
DEGREE PROJECT, IN  , SECOND LEVELELECTRIC POWER ENGINEERING

STOCKHOLM,  SWEDEN 2015

Design and Analysis of a
Fractional-Slot Concentrated-Wound
Permanent-Magnet-Assisted
Synchronous Reluctance Machine

CELIA CARVAJAL ALMENDROS

KTH ROYAL INSTITUTE OF TECHNOLOGY

ELECTRICAL ENGINEERING



 

 



Introduction     

 1 

 
 

 
  
Abstract: 
 
The growing need for simpler and cheaper manufacturing process has led to the research into 
fractional-slot concentrated-wound (FSCW) motors. This concept has been widely investigated 
for surface-mounted permanent magnet (SMPM) machines. This thesis studies the same 
concept applied for synchronous reluctance machines (SynRM). 
 
In this thesis, a FSCW, 15 kW, 4-pole, Permanent-Magnet-Assisted Synchronous Reluctance 
Machine (PMaSynRM) is designed and optimized using finite element method (FEM) based 
simulations for a set of given technical specifications. Initially, the existing synchronous machine 
topologies are investigated and later two novel motor designs are introduced and optimized, 
namely, a FSCW-SynRM and a FSCW-PMaSynRM with ferrite magnets. Moreover, the 
influence of replacing ferrite material with Neodymium Iron Boron (NdFeB) in the FSCW-
PMaSynRM is analyzed. Detailed investigations are performed in order to compare the impact 
of material at different temperatures. Variation of the torque-speed capabilities with temperature 
and a safe operating temperature range where the magnets are not demagnetized are 
identified. The variation of overload capability with temperature is also studied. Finally, a 
comparison between the new proposed designs and other existing standard design topologies 
is performed. 
 
It was found that FSCW-SynRM present lower efficiency, power factor and higher torque ripple 
than DW-SynRM. However when ferrite magnets are inserted in FSCW-PMaSynRM the 
efficiency, power factor and the flux-weakening capability exceed the values of the DW-SynRM. 
Moreover, by using NdFeB instead of ferrite in FSCW-PMaSynRM, the torque ripple, the flux-
weakening capability and the overload capability improve and a wider safe temperature range 
for no demagnetization is achievable. Finally, it is found that DW-PMaSynRM with ferrite 
presents the same efficiency level as FSCW-PMaSynRM with ferrite, but higher power factor 
and lower torque ripple. However FSCW-PMaSynRM with ferrite have other advantages, such 
as shorter end-winding length, good fault-tolerant capability and simpler and cheaper 
manufacturing process. 
 
 
 
Keywords: Demagnetization, finite element method, flux-weakening, fractional slot 
concentrated winding, overload capability, permanent magnet assisted synchronous reluctance 
machine, torque ripple. 
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Sammanfattning: 
 
Det växande behovet av enklare och billigare tillverkningsprocesser har lett till att den senaste 
forskningen om elektriska maskiner har fokuserats till maskiner med koncentrerade lindningar 
(FSCW). Detta koncept har i stor utsträckning undersökts för synkronmaskiner med 
ytmonterade permanentmagneter (SMPM). Detta projekt studerar samma lindning koncept, 
tillämpat på synkrona reluktansmaskiner (SynRM). 
 
I denna avhandling är en 15 kW, 4-polig, SynRM med FSCW och permanentmagneter 
(PMaSynRM) utformad och optimerad med användandet av finita elementmetoden (FEM). 
Simuleringar för en uppsättning givna, tekniska specifikationer har genomförts. Inledningsvis 
undersöks den befintliga synkronreluktansmaskinen med distribuerad lindning och senare 
presenteras och optimeras två nya motorkonstruktioner: en FSCW-SynRM respektive en 
FSCW-PMaSynRM med ferritmagneter. Vidare analyseras påverkan av att ersätta ferritmaterial 
med neodym-järn-bor (NdFeB) i FSCW-PMaSynRM. Detaljerade undersökningar genomförs för 
att jämföra effekten av materialen vid olika temperaturer. Variationen av maximal vridmomentet 
som funktion av hastighet vid olika temperaturer identifierar ett säkert driftstemperaturintervall 
där magneterna inte avmagnetiseras. Även variationen i överbelastningskapacitet vid olika 
temperaturer studeras. Slutligen görs en jämförelse mellan den nya föreslagna designen och 
andra befintliga topologier. 
 
