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The main focus of this thesis is to define the field weakening point of permanent magnet 
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 thesis  a  modelling  program  is  made  to  help  the  designer  to  define  the  field  weakening 
 point in practical applications. 


The thesis utilizes the equations based on the current angle. These equations can be de-
 rived  from  the  vector  diagram  of  permanent  magnet  synchronous  machine.  The  design 
 parameters of the machine are: The maximum rotational speed, saliency ratio, maximum 
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The main result of the thesis is finding out the rated rotational speed, from which the field 
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changes of machine parameters are examined. 
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(7)ABBREVIATIONS AND SYMBOLS 


PM  permanent magnet 


DC  direct current 
 AC  alternating current 


PMSM   permanent magnet synchronous machine 
 EMF    electromotive force 


MTPA    maximum torque per ampere 
 MTPV    maximum torque per volt 
 DTC  direct torque control 
 AlNiCo   aluminium nickel cobalt 
 SmCo    samarium cobalt 
 NdFeBo  Neodymium Iron Boron 


pu  per unit 


SynRaPMSM  Synchronous reluctance assisted permanent magnet synchronous machine 


Roman letters 


a phase shift operator ej2/3 


B magnetic flux density [Vs/m2], [T] 


BHmax  maximum energy product 
 Br remanent flux density [T] 


em air gap flux induced voltage [V] 


EPM  permanent magnet induced voltage [V] 


es induced voltage of the stator [V] 


f frequency [Hz] 


ffwp,limit    upper limit for the field weakening range [Hz] 


fn  nominal frequency [Hz] 


H magnetic field strength [A/m] 


HcB  normal coercivity 
 HcJ  intrinsic coercivity 


id direct axis current in the rotor reference frame [A] 


iD  direct axis damper winding current [A] 


idref direct axis reference current [A] 


imd direct axis magnetizing current [A] 


imq quadrature axis magnetizing current [A] 


In  nominal current [A] 



(8)iPM field current [A] 


iq quadrature axis current in rotor reference frame [A] 


iQ quadrature damper winding current [A] 


iqref quadrature axis reference current [A] 


is stator current vector [A] 


is,meas    measured stator current [A] 


isref stator current reference [A] 


Ix characteristic current [A] 


J magnetic polarization [Vs/m2] 
 Ksk skewing factor 


L inductance [Vs/A], [H] 


Ld direct axis synchronous inductance [H] 


Lmd direct axis magnetizing inductance [H] 


Lmq quadrature axis magnetizing inductance [H] 


Lq quadrature axis synchronous inductance [H] 


Lsσ stator stray inductance [H] 


m number of phases 


N  number of coil turns 
 n rotation speed [rpm]   


p number of pole pairs   
 PJ Joule losses [W] 


q number of slots per pole and phase 
 Rm  reluctance [A/Vs] 


Rs stator resistance [Ω] 


T   torque [Nm] 


Tmax maximum torque [Nm] 


uph phase voltage [V] 


us stator voltage vector   


us,est estimate of the stator voltage [V] 


usd direct axis stator voltage [V] 


usq  quadrature axis stator voltage [V] 


Greek letters 


 current angle 


 load angle 


α electrical skew angle 


β current phase angle 



(9)θ rotor angle in stator reference frame 
 μr  relative permeability 


ξ  winding factor 


ρ resistivity [Ωm] 


Φ  magnet flux [Vs] 


φ power angle 


ω angular frequency [rad/s] 


Ω mechanical angular speed [rad/s] 


ωmax  maximum angular frequency [rad/s] 


Ωmax  maximum mechanical angular speed [rad/s] 


ωs angular frequency of the stator flux [rad/s] 


md  direct axis flux linkage of the airgap [Vs] 


mq  quadrature axis flux linkage of the airgap[Vs] 


PM flux linkage of the airgap [Vs] 


s  stator flux linkage [Vs] 


s,est  estimate of stator flux[Vs]


sd  direct axis flux linkage [Vs] 


sq  quadrature axis flux linkage [Vs] 


s flux linkage vector [Vs] 


Sub- and superscripts 


D  direct axis damper current 


d  direct axis of stator parameters in rotor reference frame 


DC  direct-(current,voltage) 


FW  field weakening 


fwp  field weakening point 


J  Joule 


lim  limit 


m  magnetizing- 


max  maximum 


meas    measured 


MTPA    maximum torque per ampere 
 MTPV    maximum torque per volt 


n  nominal, rated 


ph  phase 


PM  permanent magnet 



(10)q  quadrature axis of stator parameters in rotor reference frame 


Q  quadrature damper current 


r  rotor, superscript rotor reference frame 


ref  reference 


s  stator, superscript stator reference frame 


sk  skew 


σ  leakage 


A,B,C,N  phases 



(11)1.  INTRODUCTION 


In  the  future  electrical  drives  will  become  the  key  technology  in  vehicles  and  work  ma-
 chines. Asynchronous machines seem to live their golden era and different kinds of syn-
 chronous machines claim the field of electrical machines. One of the most important ma-
 chines  is  nowadays  the  permanent  magnet  synchronous  machine. The  permanent  mag-
 net  (PM)  technology  is  a  fast  emerging  technology  also  in  traction  applications,  similarly 
 as in wind power, nowadays. This kind of machine seems to find its place in every appli-
 cation. The permanent magnet synchronous machine (PMSM) has taken the place of oth-
 er machines because it can be made more compact and smaller and it can still be as effi-
 cient as other machines, and even more efficient.   


PMSM can be constructed by either embedding the magnets in the rotor core or by plac-
 ing them  on the rotor  surface.  Particularly,  permanent magnet  machines  with  embedded 
 magnets  will  be  studied  in  this  thesis  but  the methods  will  suit  also  surface  magnet  ma-
 chines as well as interior permanent magnet machines.  


  


PMSM  with  embedded  magnets  can  have  a  good  performance  in  the  field  weakening 
 range.  However,  the  field  weakening  operation  can  be  difficult  in  a  permanent  magnet 
 machine drive because the permanent magnets create their own fixed fluxes. The power 
 capability over a wide speed range is also a topic, which needs investigation.  


The typical traction motor properties which are, in particular, needed are a wide speed re-
 gion and a very high starting torque. The motor power requirement continuously changes 
 with time depending on the road conditions and driving schedules, and that is why the ex-
 tended speed range is extremely important for variable speed traction applications (Hall & 


Balda 2002). In city traffic the high starting torque is needed but in highway traffic a wide 
 speed range is needed.  


