1) to estimate the 
permanent  magnet  flux  density  in  a  spoke-type  rotor  should  be  only  half  of  that  of  a 
rotor  surface  PM.  Therefore,  the  permanent  magnet  flux  density  in  a  spoke-type  rotor 
with the same permanent magnet height can be expected to be lower than that of a rotor 
surface PM. 



(22)Figure 1.7: Flux paths in a) spoke type rotor and, b) rotor surface PM. In the spoke-type rotor 
 the flux line crosses only one magnet, whereas in the rotor surface PM it crosses two magnets. 


In order to validate the analytical results achieved above and to show the performance 
 difference  between  the  spoke-type  rotor  and  the  rotor  surface-magnet  PMSM,  it  was 
 decided to verify the results by a FEM simulation. Figure 1.8 depicts two PMSMs, one 
 with a rotor surface PM (a) and another one with a spoke-type rotor (b). They have the 
 same external stator and rotor dimensions, the same permanent magnet height, and the 
 same pole pair number, which are: rδ = 126 mm, l =100 mm, hPM = 13 mm, and p = 10. 


According  to  Eqs.  (1.2)−(1.4),  the  maximum  active  permanent  magnet  surface  in  the 
 machine of Figure 1.8 (a) is SPM.max = 0.079 m2, and in the machine of Figure 1.8 (b) it 
 is SPM.max  =  0.337  m2.  This  means  that  if  the  permanent  magnet  flux  density were  the 
 same in both machines, the one with the spoke-rotor type would induce approximately 
 420 % back-EMF compared with the rotor surface PM. However, the permanent magnet 
 flux  density  in  these  two  machines  is  different  because  of  the  different  effective 
 permanent magnet heights, as it was described above. 


Figure  1.8:  PMSMs  model  in  the  commercial  FEM  software.  a)  Rotor  surface-magnet.  b) 
 Spoke-type rotor. 


The  flux  density  map  of  the  machines  under  study  at  no-load  is  shown  in  Figure  1.9. 


The figure shows that the permanent flux density in the spoke-type rotor is lower than 
that of the rotor surface PM. This is due to the lower effective permanent magnet height 
in the spoke-type rotor and the slightly higher stator steel reluctance, which results from 
the higher flux density in it. Therefore, the increase in the back EMF is lower than only 
the ratio of the active permanent magnet surfaces in these two machines. 
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Figure  1.9:  Flux  maps  of  PMSMs  at  no-load.  a)  Rotor  surface  PM.  b)  Spoke-type  rotor.  The 
 remanent flux  density  of the permanent  magnets  is Brem = 0.34 T. The permanent  magnet flux 
 densities are different in these machines, because the effective permanent magnet height in the 
 spoke-type rotor is only half of that of the rotor with surface-permanent magnets. 


The induced back EMF of the PMSMs shown in Figure 1.9 (n = 1500 rpm, Nph = 48) is 
 illustrated in Figure 1.10. 


Figure 1.10: Back-EMF curves of the two  machines  illustrated  in Figure 1.9 at 1500 rpm, and 
 their fundamental (1st) harmonics. 


Figure  1.10  illustrates  that  the  fundamental  back  EMF  in  the  rotor  surface  PMSM  is 
approximately half of that of the spoke-type rotor PMSM. This means that there can still 
be a significant increase in the air gap flux density in the spoke-type PM, even though 
the  permanent  magnet  flux  density  is  significantly  lower  than  in  the  rotor  surface-
magnet PMSM. 



(24)It  should  be  noted that  in  the  case  of  the  spoke-type  rotor  it  is  possible  to  use  totally 
 open slots, as it is shown in Figure 1.8 (b), because the flux concentration takes place on 
 the rotor side, whereas in the rotor with surface PMs, semi-closed slots should be used. 


As  a  conclusion  of  the  studies  on  possible  flux  concentration,  we  may  state  that  it  is 
 possible to achieve a significant air gap  flux density  boost if the rotor with embedded 
 permanent magnets is used, and if there are no mechanical restrictions on the inner rotor 
 radius to reserve this place for additional permanent magnet material. However, in this 
 case, the stator should also be redesigned to avoid significant oversaturation in the stator 
 steel  lamination.  Further,  it  should  be  noted  that  in  the  studied  cases  with  embedded 
 magnets, the steel supporting bridges in the rotor were not considered. In practice, they 
 produce a significant permanent magnet flux  leakage, and can considerably reduce the 
 total  air  gap  flux  density,  even  though  it  can  be  still  higher  than  in  the  rotor  surface 
 PMSM.  Again,  the  air  gap  flux  density  can  have  an  influence  on  the  synchronous 
 inductance of a machine because of the different number of turns required for achieving 
 a particular voltage level. This aspect is described in more detail in Section 1.4. 