Resultaten visar att FSCW-SynRM har lägre effektivitet och effektfaktor, samt högre 
vridmomentsrippel än DW-SynRM. När ferritmagneter är införda i FSCW-PMaSynRM erhålls 
emellertid högre värden på effektivitet, effektfaktor och fältförsvagning än i DW-SynRM. Genom 
att använda NdFeB i stället för ferrit i FSCW-PMaSynRM förbättras dessutom vridmomentet, 
fältförsvagningskapaciteten och överbelastningskapaciteten, vilket ger ett bredare 
temperaturområde utan avmagnetisering. Slutligen visar DW-PMaSynRM med ferrit samma 
effektivitetsnivå som FSCW-PMaSynRM med ferrit, men med högre effektfaktor och lägre 
vridmomentsrippel. FSCW-PMaSynRM med ferrit har dock andra fördelar, såsom kortare 
härvänderna, god feltolerans samt enklare och billigare tillverkningsprocess. 
 
 
Nyckelord: Avmagnetisering, finita elementmetoden, fältförsvagning, koncentrerade lindningar, 
momentrippel, permanentmagnetassisterad synkron reluktansmaskin, överbelastningskapacitet. 
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1 Introduction 
 

1.1 Motivation of the thesis 
In recent years research has focused on improving performance in electrical machines. In this 
search for the best topology for a certain application, it is possible and profitable to combine 
some aspects of different topologies in order to gain the most benefit of this combination. This 
idea is the one that is considered in this thesis. Possible advantages of the Permanent Magnet 
Assisted Synchronous Reluctance Machine (PMaSynRM) topology equipped with Fractional-
Slot Concentrated-Winding (FSCW) are investigated. 
 
The conventional Induction Machine (IM) is a technology that has been extensively developed 
and hence it is highly reliable, robust and has a well-established manufacturing process. It is the 
most common technology for industrial machines due to its low cost, good availability and the 
possibility to start by connecting its terminal to the AC supply directly, the so-called direct on line 
(DOL). However the main disadvantage of this technology is the high losses in the squirrel cage 
that reduces the machine efficiency.  
 
In the late 1980’s, when the power transistor technology and vector control theory appeared on 
the market, other topologies started to be seriously considered in the variable speed industrial 
applications [1].  
 
In the Synchronous Reluctance Machine (SynRM) the rotor cage does not exist and 
consequently the losses in the rotor machine are reduced. Therefore, for the same power 
dissipation, the SynRM delivers more power than an IM of the same size. These features 
provide better performance in terms of torque density, efficiency, overload capacity and present 
more simplicity in production in comparison to the IM [1],[2]. 
 
However, if the maximum torque per amp strategy is implemented for increasing the SynRM 
efficiency, the power factor is lower than the corresponding IM. PMaSynRM gives a solution to 
this problem. This machine is characterized by the introduction of permanent magnets (PM) in 
the rotor structure in such a way that can produce flux in the q-axis direction. The magnet flux 
can be chosen to completely counteract the q-axis flux of SynRM at rated load, which is the 
source of low IPF in the SynRM.  
 
In principle, PMaSynRM can be considered as a particular case of interior permanent magnet 
(IPM) machine with the difference of that the amount of magnets and the magnet flux linkages 
in PMaSynRM are small in comparison with the conventional IPM and the reluctance torque has 
the most contribution in the developed torque. This high anisotropy on the rotor and few amount 
of magnets solve some of the problems of the IPMs caused by the uncontrolled flux linkages 
produced by the permanent magnets, i.e. large d-axis current at high-speed during flux-
weakening operation, large current in the case of failure at high speed, high sensitivity to 
detuning of PMs, and high cost or PMs. 
 
After this comparison it can be concluded that the performances of PMaSynRM, such as torque, 
power factor, output power and efficiency, are improved in comparison to the corresponding 
SynRM, IPM and SMPM. For these reasons, PMaSynRM can be considered a promising 
topology. 
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1.2 Objectives 
 
The primary objective of this thesis is to design an optimized FSCW-PMaSynRM suitable for 
industrial applications with the technical specifications of ≤15 kW as rated power, 1500 rpm as 
base speed, 6000 rpm as maximum speed and 500 Hz as maximum electrical frequency. 
Advantages and disadvantages of this model are extracted from the comparison of this topology 
with the other existing topologies. 
 