The field weakening range operation is perhaps the most essential thing in the permanent 
magnet machine drives which are used in traction applications because when the wanted 
speed is achieved it is more economical and energy efficient to drive the machine with a 
lower torque. To exploit the full torque and power potential of the drive during field weak-
ening, an operation at or very close to the voltage limit is compulsory.  



(12)During the drive design process it is essential to find a good match between the converter 
 current capabilities and the motor torque capabilities. In traction drives, normally a two to 
 three times the motor rated torque is needed in starting and correspondingly two or more 
 times  the  base  speed  is  needed  in  the  speed  range.  This  work  studies  in  details  the 
 torque and speed range capabilities of the PMSM in converter control. 


1.1 Characteristics of the traction motors 


The permanent magnet synchronous machines are a natural choice to the traction appli-
 cations  because  in  traction  the most  important  requirements  are  reliability,  lightness  and 
 durability. The PMSM is a good choice to fill all these requirements. The permanent mag-
 net machine has some great advantages and it is the best machine in many ways for the 
 traction applications. These main advantages are 


 Highest possible power density  


 High efficiency 


 Reliability 


 Low cogging torque 


 High starting torque 


 Chance to get torque in very high speed region 


Nowadays, machines in the traction applications are often synchronous reluctance assist-
 ed permanent magnet motors with interior magnets. The rotor with V-shape magnets have 
 been used in the hybrid electric machines quite much. This kind of a machine produces a 
 significant amount of reluctance torque and the total performance is good. The field weak-
 ening  properties  of  the  machine  type  form  the  great  advantage  of  that  kind  of  machine 
 structure. In traction applications it is the directional factor because a motor needs to pro-
 duce different amounts of torque depending on the speed. The traction motor should be 
 designed  for  high  torque  low  speed  operation,  high  efficiency  nominal  speed  operation 
 and a wide field weakening range to attain very high speeds.  


When the machine is designed there are expectation of good performance, high efficiency 
and  high  reliability.  The  machine  must  be  also  economical  in  terms  of  cost,  weight  and 
size.  That  can  lead  to  problems  with  the  field  weakening  to  have  an  efficient  and  at  the 
same time an economical machine. It is very difficult to get all the previous properties in 
the same machine at the same time. 



(13)1.2 Hybrid electric vehicle  


Let  us  present  next  the  basics  of  the  hybrid  vehicles  shortly  because  the  machines  that 
 this  thesis  will  handle  are  used  in  traction  applications.  The  term  hybrid  electric  vehicle 
 means that it is the combination of internal combustion engine and one or more electrical 
 machines. A low emissions and energy efficiency are the driving forces to move in hybrid 
 and full electric vehicles in the future instead of internal combustion engine. Also oil short-
 age and the high prices of gasoline are the reasons why old internal combustion engines 
 need to be replaced with electric machines. Because cars and other vehicles are one of 
 the main sources of air pollution, they need to be replaced with hybrid vehicles. 


There  are  many  types  of  hybrid  electric  vehicles  which  are  divided  for  example  by  the 
 power  between  power  sources.  These  types  are  parallel,  series  and  series-parallel-
 hybrids. The parallel hybrid means that internal combustion engine and electric machine 
 are both connected to a mechanical and magnetic transmission. One electric machine is 
 needed in the parallel hybrid and it works both as a motor and as a generator. 


The  series  hybrid  vehicles  are  driven  only  by  electric  traction  applications.  The  electric 
 machines have a high power to weight ratio and these machines in the series hybrid vehi-
 cles  can  provide  torque  over  a  very  large  speed  range.  In  that  hybrid  type  the  internal 
 combustion engines are used to drive an electric generator instead of directly driven the 
 wheels of the vehicle and hence the generator is providing the power to the electric mo-
 tors (Chizh 2010, 17-18). 


The  series-parallel  hybrids  can  be  driven  only  with  engines  or  only  with  batteries  or  a 
 combination of both. That is why that series-parallel hybrid type is usually called a full hy-
 brid. In that kind of electric drive there is one electric machine and one internal combus-
 tion engine. These drives are often equipped with planetary gearbox and the electric ma-
 chine can run on as a generator charging the batteries.  


These hybrid types will not be studied further more in this thesis but they are just shortly 
 described just to remind of what kind of hybrid types which are divided by the power be-
 tween power sources, there is. 


1.3 Motivation and goal of the thesis 


It is important to study this subject because electric and hybrid vehicles will become more 
common in the future. Low emissions and energy efficiency are the driving forces to move 
in  hybrid  and  full  electric  vehicles  in  the  future  instead  of  internal  combustion  engine.  In 



(14)variable speed drives, this kind of permanent magnet synchronous machine can save the 
 energy and provide better and optimal control over the whole process. 


The main point of this thesis is to study, when the machine moves in the field weakening 
 range  and  how  the  stator  flux  is  controlled  in  every  operation  point.  Basically  this  work 
 studies how to define the field weakening point in permanent magnet machines which are 
 used in traction applications.  


This work concentrates and limits only to study the field weakening process of permanent 
 magnet synchronous machines and hence equations and methods which are used during 
 this work, cannot be used with other machine types. 


1.4 Organization of the thesis 


The analysis of this work  is divided so that in chapter  2 the construction and the mathe-
matical model of permanent  magnet synchronous machine are presented. Control meth-
ods of PMSM are considered in chapter 3. In chapter 4 the basics of the field weakening 
process, losses of the machine and saturation model are studied. The purpose of chapter 
5 is to present the modelling of the program which solves the field weakening point of the 
machine and in chapter 6 the results of the program is presented. Conclusions and sum-
mary of this thesis is collected in chapter 7. 



(15)2.  PERMANENT MAGNET MACHINE 


The permanent magnet synchronous machine is a synchronous machine whose charac-
 teristics  are  improved  with  permanent  magnets. At  the moment there  are  very  many  dif-
 ferent  PM  machine  types.  Basically  these  machines  can  be  divided  into  two  categories: 


PMSMs with saliency and non-salient PMSMs. A PMSM with saliency has the inductance 
 ratio Lq / Ld    1  when  the  non-salient  pole  PMSM  has Lq / Ld   1.  In  permanent magnet 
 synchronous  machines  with  embedded  magnets  the  direct  axis  inductance Ld  is  usually 
 smaller than the quadrature axis inductance Lq because the direct axis armature reaction 
 magnet flux path contains the very low permeability permanent magnets and the quadra-
 ture  axis  magnet  flux  path  in  the  rotor  flows  mostly  in  iron.  In  rotor  surface  magnet  ma-
 chines the q-axis armature reaction flux travels under the magnets and in interior magnet 
 machines the flux travels correspondingly over the magnets (Schiferl and Lipo 1990, 116).  