Another  approach  to  increase  the  torque  and  power  density  of  a  machine  with  ferrite 
 magnets  is  to  use  a  larger  air  gap  radius.  Without  increasing  the  machine  outer 
 dimensions, this can be achieved with an outer rotor or axial-flux structure. In this case, 
 the stator flux  linkage  increases  as a result of the  larger surface area of the permanent 
 magnet that faces the air gap, as it is shown in Figure 1.11, where a conventional inner 
 rotor PMSM and an outer rotor PMSM are shown in the same scale. 


Figure  1.11:  a)  Conventional  inner  rotor  PMSM.  b)  Outer  rotor  PMSM.  The  external 
dimensions of the machines are the same. The slot area is kept constant in both machines. The 
relatively high thickness of the stator yoke can be explained by the segmented structure, which 
requires additional room in the stator yoke for connecting it to the frame of the machine. Ferrite 
magnets are used in both cases.  
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 Figure 1.11 shows that the permanent  magnet width wPM of the PMSM with the  inner 
 rotor  is  lower  compared  with  the  outer  rotor  topology.  This  reduces  the  value  of 
 permanent magnet flux linkage, which is estimated by (if it is assumed that there is no 
 PM flux leakage) the permanent magnet flux density BPM, the number of winding turns 
 in the stator NS and the PM surface SPM as 


= = (1.5) 


Therefore,  in the  inner rotor PMSM, the  back-EMF  value and the torque performance 
 are also lower compared with the outer rotor topology,  if the slot space  factor and the 
 current density are kept the same. This advantage of the outer rotor PMSMs was one of 
 the  main  reasons  that  encouraged  the  author  to  start  studying  this  type  of  electrical 
 machines,  especially  for  industrial  applications,  where  inexpensive  and  robust 
 constructions are required. Thus, the focus of the work has been on low-cost materials 
 and  manufacturing of PMSMs while keeping their performance at a competitive  level. 


The  work  addresses  the  outer  rotor  topology,  the  use  of  ferrite  permanent  magnets, 
 tooth-coil  winding,  segmented  construction,  and  different  design  optimizations  to 
 enhance torque performance (Petrov and Pyrhӧnen, 2013; Petrov et al., 2013; Petrov et 
 al.,  2014a;  Petrov  et  al.,  2014c;  Petrov  et  al.,  2014b;  Ponomarev  et  al.,  2014a; 


Ponomarev et al., 2014b; Ponomarev et al., 2014c) 


The  tooth-coil  winding  arrangement,  which  is  often  referred  to  as  fractional  slot  non-
 overlapping winding, has been a “hot topic” in the literature over the last decade. This 
 can  be  explained  by the constructional and electromagnetic advantages of the winding 
 arrangement, a shorter end-winding length, cheaper and simpler assembly, better field-
 weakening  characteristics,  a  lower  cogging  torque,  and  a  lower  torque  ripple.  All  of 
 these  constructional  features  of  TCW  PMSMs  extensively  discussed  in  the  literature 
 (EL-Refaie  et  al.,  2008;  Alberti  et  al.,  2014;  Petrov  and  Pyrhӧnen,  2013;  Barcaro  and 
 Bianchi, 2012). 


We  may  conclude  that  outer  rotor  surface  TCW  PMSMs  combine  the  above  listed 
 advantages  from  different  aspects.  This  leads  to  a  simplified  and  lower-cost 
 manufacturing  process  without  compromising  the  machine  performance.  However, 
 these  electrical  machines  (with  rotor  surface  ferrite  permanent  magnets)  are  not  very 
 extensively studied in the higher power range (≥ 50 kW), and thus, the objective of this 
 work is to bridge this research gap. Chapter 2 describes this type of a machine in more 
 detail, with challenges and limitations that these PMSMs may face. 



1.2 
 PMSMs with rotor embedded permanent magnets 

The concentration of magnetic flux is an advantageous technique to increase the torque 
or  power  density  of  an  electrical  machine.  Together  with  the  flux  concentration,  an 
inductance  saliency  can  be  achieved.  According  to  (Bianchi  et  al.,  2000),  inductance 
saliency can  be  successfully  used to  increase the  maximum torque of a PMSM and to 
improve  its  field-weakening  performance  by  means  of  reluctance  torque.  Reluctance 



(26)torque can be produced in a machine having different d- and q-axis inductances Ld and 
 Lq. The influence of the difference in inductance (along d- and q-axis) on the reluctance 
 torque can be expressed as: 


= − (1.6) 


Therefore,  the  use  of  ferrite  magnets  together  with  the  inductance  saliency  technique 
 has  been  intensively  studied  over  the  last  few  years  (Barcaro  and  Bianchi,  2014; 


Vartanian  et  al.,  2012;  Morimoto  et  al.,  2014b).  These  types  of  machines  are  often 
 called  PM-assisted  synchronous  reluctance  motors  (PMASynRM).  Usually,  the  main 
 purpose of ferrite magnets in these machines is to improve their power factor. In order 
 to roughly compare the performances of a synchronous reluctance machine (SRM) and 
 a PMASynRM, vector diagrams of the machines with similar d- and q-axis inductances 
 are shown in Figure 1.12 (a, b) (Bianchi, 2013). The phase stator resistance is often not 
 shown in vector diagrams, and it is assumed to be negligible if it is lower than 0.02 p.u., 
 which  is  usually  the  case  for  middle-  and  large-size  industrial  electrical  machines. 