Another objective is to analyze the influence of the magnet material, the volume and the 
placement on the performance of the design motor. For this, ferrite and NdFeB magnets are 
analyzed. Since these materials have opposite behaviors with the temperature, the influence of 
the temperature on the flux-weakening capability, performance at nominal point and overload 
capability are compared for the cases of ferrite and NdFeB. Moreover, an important objective is 
to define a safe range of temperature for no demagnetization of the magnets. 
 
Furthermore, with this thesis, the author describes a possible optimization method. It is also 
used as a guide to the possible analyzes performed after the design is obtained to compare 
different topologies. 
 

1.3 Structure of the report 
 

The contents of each chapter in this report are described here.  
 
The literature and the reported works on FSCW, magnetic materials and the theory of 
PMaSynRM are presented in chapter 2.  
 
In chapter 3, the design process of two motors is shown: a FSCW-SynRM and a FSCW-
PMaSynRM with ferrite magnets. By comparing these motors and a commercial DW-SynRM, 
some conclusions about the winding topology differences and the magnet insertion are drawn.  
 
The effect of magnet material on the machine performance is study in chapter 4. Temperature 
sensitivity of magnet material is also investigated in this chapter. 
 
The possibility of reducing copper losses in the FSCW-SynRM compared to DW-SynRM by 
decreasing the machine active length is studied in chapter 5.  
 
An evaluation of the machine performance and properties of the FSCW-PMaSynRM design is 
found in chapter 6. A comparison between different topologies is performed:  DW-IM, DW-
SynRM, FSCW-SynRM and FSCW-PMaSynRM with ferrite and FSCW-PMaSynRM with 
NdFeB.  In this chapter a DW-PMaSynRM is also designed and compared. Finally, a wider 
range of values for the slot fill factor is studied.  
 
The main ideas on the winding topologies and the effect of PM on FSCW-PMaSynRM and DW-
PMaSynRM are summarized in chapter 7. 
 
Finally, in chapter 8, the main conclusions of the thesis are extracted and some possible ideas 
to further investigations are proposed. 
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2 Background 

 
In this chapter, theoretical descriptions of three important parts of the FSCW-PMaSynRM are 
presented: Winding Topology, Permanent Magnets and Rotor Structure. 
 

2.1 Fractional Slot Concentrated Winding 
 

2.1.1 Definition 

 
The number of slots per pole per phase  of a winding layout is defined as: 
 

  (2.1) 

 
where  is the number of slot,  is the number of poles, and   is the number of phases. 
 
In a fractional-slot winding, the number of slots per pole per phase is equal to a fraction. The 
Fractional Slot Concentrated Winding (FSCW) is also fractional slot winding, but it has a number 
of slots per pole per phase strictly inferior to 1 ( ). The coils are concentrated around the 
teeth, i.e. they are non-overlapping [3]. Figure 2.1 shows a 12 slot / 10 pole two-layer FSCW 
stator during the manufacturing process. 
 
 

 
Figure 2.1. Stator a 12slot/10pole two-layer prototype [4]. 
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2.1.2 Benefits and Limitations in Comparison with Distributed Winding 

 
The FSCW present many advantages with respect to distributed winding (DW). They can be 
summarized as follows:  
 

-‐ Increase of the slot fill factor that leads to an increase of torque density. The typical 
copper slot fill factor is 0.65 - 0.68  [5] for distributed winding while for concentrated 
winding this value can reach 0.75 - 0.78 [6], [7]. 

 
-‐ Reduction of the end-winding length, since the winding is not overlapping. This causes a 

reduction of copper losses, a reduction of copper cost and an increase of power and 
torque density [8]. 
 

-‐ FSCW can achieve a wide constant power speed range under flux-weakening operation, 
due to a large leakage inductance produced by a non-sinusoidal distribution with a large 
harmonic content [3]. 
 

-‐ Good fault-tolerant capability, since the mutual coupling among the phases is lower and 
a physical separation exits in contrast to overlapping winding configurations [3]. 

 
-‐ The cogging torque can be reduced by choosing a configuration with low periodicity 

between  and  [8]. 
 