Figure 1 illustrates the PMSM family. 


Figure 1  PMSM-family 



(16)In  figure  1  it  can  be  seen  that  the  PMSMs  with  saliency  can  be  divided  in  PMSMs  with 
 embedded magnets and PMSMs with pole shoes. There is also an own machine type; the 
 axial flux machine which seems to be one of the trendsetters in traction applications at the 
 moment. The axial flux machine can, at least in principle, be divided into similar subcate-
 gories as the radial flux machine.   


Nowadays,  there  has  been  lot  of  interest  in  the  use  of  permanent  magnet  synchronous 
 reluctance  motors  in  the  field  weakening  applications  such  as  traction  which  require  a 
 wide  constant  power  speed  range.  The  permanent  magnet  assisted  synchronous  reluc-
 tance  machine  has  the  saliency-based  reluctance  torque  as  its  main  torque  producing 
 method  and  the  permanent  magnets  mainly  help  in  improving  the  reluctance  machine 
 characteristics. This machine type is mainly limited to low pole pair numbers (in practice p


= 2 or p = 3) guaranteeing a high saliency. If the permanent magnet torque, however, is 
 the main torque we could call the machine – vice versa – the synchronous reluctance as-
 sisted permanent magnet machines (SynRaPMSMs) which have excellent properties also 
 in  cases  of multiple  pole  designs  and  have good  abilities  to  control the  stator flux  in  the 
 field weakening operation. These machines have a lower saliency than the previous type 
 but are more suitable in high torque applications. Multiple pole arrangements can guaran-
 tee very lightweight high torque machine designs as the machine yokes can be made thin. 


The  saliency,  however  suffers  when  the  pole  pair  number  gets  high  and,  therefore,  the 
 permanent magnet based torque dominates in these machines being otherwise  theoreti-
 cally quite similar as the permanent magnet assisted synchronous reluctance machines.  


The  machines  with  embedded  magnets  (interior  magnet  machines)  have  saliency  and, 
 therefore, have some advantages compared to rotor surface magnet machines in traction 
 applications.  They  have  better  control  properties  and  also  higher  torque  at  the  lowest 
 speeds (Lindh et al. 2011). 


The interior PM machine produces excitation torque caused by the PM interaction with the 
quadrature  axis  current  and  reluctance  torque  caused  by  the  rotor  saliency.  The  reluc-
tance  torque  is  created  with  the  inductance  difference  between  the  direct  (d)  axis  and 
quadrature  (q)  axis. The  reluctance  torque component  can  improve the torque  capability 
significantly, especially, at low and high speeds. The rotor surface magnet machine does 
not have inductance difference at all, and therefore, there is no reluctance torque availa-
ble.  The  field  weakening  is  difficult  with  such  a  machine.  The  interior  PM  machine  can 
have better overload conditions than the rotor surface PM machine.  



(17)There has been a lot of discussion about the stator windings in traction motors. Traditional 
 distributed  stator  windings  with  the  number  of  slot  per  pole  and  phase q    1  are  widely 
 used. The stator has, with that kind of winding relatively low ratio of leakage to magnetiz-
 ing  inductance  which  makes  it  possible  to  reach  high  saliency  ratios  (Soong(a)  et  al. 


2007).  


The  other  widely  used  stator  winding  type  is  the  concentrated  tooth  windings  which  are 
 wrapped around the stator teeth. With concentrated windings the number of slots per pole 
 and phase is typically q   0.5. The concentrated windings have the high ratios of leakage 
 to magnetizing inductance. This is very useful, when one wants to increase the stator in-
 ductance.  Increasing  of  the  stator  inductance  will  reduce  the  achievable  saliency  ratio. 


Manufacturing of the stator is much easier with concentrated windings. The concentrated 
 windings  also  offer good  thermal  performance.  With  concentrated  windings  in  the  stator, 
 the rotor surface PM machine has been shown to produce remarkably good field weaken-
 ing performance (Soong(a) et al. 2007). 


2.1 Axial flux machine 


The axial flux machine can be constructed with two stators and one rotor or the other way 
 around.  There  are  many  investigations  and  new  constructions  are  emerging  every  now 
 and  then  about  the  axial  flux  machines. With  the  axial  flux  machine  there  are  some  ad-
 vantages.  It  can  be  smaller  and  more  compact  than  normal  radial flux  PMSM.  Axial  flux 
 PMSMs can be used in applications where short axial length is needed and therefore axial 
 flux  PMSMs  are  common  in  hybrid  vehicles.  Axial-flux  PMSMs  can  be  designed  for  a 
 higher  torque-to-weight  ratio  than  the  radial  flux  machines.  The  other  advantages  of  an 
 axial-flux machine are lower  noise and  vibration  levels and better  efficiency (Aydin et  al. 


2010).  


The drawback of axial-flux machine is the area of field weakening. Of course the mechan-
ical design of the axial-flux machine can also be complicated because the end windings of 
the stator are close to the rotor shaft and that can be problematic. The manufacturing of 
the stator is more difficult than in radial flux machines because of the variable stator slot 
pitch  as  a function  of  the  radial  position  of  the  lamination.  However,  in  mass  series  pro-
duction the stator of an axial-flux machine is cheaper than the stator  of a corresponding 
radial flux machine because it needs less lamination material. Eddy current losses of axi-
al-flux PMSM can damage the PM material in the rotor and the probability of demagneti-



(18)zation is high during short circuit (Chizh 2010). Figure 2 illustrates the structure of an axi-
 al-flux machine with two rotors and one stator. 


Figure 2  Rotor surface magnet two-rotors-single-stator structure (Parviainen 2005) 


Figure 2 shows one of the structures of axial-flux machines. With this kind of structure, the 
 efficiency can be improved and also the power density of the machine is getting better. Of 
 course, mechanical problems  are evident  as there seems to be no space to support the 
 stator. Other common structures of the axial-flux machine are the single-rotor-single-stator 
 construction, the single-rotor-two-stators and the multistage structure including two stator 
 blocks and three rotor blocks (Parviainen 2005).  


In the two-stator-single-rotor machine structure the rotor can be made totally without iron. 


Then the rotor body is fully constructed with e.g. glass fibre. 


The  axial-flux  machines  are  widely  used  as  hybrid  traction  motors  and  as  generators, 
however, this machine type will no longer be studied in this thesis because the main area 
of interest is the machine general behaviour in the operating range depending on the ma-
chine parameters. 