Therefore,  from  here  onwards,  the  phase  resistance  is  not  taken  into  account  when 
 presenting the  machine performance  by the  vector theory (except the cases when Rs  ≥ 
 0.02 p.u.). 


Figure 1.12: a) Vector diagram of the SRM: uS = 0.97 p.u., iS = 1 p.u., id = 0.7 p.u., iq = 0.7 p.u., 
 ΨS = 0.97 p.u., ΨPM = 0 p.u., idLd = 0.95 p.u. iqLq = 0.21 p.u., φ = 58°. b) Vector diagram of the 
 PMASynRM, q-axis is in the permanent magnet flux direction: uS = 1 p.u., iS = 1 p.u., id = 0.7 
 p.u., iq = 0.7 p.u., ΨS = 1 p.u., ΨPM = 0.5 p.u., idLd = 0.95 p.u., iqLq = 0.21 p.u., φ = 28°. c) Vector 
 diagram of the same PMASynRM as in (b), but represented by a different logic (as a permanent 
 magnet  machine),  the  d-axis  is  in  the  permanent  magnet  direction  .  The  stator  resistance  is 
 assumed negligible. 


Comparing  the  vector  diagrams  in  Figure  1.12  (a,  b),  we  may  see  that  by  insertion  of 
 permanent magnet flux linkage, which is only 0.5 p.u., it is possible to "compensate for" 


the armature reaction and improve the power factor of the machine. In Figure 1.12 (c), 
the  same  PMASynRM  is  illustrated,  but  with  a  different  logic  of  presentation  (the  d- 
and q-axes are switched and the machine is treated as a permanent magnet machine with 
saliency).  A  conventional  PMSM  is  usually  represented  so that the  permanent  magnet 
flux linkage is along the d-axis. However, there is no difference between the machines 
shown  in  Figure  1.12  (b  and  c),  the  difference  is  only  a  matter of  terminology.  In  the 
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 case of Figure 1.12 (b), the machine can be called a synchronous reluctance PM assisted 
 machine,  and  in  the  case  of  Figure  1.12  (c),  it  can  be  called  a  permanent  magnet 
 synchronous reluctance machine. As this doctoral dissertation is not dedicated to purely 
 synchronous reluctance machines, from here onwards the d-axis is the one that is along 
 the  permanent  magnet  flux  linkage.  A  division  between  the  PMASynRM  and  the 
 PMSynRM  could  be  made  based  on  the  torque  components.  A  machine  producing 
 mostly PM torque is a PMSynRM while a machine producing mostly reluctance torque 
 is a PMASynRM. 


It should be noted that the use of permanent magnets in an electrical machine not only 
 leads  to  an  additional  source  of  flux  linkage  which  produces  an  excitation  torque 
 component (Nerg et al., 2014), but it also has an influence on the saturation behaviour 
 of different iron paths, especially on the rotor side (Tokuda et al., 2009). This leads to 
 different  saturation  levels  of  the  iron  bridges  in  the  rotor,  and  consequently,  to  a 
 variation  in  the  synchronous  inductance.  Therefore, the  performance  and  behaviour  of 
 the  machine  after  insertion of even a  small amount of  magnets  may  be quite different 
 from a purely synchronous reluctance machine. 


The  variation  in  the  synchronous  inductance  in  different  load  points  of  a  PMSM  with 
 inner  rotor  permanent  magnets  should  be  analysed  carefully,  because  saturation  and 
 cross-saturation  phenomena  are  especially  significant  in  most  of  these  machine  types 
 (Ponomarev  et  al.,  2014b;  Ruuskanen  et  al.,  2014b).  This  means  that  at  the  nominal 
 power, the  inductance saliency can  be different and the  maximum performance can  be 
 lower than expected. This phenomenon can also have an influence on the controllability 
 of the machine if the control estimates the position of the rotor based on its inductance 
 saliency (Ponomarev et al., 2014b). 