-‐ Simpler manufacturing process (see Figure 2.1) and reduction of manufacturing cost [8]. 
 

 
The disadvantages of concentrated winding are all due to the higher MMF harmonic content: 
 

-‐ Large rotor losses caused by the large harmonic content in the MMF distribution. These 
losses are concentrated in rotor laminations and in areas of permanent magnet closest 
to the air gap [3]. 
 

-‐ High parasitic effects such as noise, vibration, unbalanced magnetic forces and torque 
ripple due to the additional harmonic content [8]. 

 
-‐ Large zigzag leakage flux flowing through the tooth tips due to the number of poles close 

to the number of slots. This generates rotational flux-density variations in the tooth tips 
and eventually magnetic saturation that can cause high losses during flux-weakening 
operation [3]. 

 
-‐ Low reluctance torque, since the large harmonic content can increase the magnetic 

saturation, which occurs mainly along the direct axis path in a synchronous reluctance 
machine (see section 2.2). This effect would produce the reduction of the quadrature 
axis inductance and the saliency and hence the reluctance torque would decrease [3]. 
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2.1.3 Fractional Slot Concentrated Winding Types 

 
Figure 2.2 shows two of the different topologies depending on the number of layers: single-layer 
winding has coils wound only on alternate teeth and double-layer winding carries a coil around 
each tooth. 
 

 

 
  

(a) (b) 

  

Figure 2.2. (a) Single-layer winding; (b) Double-layer winding [4]. 
 
 
In the reference [3] the advantages of each topology are pointed out:  
 

-‐ The single-layer winding presents a high fault-tolerance since the phases are thermally 
and electrically isolated. Moreover the short circuit currents are limited by their high self-
inductance and the phases are magnetically isolated due to their very low mutual 
inductance. Due to their higher inductance, they present a wide speed range of constant 
power operation. This topology present also a higher slot fill factor since no insulation 
between phases inside the slot is required. The teeth that are not carrying any coils use 
to be thinner than the other teeth. This causes that the winding flux-linkage and the 
fundamental winding factor increase, which gives a more trapezoidal phase back-EMF. 
 

-‐ The double-layer winding presents a more sinusoidal shaped MMF distribution than the 
single-layer winding. This leads to a lower harmonic content of MMF and lower losses 
and torque ripple. Furthermore, by opting for a double-layer winding there are more 
pole/slot combinations to choose between and consequently to reduce the parasitic 
effects. The end-winding can be reduced even further with this topology.	  

	  
	  
In the reference [4] the effect of going to higher number of layers is investigated. Figure 2.3 
shows a third topology called four-layer winding where the slot is divided in four sections. 
 

 
Figure 2.3. Four-layer winding [4]. 
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The features of this topology are: 
 

-‐ The winding factor of the loss-producing harmonic components reduces and, 
consequently, the machine efficiency increases.  
 

-‐ There is a significant improvement in torque density. Even though there is reduction in 
the winding factor of the stator synchronous torque-producing MMF component, this is 
more than offset by the increase in machine saliency and reluctance torque.  

 
-‐ The reduction of the end winding length becomes more significant. 

 
-‐ The value of the inductances is reduced due to the lower harmonic content of the MMF 

distribution. Since the d-axis inductance decreases, the d-current required to satisfy the 
voltage constraint at constant power operation is higher and thus the copper losses 
increase. 

 
-‐ The torque ripple is reduced. 

 
-‐ The saliency is improved (mainly due to reduced saturation effects) and hence the 

reluctance torque is increased. 
	  
2.1.4 Pole/slot Combination 

The number of pole pairs  is given by: 

  (2.2) 

where  is the nominal frequency and  is the nominal speed (rpm). 
 
Once the number of poles is determined, the number of slots should be selected in combination 
with the number of poles. Each combination is associated with specific values for winding factor, 
torque ripple, vibration, rotor losses and linkage inductances [3]. 
 

2.1.4.1 Winding factor 
The most interesting winding layout is the one with highest fundamental winding factor. Table 
2.1 and Table 2.2 show the fundamental winding factor for different pole/slot combinations for 
single-layer and double-layer respectively. 
 