(19)2.2 Permanent magnet materials in PMSM 


In the beginning one needs to take a look at which permanent magnet materials are used 
 in the permanent magnet synchronous machines. The history of the permanent magnets 
 which  are  used  in  the  permanent  magnet  motors  starts  in  the  20th  century.  The  first  im-
 portant magnets were AlNiCo magnets which were discovered in the late 1930’s. The use 
 of these magnets is still common in many applications because of their high remanent flux 
 density,  high  operating  temperatures,  good  temperature  stability  and  good  corrosion  re-
 sistance (Ruoho 2011). However, in motors the use is very difficult because of the low co-
 ercive force. 


After AlNiCo magnets the material that was discovered was a ferrite magnet. The disad-
 vantage of ferrites is that they have relatively low remanent flux density. The hard ferrites 
 have low cost and for that reason they are widely used in many applications. The ferrites 
 do not conduct electricity which gives for them good properties for many applications (Ru-
 oho 2011). Hard ferrites have relative permeability in the range of 1.3 which means that in 
 case of rotor surface magnets there will be some saliency in the motors. 


After ferrites, in the seventies, the rare earth magnets were discovered. Then such mag-
 nets  as  SmCo5  and  Sm2Co17  were  introduced.  Both  these  magnets  have  relatively  high 
 remanence, high maximum operating temperatures and high corrosion resistance. SmCo 
 magnets  are  expensive  because  of  the  high  price  of  cobalt.  The  main  reason  for  that  is 
 why SmCo magnets are still used in machines nevertheless their prices is the high maxi-
 mum  operating  temperature.  Any  other  magnet  material  has  not  such  high  temperature 
 endurance. 


The  newest  magnet  material  was  discovered  in  1983  (Pyrhönen  2008).  The  material  is 
 NdFeB,  which  has  higher  remanent  flux  density  than  any  other  present  day  permanent 
 magnet material. The disadvantage of the NdFeB magnet is that it cannot tolerate as high 
 temperatures  as  the  SmCo  or  the  AlNiCo  magnets. The  NdFeB  magnets  have  a  largely 
 linear demagnetizing behaviour but they have one big disadvantage. They are vulnerable 
 to corrosion which means that the magnets must be protected by coating in many applica-
 tions. The NdFeB magnets are also very fragile and they must be handled very carefully. 


This  material  is,  however,  nowadays  the  most  used  permanent  magnet  material  in  the 
PMSMs and since the introduction of the NdFeB, the use of the permanent  magnet ma-
chines has risen in the new level. The NdFeB improves motor efficiency remarkably and 
gives a possibility to reach a high power density machine. Neo-magnets have a very low 
relative  permeability,  in  the  range  of  1.03  which  means  that,  in  practice  a  machine  with 
rotor surface Neo-magnets has almost no saliency. 



(20)The  magnetic  properties  of  the  permanent  magnet  material  are  normally  presented  with 
 hysteresis  curves.  The  properties  that  are  needed  at  magnet  material  in  the  permanent 
 magnet machine are (Pyrhönen 2008): 


 Remanence Br


 Intrinsic coercivity HcJ  and normal coercivity HcB  


 Relative permeability μr


 Resistivity ρ


 Squareness of the polarization hysteresis curve 


 The maximum energy product BHmax


 Mechanical characteristics 


 Chemical characteristics 


The hysteresis curve contains two different curves: BH curve and JH curve. The first men-
tioned curve describes the flux density B through the magnet as a function of the external 
magnetic field strength H. The second mentioned curve describes the magnetic polariza-
tion J as a function of the external magnetic field strength H. An example of a hysteresis 
curve is shown in figure 3. 



(21)Figure 3  Second quadrant of the hysteresis curve of a NdFeB magnet material.  


(Neorem Magnets, 2011) 


The examples at JH-curve and BH curves are shown in figure 3. Both of the curves have 
 their  crossing  points  which  are  marked  in  the  figure.  Usually,  only  the  second  quadrant 
 curves  of  the  hysteresis  loops  are  shown.  The  vertical  axis  on  the  right  side  of  figure  3 
 tells the value for the remanence Br. There are shown different curves at different temper-
 atures.  


With such permanent magnet materials as the NdFeB and the SmCo, the power and the 
 torque density of PMSM can be increased significantly. The machine designer should no-
 tice  that  the machine’s  thermal  design  is  made carefully  because  the  remanence  of  the 
 permanent  magnets  will  decrease  when  the  temperature  increases.  Therefore,  the  heat 
 transfer is important. 


2.3 PM machine’s rotor topologies 


There are many kinds of different rotor topologies that can be used in the PM-machines. 


Figure 4 illustrates seven different PM rotor topologies. 



(22)Figure 4  Rotor  constructions  of  PM  motors.  (a)  surface magnet  rotor,  (b)  magnets  embed-
 ded in the surface, (c) pole-shoe rotor, (d) single-barrier rotor, (e) radially  embed-
 ded  magnets,  (f)  V-magnet  rotor,  (g)  synchronous  reluctance  rotor  equipped  with 
 permanent magnets (Pyrhönen 2008, 397) 


The rotor  surface magnet  PMSM  (figure  4a)  is non-salient  and  there  is no  significant  in-
 ductance  difference  between  the  d-  and  q-axes  as  said  earlier.  This  construction  corre-
 sponds to a non-salient-pole electrically excited synchronous machine with fixed rotor cur-
 rent because the effective air gap of the machine is, in practice,  constant irrespective of 
 the observation position.  


Other rotor types which are introduced in figure 4 can have some reluctance torque which 
 is caused by the rotor saliency. Figure 4b illustrates magnets embedded in the rotor. That 
 kind of construction has always inductance difference and normally the q-axis inductance 
 is higher than the d-axis inductance. This is sometimes called inverse saliency because in 
 salient pole synchronous machines the ratio of inductances is vice versa. This kind of ro-
 tor  construction  is  well  suited for  the  NdFeB  magnets  because  a  high  level  fundamental 
 component  of  the  air  gap  flux  can  be  realized  better  with  the  high  field  magnet  material 
 and the magnet material is now less needed (Schiferl and Lipo 1990, 115). 


The pole-shoe construction (figure 4c) has iron poles between the magnet segments. That 
kind  of  a  rotor  construction  produces  similar  inductance  ratio  as  a  rotor  with  embedded 
magnets.  The  single-barrier  design  (figure  4d)  gives  acceptable  field  weakening  perfor-



(23)mance and if more barriers are added the saliency ratio and the reluctance torque propor-
 tion will increase.  