PMSMs  with  inner  rotor  permanent  magnets  can  also  be  subject  to  significant  torque 
 ripple,  and  a  special  arrangement  should  be  implemented  to  reduce  the  torque  ripple 
 (Alberti  et  al.,  2014;  Barcaro  and  Bianchi,  2012).  Especially,  the  torque  ripple  can  be 
 very  significant  in  deep  field  weakening  area  (in  percentage  of  the  applied  torque). 


According  to the  author’s  understanding,  this  is  partially  explained  by  the  fact  that  in 
 the  field  weakening  area,  a  large  demagnetization  current  component  is  applied  to 
 reduce the magnetic flux on the stator side, which makes the inductance variation very 
 sensitive to the rotor position and stator current uncertainties. However, not very much 
 was found in the literature to support these assumptions. 


A PMSM with  inner rotor permanent  magnets  is  a promising arrangement  in terms of 
torque  and  power  density.  In  addition,  if  the  mechanical  assembly  is  considered,  the 
rotor lamination that covers permanent magnets protects them from detachment at high 
speeds (in the case of an inner rotor) and other external mechanical influences. Insertion 
of  rare-earth  permanent  magnets  inside  the  rotor  can  significantly  reduce  the  eddy 
current losses in them, because the iron layer above them serves as a path for magnetic 
flux variations and reduces the alternating magnetic flux from the armature to penetrate 
through the  magnet. The rare-earth permanent  magnet eddy current  losses  may  have  a 



(28)high value, because the typical resistivity of NeFeB is between 0.9 − 1.8 μΩm (Ruoho 
 et al., 2009; Neorem Magnets, 2015). Therefore, the influence of possible eddy current 
 losses  on  the  thermal  state  of  the  rare-earth  permanent  magnet  should  be  carefully 
 analysed to prevent possible demagnetization faults. 


At high loads, the reluctance torque component in a PMSM with inner rotor embedded 
 permanent  magnets  can  reach  a  very  high  value,  which  depends  on  the  machine 
 structure and can be larger than the excitation torque. For example, in the Toyota Prius 
 II  motor, the reluctance torque component can  be even  half of the total torque (Cai et 
 al., 2014). This shows the importance of keeping the inductance saliency ratio as high as 
 possible in that type of machines. 


Concentration of the magnetic flux on the rotor side significantly complicates the rotor 
 structure,  because  laminated  rotor  steel  should  usually  be  used  in  this  case.  Further, 
 mechanical  issues  related  to the  robustness  of  the  construction  have  to  be  solved.  For 
 example, there is a trade-off between the permanent magnet flux leakage (through iron 
 bridges in the rotor) and its mechanical reliability when the thickness of the iron bridge 
 is varied. Therefore, many approaches have been suggested in the literature to reduce or 
 to get rid of  iron  bridges (EL-Refaie et al., 2014; Lindh  et al., 2013; Sampathirao and 
 Baylon, 2014; Cirani et al., 2014). 


In the case of rotor surface ferrite PMSMs, it is not necessary to use a laminated rotor 
 yoke,  because  the  relatively  large  effective  air  gap  significantly  suppresses  the 
 alternating  magnetic  flux  components  caused  by  the  armature  reaction.  The  rotor 
 surface ferrite permanent magnets do not suffer from eddy currents either, because they 
 have  a  very  high  electric  resistivity  (Petrov  and  Pyrhӧnen,  2013).  This  means  that  an 
 outer  rotor  can  be  advantageous  in  applications  that  require  a  low-cost  and  robust 
 PMSM  construction  and  that  have  a  higher  efficiency  compared  with  asynchronous 
 machines. 


Even though the reluctance torque can significantly impact the total torque achieved in 
 distributed  winding  PMSMs  (Obata  et  al.,  2014),  it  is  very  challenging  to  get  any 
 competitive  reluctance  torque  in  the  case  of  TCW  PMSMs,  because  of  the  significant 
 leakage  inductance,  which  decreases  the  difference  in  the  d-  and  q-axis  inductances 
 (Barcaro and Bianchi, 2011). Further, because of the large leakage inductance in TCW 
 PMSMs (Ponomarev et al., 2014a), the field weakening can be achieved easier if such a 
 load mode is required by the application, even in the surface rotor permanent magnets. 


Therefore, the surface rotor topology seems to be more feasible when the TCW PMSM 
 is used, owing to its lower permanent magnet flux leakages and simpler construction. 