The rotor construction with radially embedded magnets (figure 4e) has also good abilities 
 in  the  field  weakening  applications  but  it  tends  to  have  relatively  low  reluctance  torque 
 (Soong(a) et al. 2007). That kind of construction requires flux barriers near the axis to pre-
 vent the flux from flowing through the axis (Pyrhönen 2009). The construction is mechani-
 cally challenging. A V-shaped magnet (figure 4f) construction is widely used in the traction 
 applications and it can give a good inductance ratio. The V-type rotor constructions seem 
 to be preferred in the hybrid electric vehicles and these V-type rotors are most used when 
 the need of the reluctance torque is necessary for high speed operation in the field weak-
 ening region (Lindh et al. 2011).  


The synchronous reluctance rotor (figure 4g) can be improved by adding permanent mag-
 nets in the rotor. Also the rotor types in figure 4d and figure 4e can operate like the syn-
 chronous reluctance machines without magnets. When the magnets are added the char-
 acteristics of the machine can be significantly improved when compared with the charac-
 teristics of regular  synchronous reluctance machine. The efficiency and the power  factor 
 are better than the original synchronous reluctance machine. 


The interior magnets have also some other advantages than rotor saliency. With the em-
 bedded  magnets  it  is  easier  to  vary  the  air gap flux  density  and  the  no-load flux  density 
 can  also  be  made  higher  than  with  surface  magnet  rotors  (Lindh  et  al.  2011).  Also  the 
 magnets are mechanically safe when they are embedded inside the rotor and the demag-
 netization  risk  is  also  smaller  than  with  the  rotor  surface-mounted  magnets.  This  is  be-
 cause  usually  the  machine  with  embedded  magnets  offers  demagnetizing flux  paths  not 
 travelling through the magnets themselves.  


2.4 Torque and power equations for the PM machine 


The following equations are for the interior PM machine. As said earlier the machine with 
 embedded magnets produces torque with the magnets themselves and with the rotor sali-
 ency. The torque production can be calculated accordingly to cross-field principle 


       ,    (2.1) 



(24)where T is torque, p is a number of pole pairs, ψs is stator flux linkage vector and is is the 
 stator current vector.  


In the PM-machines the torque equation can be written in form 


                                  ,  (2.2) 


where     is the flux linkage caused by the permanent magnets in the stator windings, isq


is the q-axis stator current in the rotor reference frame, isd is the d-axis stator current in the 
 rotor reference frame, Lmd and Lmq are the magnetizing inductances of d- and q-axis. 


The  permanent  magnet  produces  torque  only  with  the  q-axis  current  and  the  reluctance 
 torque  is  generated  by  the  terms Lmqisq  and Lmdisd  and  corresponding  perpendicular  cur-
 rents isd and isq. The equation shows that the bigger the inductance difference is the bigger 
 the reluctance torque will be. 


With the permanent magnet machines the per unit (pu) values of magnetizing inductances 
 differ significantly from the per unit values of for example traditional induction machines. A 
 stator leakage is usually 0.1 pu (values are explained in App I) and in traction applications 
 the  d-  and q-axes  inductances  are  usually  below  1  pu.  It  is  usual  that the  quadrate  axis 
 synchronous inductance is larger than the direct axis synchronous inductance. 


A load angle equation is also an important subject of the analysis in the case of the PM 
 machine. The load angle equation with the RMS values can be written as 


      (   s                s    ),  (2.3) 


where ωs is the electrical angular frequency of the stator flux, EPM the permanent magnet 
 flux  linkage  induced  back  electromotive force (EMF), Us  the  supply  voltage, Ld  the  direct 
 axis  synchronous  inductance, Lq  the  quadrature  axis  synchronous  inductance  and   the 
 load angle. 


Correspondingly can be written for the torque  


     (                 


        ),   (2.4) 


where m is the number of phases. Equation (2.4) simplifies when the rotor surface magnet 
PM machine is in question. Then the latter term of the equation can be neglected because 



(25)there  is  no  saliency  and  therefore  no  inductance  difference  either.  The  power  equation 
 (2.3) simplifies too, for the same reason. 


The largest torque can be achieved in the PMSM with load angle that is well above 90 de-
 grees.  This  is  due  to  the  reluctance  difference  because  the  q-axis  inductance  is  often 
 higher than d-axis inductance. This is demonstrated in figure 5. 


Figure 5  The torque as a function of the load angle  for a PMSM with inverse saliency.EPM


= 0.8 pu, Us = 0.9 pu, Ld = 0.3 pu and Lq = 0.8 pu 


Figure 5 shows the torque as the function of the load angle for the SynRaPMSM with ma-
 chine parameters EPM = 0.8 pu, Us = 0.9 pu, Ld = 0.3 pu and Lq = 0.8 pu. The excitation and 
 the reluctance parts of the torque are shown separately and the calculations are done with 
 equation  (2.4).  The  total  torque  is  also  calculated  and  it  can  be  seen  that  the  torque  is 
 largest when the load angle is above 90 degrees as mentioned earlier.  


2.5 Space-vector theory  


There is a need to introduce the fundamentals of space-vector theory before introducing 
 the two-axis model of PMSM equivalent circuit (Pyrhönen 2009). The main reason about 
 why using the space-vector theory is that traditional single-phase equivalent circuit is not 
 applicable to transient states even though it can be well used with the sinusoidal quanti-
 ties. So the space-vector theory creates the solution for the problem of transients.  
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(26)Following simplifying assumptions are used in the space-vector theory 


1.  the flux density distribution is sinusoidal in the air gap 
 2.  the saturation of the magnetizing inductance is constant 
 3.  there are no iron losses 


4.  the resistances and inductances are independent of the temperature and  
 the frequency 


The following  equations show  how  the  space-vector  theory  is  mathematically  defined.  In 
 the  three-phase  machine  there  is  local  120  electrical  degrees  phase  shift  between  the 
 phases of the machine and because of that phase shift we have to introduce a phase-shift 
 operator 


        .  (2.5) 


In handling of the electrical machines necessary current, voltage and flux linkage space-
 vectors can be written in following equations 


                                   ,  (2.6) 


                                   ,     (2.7) 


                                   ,   (2.8) 


where isN, usN and  sN are the current, voltage and flux linkage of the phase N. The factor 
 2/3 reduces the length of the vector to the same value as the real amplitude of the sinus-
 oidal corresponding variable and after reduction the parameters of the real equivalent cir-
 cuit can be used in the calculations. 


This space-vector theory helps to model the machine because with the space-vectors and 
coordinate  transformations.  When  modelling  the  machine  in  practice  we  need  to  divide 
vectors in real- and imaginary parts. A model like this is known as the two-axis model. In 
many cases there are many advantages in changing the reference frames because in the 
rotor  reference  frame  for  example  d-  and  q-axis  inductances  are  constant.  In  the  stator 
reference frame the inductances are not constant. Therefore, the transformation is usually 
done. Often in the vector control there is a big need to make coordinate transformations.  



(27)Therefore,  the  main  reason  of  the  space-vector  theory  is  to  help  in  the  calculating  and 
 modelling of the machine.  


The simplest  representation for the  coordinate transformation  is  achieved  by  using  polar 
 complex representation. In the stator coordinate system the rotating current can be written  


               (2.9) 


When we want to change the coordination system we only need to be turned to required 
 direction. The coordinate transformation is shown in figure 6. 


Figure 6  The current vector i in different reference frames. xy reference frame is the stator 
 reference  frame  and dq  is  the  rotor  reference  frame. θ  is  the  rotor  angle  in  stator 
 reference frame and γ the current angle. 


Figure  6  shows  that  for  positive  direction  the  change  of  the  reference  frame  is  done  by 
 multiplying at term    and for negative direction by multiplying at term      .  


The stator voltage equation in the stator reference frame can be written as 


         .  (2.10) 


As the previous figure shows by multiplying by     , one gets the stator voltage equation 
 in the rotor reference frame 


             


           (2.11) 



(28)This  transformation  of  the  reference  frames  is  used  in  chapter  2.6  when  the  machine  is 
 modelled with the two-axis model in the rotor reference frame. 


2.6 Equivalent circuit of PM machine 


In common case all the synchronous machines are asymmetrical when examined from the 
 stator point of view. Hence, we examine the synchronous machines in the rotor coordinate 
 reference frame. Let us introduce next the equivalent circuit of the PM machine. Figure 7 
 shows the equivalent circuit of the PMSM corresponding to the two-axis model in the rotor 
 reference frame. The effect of the damper windings has been neglected because in trac-
 tion applications the damper windings are not used and the analysis simplifies. 


Figure 7  Equivalent  circuits  of  PMSM  in  the  d-  and  q-directions  corresponding  to  the  two-
axis  model  in  rotor  reference  frame. ud  is  d-axis  voltage, uq  q-axis  voltage, ψd  d-
axis flux linkage, ψq q-axis flux linkage, ψmq q-axis air gap flux linkage, ψmd d-axis 
air  gap  flux  linkage, ω angular  frequency, Rs  stator  resistance, Lsσ  stator  leakage 
inductance, iPM current source which describes the effect of permanent magnet. 



(29)The equations to the equivalent circuit parameters can be written by looking the previously 
 presented equivalent circuit. Those parameters are all needed in defining the field weak-
 ening  point  of  the  synchronous  reluctance  permanent  magnet  machine.  Let  us  specify 
 these equations of the equivalent circuit parameters without the damper windings because 
 for them is usually no use in traction applications. This results from the fact that in a trac-
 tion application there nowadays always is an inverter which makes it possible to start the 
 machine  directly  to  the synchronous  speed. The  voltage  equations  can be  written  in  the 
 rotor reference frame: 


                      ,     (2.12) 


                      .      (2.13) 


Often it is enough to examine the machine when it is in a steady  state. During this work 
 the machine is also examined in steady state, and the previous voltage equations can be 
 written then as 


                  (2.14) 


                  (2.15) 


The resultant voltage of these voltage d- and q-axis components can be written in form 


    √        .  (2.16) 


The stator flux linkage components in the equations (2.14) and (2.15) are determined by 
 the equations 


                     (2.17) 


               (2.18) 


The synchronous inductances consist of the magnetizing inductance and the leakage in-
 ductance    . The equations of synchronous inductances can be written in form  


                 (2.19) 


             .  (2.20) 



(30)Inserting  (2.19)  and  (2.20)  into  equations  (2.17)  and  (2.18),  it  can  be  written  for  the  flux 
 linkage components  


                            (2.21) 


                      (2.22) 


The air gap flux linkages can be written in form 


                  (2.23) 


             (2.24) 


Equations  (2.21)  and  (2.23)  show  that  only  the  stator  leakage  components  differ  the  air 
 gap  flux  linkage  components  from  the  stator  flux  linkage  components.  As  the  previous 
 equations showed the effect of the permanent magnet material affects only in the d-axis. 


The  stator  voltage  in  d-  and  q  axis  can  now  be  written  with  equations  (2.21)  and  (2.22) 
 into the form 


                            (2.25)   


                                  (2.26) 


The total stator flux linkage can be calculated with the previous flux linkage components 
 like the voltage before 


  √           (2.27) 


The air gap flux can be calculated in the same way 


  √        .  (2.28) 


The  flux  linkage  PM  which  is  created  by  the  permanent  magnet  can  be  written  by  an 
 equivalent field current 


     


        (2.29) 



(31)The field current iPM is not constant because of the saturation of the magnetizing induct-
 ance Lmd. The saturation is very difficult to model. Modelling is studied later on this thesis. 


The power factor of the machine can be written in form 


  s                   (2.30) 


The  equations  above  are  used  to  calculate  all  equivalent  circuit  parameters  for the  Syn-
 RaPMSM. 


2.7 Vector diagram of the PMSM 


All previous equations can be proven also with the vector diagram of the permanent mag-
 net synchronous machine. The vector diagram is very important in defining the operating 
 state of the machine. The vector diagram of the PMSM, when it works in the motor mode, 
 is shown in the figure 8. The motor works close to its base speed. 


Figure 8  Vector diagram of the PMSM close to the base speed.  


Figure 8 shows the vector diagram according to the motor logic speed, ω = 0.9 pu. Other 
parameters in per unit values are:  PM = 0,75 pu, iq = 0,75 pu, id = -0,3 pu, lmq = 0,66 pu, 



(32)lmd = 0,5 pu , lsσ = 0,1 pu. Current is is 0.8 pu and voltage us is 0.72 pu. Now the stator flux 
 linkage  s can be calculated in per unit values by using equations (2.21), (2.22) and (2.27) 
 and 0.8 pu is obtained. The torque can be calculated now from equation (2.2). The value 
 for  the  torque  output  of  this  machine  is  0.6  pu.  The  stator  resistance  is  neglected.  Re-
 markable  is  that  a  negative  d-axis  current  is  used  which  means  that  the  PM  flux  is  re-
 duced. The machine is working now close to its base speed. 


The basics of the per unit value calculation are presented in the appendix 1 and per unit 
 values are used later on this thesis. 