We  may  conclude  that two  main  torque  density  increase  approaches  in  TCW  PMSMs 
that apply ferrite magnets are embedded permanent magnet technology (mainly for the 
flux concentration) and outer rotor topology with rotor surface PM. However, it is also 
interesting to discuss the possibility of using embedded permanent  magnet technology 
together with outer rotor topology. This is discussed in the following section. 
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1.3 
 Comparison  of  the  outer  rotor  surface  PMSM  with  the  outer 
 rotor embedded permanent magnet PMSM 

In  (Petrov  and  Pyrhӧnen,  2013)  it  was  shown  that  an  outer  rotor  PMSM  with  rotor 
 surface  ferrite  magnets  can  have  higher  power  density  compared  with  the  inner  rotor 
 PMSM  because  of  the  larger  air  gap  radius  and  the  larger  active  permanent  magnet 
 surface. However, if a PMSM with embedded permanent magnets is considered, it can 
 be used in order to achieve permanent magnet flux concentration and also to bring some 
 benefits  in  terms  of  additional  reluctance  torque.  For  this  reason,  it  is  necessary  to 
 analyse and compare the following types of electrical machines: an outer rotor PMSM 
 with  surface  ferrite  magnets  and  an  outer  rotor  PMSM  with  embedded  permanent 
 magnets.  


The use of embedded magnets can change the rotor thickness (which includes rotor steel 
 and permanent magnets) regardless of the  magnetic circuit reluctance. It means that in 
 the case of an outer rotor construction with the particular external dimensions, the use of 
 embedded  magnets  instead  of  surface  PMs  can  decrease  the  air  gap  diameter,  as  it  is 
 shown  in  Figure  1.13.  Therefore,  if  the  size  of  the  machine  and  the  electric  loading 
 remain  the  same,  the  air  gap  flux  density  should  be  inversely  proportional  to  the 
 decreasing  radius  squared  in  order  to  be  able  to  reach  the  same  torque  density  in  an 
 outer rotor PMSM with embedded magnets as in a rotor surface PMSM. 


Figure 1.13: Outer rotor PMSMs with the same external diameter of the active elements a) with 
 rotor surface PMs and b) with embedded PMs. 


It should be noted that the torque of the machine with embedded magnets also contains 
reluctance torque, which is not the case with the rotor surface PMs. However, if tooth-
coil  winding  is  considered  (e.g.  12-slot  10-pole  machine  construction)  the  reluctance 
torque has a lower impact on the total torque than a machine with a distributed winding 
(Barcaro  and  Bianchi,  2011;  Tangudu  et  al.,  2009).  It  means  that  in  this  case,  it  is 



(30)reasonable  to  only  consider  the  torque  produced  by  the  permanent  magnets  and  the 
 armature current.  


In  order  to  have  the  same  permanent  magnet  flux  in  an  outer  rotor  PMSM  with 
 embedded  permanent  magnets  (spoke  rotor  type)  as  in  a  PMSM  with  rotor  surface 
 permanent magnets, it is necessary to have a double permanent magnet height and half 
 of its width as it shown in Figure 1.14. 


Figure  1.14:  Permanent  magnet  reconfiguration  where  the  magnets  are  transferred  from  the 
 rotor-surface-magnet to embedded-magnet rotor (spoke type). 


Analytically,  the  ratio  of  the  external  rotor  diameters  owing  to the  permanent  magnet 
 reconfiguration from the rotor-surface-magnet to embedded-magnet (for the outer rotor 
 PMSM) can be estimated as 


.
 .


= +


2ℎ + 2ℎ + (1.7) 


whereas the permanent magnet width in the rotor surface type is written as 
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= ( + ℎ )


2 (1.8) 


Combining Eq. (1.7) with Eq. (1.8), the ratio of the external rotor diameters (embedded 
 and surface rotor types) can be estimated by 


.
 .


= ( + ℎ )


2 2ℎ + 2ℎ + +


2ℎ + 2ℎ + (1.9) 
 In  Eq.  (1.9)  we  can  see  that the  ratio  of  the  external  rotor  diameters  of  the  embedded 
 and  surface  permanent  magnet  rotor  types  depends  on  the  air  gap  diameter Dδ,  the 
 permanent magnet height hPM, the rotor yoke height hyr, the relative permanent magnet 
 width αPM,  and  the  number  of  pole  pairs p.  An  example  of  a  comparison  of  external 
 rotor  diameters  with  different  permanent  magnet  heights  and  pole  pair  numbers  is 
 shown in Figure 1.15. 


Figure 1.15: Comparison of outer rotor external diameters with rotor surface permanent magnets 
 (Der.surf) and with rotor embedded permanent magnets (Der.emb). The rotor yoke height is hyr = 5 
 mm, the permanent magnet height is hPM = 10 mm, the air gap diameter is Dδ = 121 mm, and the 
 relative permanent magnet width is αPM = 0.9. 


Figure  1.15  demonstrates  that  if  the  number  of  pole  pairs  is  relatively  low,  it  is  not 
 advantageous  to  use  embedded  permanent  magnets  in  the  outer  rotor  topology. 