2.8 Current angle based equations 


For the controlling of the stator current it is clearer to use the current angle  instead of the 
 load  angle .  The  vector  control  uses  the  current  angle  as  a  parameter  and  the  direct 
 torque  control  (DTC)  uses  the  load  angle.  This  thesis  is  done  with  such  an  assumption 
 that the machine is controlled with the vector control. The same calculation can be utilized 
 also  with  DTC  but  then  one  must  use  the  load  angle.  Both  of  the  control  methods  are 
 studied shortly in the end of the chapter 3. Figure 9 shows the vector diagram that takes 
 into account the stator resistance.  


Figure 9  Vector diagram to make clear equations for the current angle   as parameter. That 
vector diagram is used for per unit calculations.  



(33)In figure 9 it can be seen that the current angle  is the angle between the stator current 
 resultant is and  d-axis  current  component id.  Next  equations  are  defined  from  the  vector 
 diagram. The power equation can be written with power factor cosφ into the form 


            s   (2.31) 


By looking the vector diagram it can be seen that the electrical power 


            s (      )    (2.32) 


By remembering that  


  s (    )   s      (2.33) 


we get the power into the form 


          s      (2.34) 


The power can be modified more  


          s      s             s  s       (2.35) 


Let us define the equations for the current components next 


      s    (2.36) 


    s   .  (2.37) 


For the voltage components can be written 


      s              (2.38) 


    s       (2.39) 


The  output  power  of  the  motor  can  be  written  with  equations  (2.36),  (2.37),  (2.38)  and 
(2.39) as 



(34)      (    s      (    )   s      )   (2.40) 


For the torque it can be written  


            (      )   .    (2.41) 


The  stator  voltage  in  terminals  is  directly  proportional  to  the  rotational  speed  of  the  ma-
 chine for a given stator current magnitude and the current angle. Hence the voltage con-
 straint becomes more important when the machine’s speed is high. The term characteris-
 tic current, which is studied in many papers, for example (Soong (a) et al. 2007), (Soong 
 (b) et al. 2007), should be defined here 


           (2.42) 


The characteristic current is an important parameter for the controlling of the machine as 
 will be shown later on this thesis. 


  


The  action  in  the  machine  operations  is  limited  by  the  voltage  and  current  constraints 
 when the stator current is and the stator voltage us is limited as follows 


  √                  (2.43) 


  √                 


√ .  (2.44) 


where is,max is decided by the continuous stator current rating and the available output cur-
 rent  of  the  inverter.  The  voltage  limit us,max is  decided  by  the  available  maximum  output 
 voltage UDC of the inverter. 


To make those constraints clear just to remind that the voltage is shown as an ellipse and 
current is shown as a circle. The permitted operation zone of the machine is presented in 
figure 10. 



(35)Figure 10  Permitted operation zone of the machine when the current and voltage constraints 
 are  determined.  Parameters  of  the  machine  are Ld  = 0.4  pu, Lq=  0.66  pu, ψPM= 
 0.62 pu. 


In figure 10 it can be seen that the permitted operation zone is dependent on both of the 
 current and the voltage. Those limitations should be in use at the same time. This makes 
 the control and operation of the machine challenging at higher speeds because the volt-
 age ellipse gets smaller when the speed is increased. It means that then the flux will de-
 crease. 


And for clarification, in per unit calculation  


             (2.45) 


Equation (2.45) shows that in per unit calculation the angular frequency and the speed are 
 the same. That is why the terms are used mixed later in this thesis. 


Now the total stator voltage can be written with equations (2.25) and (2.26) to the form 


                                        (2.46) 


By using the equations of the current components (2.36) and (2.37), the equation (2.46) 
 can be written  


  √     s       s      s       s             (2.47) 



(36)Now one can see the effect of the armature reaction in the d-axis. The inductance Ld tries 
clearly to reduce the flux of the d-axis. The controlling of the machine is presented in the 
next chapter. 



(37)3.  CONTROL METHODS OF PM-MACHINE 


There is a need to introduce the control methods of the PM machine before one can un-
 derstand its properties in the field weakening. One must be aware which control method is 
 used and, especially, when the certain control method is used. The functional constraints 
 must  be  defined. When  one  has  the  machine  with  an  inverter  one  must  always  be  con-
 scious of by which control method the machine has been driven. 


3.1 id = 0 – control 


This control method is used with machines in which the permanent magnets are placed on 
 the rotor surface. In the rotor surface magnet machines there is no significant inductance 
 difference. Now the torque equation (2.2) is getting simpler.  


           .   (3.1)


Equation  (3.1)  is  the  torque  equation  for  rotor  surface  magnet  synchronous  machines 
 which do not have a significant asymmetry in the iron parts of rotor and consequently do 
 not  have  any  remarkably  inductance  difference.  If  one  use  ferrites  in  the  rotor  surface 
 magnet machine, then some inductance difference is achieved. Now, the direct axis cur-
 rent  does  not  have  any  effect  on  the  torque  and  only  the  q-axis  current isq  produces 
 torque.  One  can  see  that  the  only  thing  that  has  impact  on  torque  is  the  stator  current. 


This control method is poor when the machine has significant stator inductance because 
 the amplitude of the stator flux linkage increases as a function of the torque  


|  |   √          


       (3.2) 


The problem with id = 0 – control is that the field weakening is not possible unless d-axis 
 current does not have negative reference when the id = 0-principle is no more valid, at all. 


It can be seen in the name of this control method that the field weakening is not available 
 at  all.  This  control  method  is  probably  the  easiest  one  when  the  field  weakening  is  not 
 needed. 


3.2 Maximum torque per ampere – control (MTPA) 


Next  let  us  consider  the  maximum  torque  per  ampere  (MTPA) –control method which is 
also called the method for minimizing the stator current. The aim of this method is that for 
a  given  torque  demand,  the  current  amplitude  is  minimized  to  get  the  maximum  torque 
with minimum current. The minimum point for the stator current at a constant torque is ob-



(38)tained by finding the minimum distance of the hyperbola from the origin. Let us repeat the 
 torque equation (2.41) here  


     (                        )    (3.3) 


Here  we  see  that  the  reluctance torque  component  has significance  only  with  significant 
 inductance  difference.  The  torque  equation  can  be  modified  with  equations  (2.36)  and 
 (2.37) into the form 


          s           s     .    (3.4) 


where  is the current vector angle in the rotor reference frame. The task is now to find the 
 minimum value for the ratio of the torque and stator current as a function of . To obtain a 
 fast transient response and a high torque, the current angle  must be controlled to devel-
 op the maximum torque. That relationship between the stator current and the current an-
 gle can be derived by calculating the derivative of torque equation and setting the deriva-
 tive with respect to current angle to zero. The derivative is 


  


             s     (      )    s         (3.5) 


By remembering that 


  s        s      ,    (3.6) 


the optimal current angle  can be solved from the equation (3.5). The optimal direct-axis 
 current when the determined  is substituted can now be written in the form  


      


   √            |  |


        .    (3.7) 


The optimal quadrature-axis current can be written 


        √        .   (3.8) 


The  current  references  are  obtained  at  previous  equations  (3.7)  and  (3.8)  if  the  speed 
controller  is in use. This control method is also very poor  in the field weakening applica-



(39)tions because the curve form of the current is distorted away from the sine form and the 
 torque contains lots of ripple. This leads to the problem that currents cannot be minimized. 