However, even at a high number of pole pairs (e.g. p = 10) there is not much gain in the 
external  dimensions  of  the  machine,  especially,  if  the  additional  non-magnetic 
supporting  unit  (non-magnetic  sleeve)  is  taken  into  account.  Further,  the  embedded 
magnets make the rotor construction more complicated from the manufacturing point of 
view,  which  requires  the  use  of  laminated  iron  (to  reduce  iron  losses),  and  there  are 
higher requirements regarding the precision of component dimensions. 



(32)It should  be  noted that in the case of embedded  magnets,  it  is possible to increase the 
 permanent magnet width, which also increases the external rotor diameter. Therefore, it 
 is possible to increase the flux produced by the permanent magnets, and consequently, 
 the  air  gap  flux  density  by  having  a  larger  external  rotor  diameter,  which  can  be 
 determined by 


= + (1.10) 


whereas if it is assumed that no saturation occurs in the stator, the air gap flux density 
 can be estimated as 


=2


π (1.11) 


Assuming that the  linear current density  is  not changed with the  flux density  variation 
 (if the steel permeability is assumed to be linear), it is possible to increase the tangential 
 stress by producing a higher air gap flux density. In this case, the tangential stress and 
 torque are directly proportional to the air gap flux density, and they can be defined by 


= cos


2 (1.12) 


= π


2


(1.13) 
 Combining  Eqs  (1.10)−(1.14),  the  final  torque  expression  for  the  outer  rotor  PMSM 
 with embedded permanent magnets (spoke type) is given as 


= 2 ( − ) cos (1.14) 


In Eq. (1.14) it can be seen that the torque depends on both the air gap diameter and the 
difference  between  the  external  rotor  diameter  and  the  air  gap  diameter.  Figure  1.16 
shows  a  comparison  of  the  torque  estimated  by  Eq. (1.14)  and  the torque of  the  outer 
rotor surface permanent magnet PMSM with the same parameters. 
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Figure 1.16: Torque as a function of pole pair numbers p and external rotor diameter Der of the 
 outer  rotor  PMSM  with  embedded  permanent  magnets  (spoke  type)  and  of  the  rotor  surface 
 PMSM. The permanent magnet height is hPM = 10 mm, the rotor yoke height is hyr = 5 mm, the 
 air gap diameter of the PMSM with embedded magnets is Dδ = 121 mm, the machine length is l 


= 110 mm, the permanent magnet flux density is BPM = 0.28 T, the linear current density is A = 
 46 kA/m, and the relative permanent magnet width in the rotor surface PMSM is αPM = 0.9. It is 
 assumed that the permeability of the stator does not change as a function of air gap flux density. 


Figure  1.16  shows  that  with  a  moderate  number  of  pole  pairs,  the  outer  rotor  PMSM 
 with rotor surface permanent magnets has a higher power density than a similar PMSM 
 with embedded permanent magnets (spoke type). However, with high numbers of pole 
 pairs  and  with  a  large  difference  between  the  air  gap  diameter  and  the  external  rotor 
 diameter, it is possible to achieve a higher torque density with a spoke-type rotor. 


Concluding  the  discussion  about  the  rotor  surface  permanent  magnet  and  embedded 
 permanent  magnet  approaches,  we  may  state  that  in  most  of  the  outer  rotor  PMSM 
 cases,  a  rotor  surface  permanent  magnet  is  more  advantageous  because  of  its  simpler 
 construction  and  smaller  external  dimensions  (at  a  moderate  number  of  pole  pairs). 


However, embedded permanent magnets can be successfully applied to concentrate the 
 permanent  magnet  flux  and  increase  the  air  gap  flux  density.  In  this  section,  it  was 
 assumed  that  the  air  gap  flux  density  does  not  have  an  influence  on  the  electrical 
 loading  (A)  of  the  machine,  because  the  saturation  factor  is  not  taken  into  account. 


Therefore,  the  resultant  torque  is  directly  proportional  to  the  achieved  air  gap  flux 
density. However, it is not completely valid if the saturation is taken into account as it 
described in the following section. 
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1.4 
 Comparison  of rotor surface PMSMs with  different air gap flux 
 densities 

Rare-earth  permanent  magnets  have  a  relatively  high  remanent  flux  density  compared 
 with  ferrite  permanent  magnets.  Therefore, the  air  gap  flux  density  in  a  machine  with 
 rare-earth permanent magnets should be larger than in the machine with ferrite magnets, 
 if these two magnet types are used in similar rotor surface PMSMs and have the same 
 PM  height.  According  to  Maxwell’s  stress  tensor  the  air  gap  flux  density  has  a  direct 
 influence  on  the  overall  tangential  stress,  and  consequently,  on  the  torque  of  the 
 machine: 


= (1.15) 


Therefore,  the  machine  with  a  higher  air  gap  flux  density  (produced  by  permanent 
 magnets)  is  expected  to  have  a  higher  power  density.  However,  this  argument  is  not 
 completely valid for PMSMs, as it shown below. 