Use  of  d-axis  demagnetizing  current  is  now  compulsory  to  decrease  the  flux.  So  the 
 MTPA  goes  easily  to  the  field  weakening  but  the  control  method  changes  in  the  field 
 weakening area and when the voltage limit is reached then the field weakening of the ma-
 chine really starts and the MTPA is no more useful control method (Pyrhönen 2009). 


3.3 Field weakening – control  


When  the  MTPA-control  strategy  is  not  in  use,  the  field  weakening  (FW)-control  takes 
 place. Now the aim is to control the d-axis current in that way that it will demagnetize the 
 PMSM and weaken the stator flux. The torque reduces when this control method is in use. 


The equations for the current components can be calculated by defining them under the 
 voltage  constraint  (Haque  et  al.  2003).The  equations  of  the  current  components  in  the 
 field weakening can be calculated by equations 


    


   √       (     )          ⁄


   ,  (3.9) 


      √         .    (3.10) 


All these parameters, which are shown in the previous two equations, are the rated values 
of the machine. When the speed is increasing the voltage is inversely proportional to the 
rotating speed of the machine and the new values for the current components can be cal-
culated  with  two  previous  equations  in  every  point,  when  the  field  weakening  control 
method is used to control the stator flux. Figure 11 demonstrates the principles of the pre-
viously presented MTPA- and FW-control strategy. 



(40)Figure 11  Principles of field weakening control strategy. Parameters of the machine are Ld = 
 0.4 pu, Lq = 0.66 pu, ψPM = 0.62 pu. 


It is shown in figure 11 that the torque is reduced in the field weakening range. The green 
 lines  in  the  figure  are  constant  torque  trajectories.  The  black  line  is  the  MTPA-trajectory 
 which gives the maximum torque at certain current. It is shown that if the speed is increas-
 ing the limitations gets stricter and for that condition the magnitude of demagnetizing cur-
 rent should increase to fulfil torque demands. The centre point of the ellipses is given by 
 the characteristic current Ix of the motor. Iq is always zero at the centre point of the voltage 
 ellipses.  


When the nominal rotational speed is achieved the control method changes from MTPA to 
 the FW-control. Then the torque is reduced and the current angle γ is controlled so that 
 the magnitude of the stator current is in its nominal value. And then the control is towards 
 end the FW-control or in some special situations more power can be achieved by chang-
 ing the control method to maximum torque per volt. 


3.4 Maximum torque per volt -control (MTPV) 


In the case of limited voltage operation the armature current must be controlled. The tar-
get of this method is that for a given torque demand, the voltage is limited. This condition 
occurs  when  the  characteristic  current  of  the  machine  is  smaller  than  1.  Taking  the  first 
derivative of the torque equation with respect  to dT/did and using equation (3.9), the ar-
mature current vector producing the maximum amount of the output torque under the volt-



(41)age constraint can be derived (Illioudis and Margaris 2010). The equations which can be 
 used in controlling the armature current can be written as follows 


                     (3.11) 


      


√          


,  (3.12) 


where 
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.   (3.13) 


The equations are qualified only in the MTPV-control. The MTPV-control is used when the 
 use  of  the  MTPA-  and  the  field  weakening  control  methods  are  not  valid.  MTPV-control 
 can approve the torque and power in the end of machine operations but can only be used 
 when  the  characteristic current  is  smaller  than  one.  In  the  case  where  the  characteristic 
 current is bigger than one MTPV-curve is not considered because it lies then outside the 
 current limit circle.  


In MTPV-region the current is always 


                ,  (3.14) 


and that is  why the  MTPV-control occurs only  when the  MTPV-curve lies inside the cur-
 rent circle. MTPV-control operation is always done with the voltage which is equal to the 
 voltage limit. 


3.5 Control mode selection 


As previous analysis is shown the MTPA and current limit trajectories are independent of 
the speed of the machine.  These trajectories are only determined by the  motor parame-
ters. The voltage limit trajectory varies with the machine’s speed. The voltage ellipse con-
tracts when the speed increases (Haque et al. 2002). Theoretically the motor can have the 
infinite  speed  if  voltage  ellipse  is  only  a  point  inside  the  current  limit  circle  (Schiferl  and 
Lipo 1990).  



(42)Figure 12 shows the analysis of the control mode selection between the MTPA mode, the 
 field weakening mode and the MTPV control. 


Figure 12  Trajectories of the control of the PMSM (Meyer et al. 2007).  


In figure 12 it can be seen the area where the machine should operate at any condition. 


The  red  circle  is  the  maximum  current  circle.  The  dotted  green  lines  are  the  constant 
 torque trajectories, the blue line shows us the line of the MTPA- control method and the 
 light blue curve is the MTPV curve. The dotted black lines show the voltage per the speed 
 ellipses or shortly the flux linkage ellipses. The light yellow area between all those curves 
 and lines is the permitted operation zone of the machine. 


It  can  be  seen from  the previous figure  which  control  strategy  is  used at different  condi-
 tions.  During  low  speeds  the  operations  of  the  machine  can  be  controlled  by  the  MTPA 
 and then one can choose the point on the MTPA line. The maximum amount of torque can 
 be generated in the point C. In the point C, the motor has the rated current and the rated 
 voltage and will produce the rated torque at base speed. Further than the point C, cannot 
 be achieved because of the current limit. The control mode selection between the MTPA 
 and  the  field  weakening  control  must  be  done  in  point  C.  Whether  the  MTPA  or  field 
 weakening should be selected is determined by the motor speed and the load. 


For higher rotor speeds the use of the field weakening control strategy is compulsory and 
if the operation point moves along the current circle, when the maximum available torque 
is achieved, more and more negative d-axis current is needed to reach that torque. If the 
desired  torque  is the  line T3  the  operating  is  moved  to  the  voltage  limit. After  that,  if the 
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