The  steel  used  in  the  electrical  machine  (usually  silicon  steel)  has  a  non-linear BH 
 curve.  This  means  that  it  has  a  particular  limit  of  flux  density  after  which  the 
 permeability  of  the  steel  starts  to  decrease  rapidly  (Pyrhönen  et  al.,  2014).  Therefore, 
 the geometry of the  machine  steel parts should  be selected according to the maximum 
 magnetic flux to avoid oversaturation regions, otherwise it would lead to a reduction in 
 the  magnetic  circuit  permeability.  It  means  that  in  a  PMSM  with  a  particular  air  gap 
 flux  density,  the  stator  teeth  width,  the  stator  yoke  width,  and  the  rotor  yoke  width 
 should be optimized to keep the peak flux density in the permitted range, which usually 
 does not exceed 1.8 T (Pyrhönen et al., 2008). 


It  should  be  noted that the  flux  density  in  the  tooth  depends  on  its  magnetic  flux  and 
 cross-sectional area. It means that with lower flux values, the flux density decreases (if 
 the cross sectional area of the tooth remains the same). In this case, in order to use steel 
 and  permanent  magnets  efficiently,  the  tooth  cross-sectional  area  should  be  optimized 
 so that the flux density reaches the point close to the steel saturation level (1.5 − 1.8 T). 


If  it  is  assumed  that  the  machine  has  the  same  geometry  along  its  length  in  the  axial 
 direction, it can be solved as a 2D problem. In this case, the flux density in the tooth can 
 be  increased  only  by  reducing  its  width  (with  a  constant  air  gap  flux  density).  This 
 means that if all other parameters remain the same (air gap radius, slot height), the slot 
 area increases with the reduction in the tooth width. Therefore, with a larger slot area it 
 is  possible  to  increase  the  electrical  loading  and  to  some  extent,  compensate  for  the 
 reduction in magnetic loading, which is a result of the lower air gap flux density. 


According to Eq. (1.5), the flux linkage is a result of the product of the flux density, the 
surface area, and the number of winding turns. In an electrical machine with a moderate 
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 saturation  level,  the  main  flux  path  takes  place  in the  steel  region.  Therefore, the  flux 
 linkage in TCW PMSM of the winding with Ns turns can be written as 


= (1.16) 


The  number  of  winding  turns  in  Eq.  (1.16)  is  usually  selected  such  that  the  desirable 
 voltage  level  (and  consequently  the  flux  linkage)  at  the  nominal  load  is  reached. 


However,  with  a  particular  number  of  winding  turns,  the  wire  area  is  directly 
 proportional to the slot area. 


In conclusion, based on the fact that the number of turns can be reduced if the air gap 
 flux density increases, which leads to a larger armature tooth width, and the fact that the 
 larger  armature  tooth  width  leads  to  a  smaller  slot  area  (if  the  external  machine 
 dimensions remain the same), we may state that the higher air gap flux density reduces 
 the electrical loading (A) of the machine. Thus, achieving a machine with the maximum 
 power  density  is  not  a  straightforward  task. Instead,  it  means  that  a  very  high  air  gap 
 flux  density  does  not  necessarily  yield  the  machine  with  the  highest  possible  power 
 density. 


Analytically, the trade-off between the air gap flux density and the electrical loading of 
 an  outer  rotor  PMSM  can  be  expressed  by  the  phase  current  (with  a  constant  current 
 density in the conductor) as function of air gap flux density (with a constant tooth flux 
 density) as follows 


=2


π (1.17) 


= (1.18) 


ℎ = (1.19) 


ℎ = ( − ℎ − ℎ − ℎ ) − . + ℎ + ℎ (1.20) 


= (1.21) 
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− ℎ − 2ℎ ℎ − ℎ


(1.22) 


=2 (1.23) 


= (1.24) 


= (1.25) 


= (1.26) 


The  outer  rotor  PMSM  described  in  (Petrov  and  Pyrhӧnen,  2013)  was  studied  as  an 
 example to determine the phase current (with a constant current density) and the phase 
 resistance  as  function  of  air  gap  peak  flux  density.  Further,  the  influence  of  other 
 parameters  such  as  the  inner  stator  radius,  the  stator  tooth  peak  flux  density  and  the 
 stator yoke peak flux density on the optimized solution was considered. 


Figure 1.17 presents the phase current and the phase resistance as a function of air gap 
 peak flux density and inner stator radius (with all the other parameters constant) derived 
 from Eqs. (1.17)−(1.26). 


Figure 1.17: a) Maximum phase current and b) phase resistance as function of air gap peak flux 
density and  inner stator radius (rst.in). The current density  is J = 3.6 mm2, the stator tooth peak 
flux density is  = 1.6 T, and the stator yoke peak flux density is  = 1.3 T. 
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 Figure 1.17 shows that if the inner stator radius has to be larger in order to reserve inner 
 space for some other needs, the maximum phase current can be achieved at a relatively 
 low air gap peak flux density, which is approximately  = 0.5 T. However, the phase 
 resistance, and consequently, the  Joule  losses  in the  stator winding with  a  larger  inner 
 stator  radius  increase,  because  of  the  limited  slot  space,  which  leads  to  a  lower  wire 
 area. 


Figure 1.18 depicts the phase current and the phase resistance as a  function of air gap 
 flux density, stator tooth peak  flux density, and stator yoke peak  flux density (with all 
 the other parameters constant) derived from Eqs. (1.17)−(1.26). 


Figure  1.18:  a)  Maximum  phase  current  and  b)  phase  resistance  as  a  function  of  air  gap  flux 
 density, stator tooth peak flux  density ( ), and stator yoke peak flux  density  . The current 
 density is J = 3.6 mm2 and the inner stator radius is rst.in = 0.04 m. 


Figure  1.18  shows  that  with  lower  values  of  stator  tooth  and  stator  yoke  peak  flux 
 density, the maximum current (with constant inner stator radius and current density) can 
 be achieved at a relatively low air gap flux density ( = 0.45 T). Often, in high-speed 
 machines (with a high electrical frequency), the flux density in the stator yoke and in the 
 stator tooth is selected to be below the saturation point to avoid excessive iron losses in 
 the machine (Uzhegov et al., 2014). Therefore, in this case, the air gap flux density can 
 be  selected  lower  than  the  value  that  the  modern  rare-earth  magnets  can  provide  with 
 the conventional air gap height. 


Figure 1.19 shows a scaled view of three PMSMs with different air gap flux densities, 
and  with  the  same  tooth  flux  density,  yoke  flux  density,  phase  current,  and  current 
density. The PMSMs in Figure 1.19 (a) and (c) have the highest possible and the lowest 
possible  air  gap  flux  densities  if  other  machine  parameters  are  constant,  whereas  the 
machine  in  Figure  1.19  (b)  is  the  original  PMSM  with  ferrite  magnets  and  an  air  gap 
peak  flux  density  = 0.37 T.  We  can  see  that  the  original  machine  has  the  lowest 
external dimensions compared with its counterparts with the utmost (the lowest possible 
and  the  highest  possible)  air  gap  flux  densities.  However,  if  other  parameters  of  the 
machine can be changed (e.g. the stator tooth peak flux density and the stator yoke peak 



(38)flux density) the external dimensions of the machine with a higher air gap flux density 
 will be lower. 


Figure  1.19:  Scaled  view  of  the  analytically  evaluated  outer  rotor  PMSMs  with  different 
 permanent  magnet  remanences  (different  air  gap  peak  flux  densities)  and  with  the  constant 
 stator  tooth  peak  flux  density  = 1.6 T  and  the  stator  yoke  flux  density  = 1.3 T.  a) The 
 air gap peak flux density is  = 0.9 T, b) the original geometry of the PMSM with the air gap 
 flux density is  = 0.37 T, and c) the air gap flux density is  = 0.27 T. 


In  the  previous  analysis  the  value  of  the  phase  current  was  chosen  as  the  main  input 
 parameter.  However,  it  does  not  necessarily  guarantee  a  constant  power  for  all  three 
 cases  shown  in  Figure  1.19  because  of  different  synchronous  inductances.  As  it  is 
 mentioned above, the peak air gap flux density at the required voltage level has a direct 
 influence on the number of turns, whereas the magnetizing inductance can be calculated 
 by 


= 2
 2
 π


1
 2


4


π ′( ) (1.27) 


In Eq. (1.27) we can see that the magnetizing inductance is proportional to the number 
 of  winding  turns  squared.  Therefore,  at  a  very  low  air  gap  flux  density  (where  a  high 
 number  of  turns  are  required  to  reach  a  certain  voltage  level),  the  magnetizing 
 inductance can  have a  large value.  Again, the synchronous  inductance, which contains 
 the  magnetizing  inductance  and  other  inductance  components,  as  it  is  described  in 
 Section (2.2), has a direct influence on the maximum torque at a particular speed, and if 
 the inductance saliency is not considered, it can be estimated as (Salminen et al., 2005) 


= (1.28) 


According  to  Eqs.  (1.27)  and  (1.28),  it  can  be  concluded  that  apart  from  the  nominal 
current  and  the  phase  resistance,  the  maximum  torque  also  varies  as  a  function  of  air 
gap  flux  density  as  a  result  of  the  synchronous  inductance  variation.  Therefore,  when 
the  air  gap  flux  density  is  selected  in  the  machine  design  optimization  process,  the 
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