Table 2.1. Fundamental winding factors for different combinations of pole and slot 
numbers and single-layer winding [3].  
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Table 2.2. Fundamental winding factors for different combinations of pole and slot 
numbers and double-layer winding [3].  

 
 

2.1.4.2 Noise and vibrations 
 

According with the reference [3], the machines that do not have any symmetry in their winding 
layout present unbalanced magnetic pull. The number of symmetries in the winding layout 
without considering the conductor´s orientation is defined as the greatest common divisor of 
number of slot and poles, . The pole/slot combination with  are subject to 
an unbalanced magnetic pull and are not recommended. Table 2.3 shows the number 

 for different pole/slot combinations. 
 

Table 2.3. Number of symmetries in the double-layer winding layout without conductor’s 

orientation  [3].  
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2.1.4.3 Torque ripple 
 
The torque produced by the PM machine can have some components that would make it 
pulsating [3]: 
 

-‐ The cogging torque is the component of the torque produced by the variation of the 
magnetic permeance due to the slotting of the stator surface, even when there is no 
stator excitation. The cogging torque depends on many parameters such as the slot-pole 
combination, the slot opening width, the magnet width or the stator and magnets 
skewing. 
 

-‐ The torque component corresponding to the variation of permeance due to magnetic 
saturation. 

 
-‐ The torque component due to the interaction between the space harmonics in the field 

produced by the winding and the harmonics in the field produced by the PMs. 
 

-‐ The torque component due to the interaction between the rotor field and the time 
harmonics produced by the winding due to inherent time harmonics generated by the 
inverter. 

 
-‐ Torque pulsation due to some imperfections such as eccentricity of the rotor or non-

uniform magnetization of the magnets. 
 

 
The machines that present lower cogging torque are those whose number of slots is closer to 
the number of poles, i.e. those with higher least common multiple between them, . 
Table 2.4 shows the number  for different pole/slot combinations. 
 
 

Table 2.4. Least common multiples of the slot and pole numbers,  [3].  
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2.1.4.4 Losses 
 
The slot/pole combination also influences the losses generation. Some considerations have to 
be taken into account when a FSCW is designed: 
 

 
-‐ FSCW have short end-winding since they are not overlapping. This reduces the copper 

losses [8]. 
 

-‐ There is a large zigzag leakage flux flowing through the tooth tips, due to the number of 
poles close to the number of slots. This zigzag leakage produces rotational flux-density 
variations in the tooth tips and eventually magnetic saturation that can cause high losses 
during flux-weakening operation [3]. 
 

-‐ The harmonic component that is synchronously rotating with the rotor and produces the 
mean torque has the order . The other harmonics rotate asynchronously with the 
rotor and thus induce eddy currents in the PMs and rotor iron [3]. The main loss-
producing harmonic for FSCW is usually a sub-harmonic component [4]. Table 2.5 
shows the winding factor of the first loss-producing component for different pole/slot 
combinations. 

 
 

Table 2.5. Winding factor of first loss-producing component for double-layer FSCW [4]. 
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2.2 Permanent magnets 

 
Permanent Magnet parameters: 
 
In the reference [9], the basic terminology of permanent magnets is described. The main 
parameters that describe the Permanent Magnet behaviour are: 

- Flux density or magnetic induction ( ): Vector that describes the concentration of magnetic 
flux at a point in space. Tesla (T) is the standard unit of flux density in the International System 
of Units (SI). 
 
- Magnetic field ( ): Vector that describes the magnetic field created by a field source, such as 
a current moving through a wire or a permanent magnet. The SI unit is Ampere-turn/meter 
(A/m). 
 
- Magnetization ( ): Vector quantity that describes the magnetic state of the material; it is 
computed as the vector sum of individual atomic magnetic moments per unit volume due to 
unpaired spinning electrons. The SI unit is Ampere-turn/meter (A/m). 
 
The flux density results from the combination of the material magnetization and the external 
applied magnetic field: 

 
 
where  is the magnetic permeability of the vacuum equal to  and is the 
called polarization. 
 
Magnetic hysteresis: 
 
A detailed description of the properties and the behaviour of the permanent magnets is 
presented in the reference [11]. This section summarizes the content of this reference. 
 
When a magnetic field is applied the magnetic material is magnetised. However this behaviour 
is highly nonlinear. A complete major hysteresis loop of the magnetization is shown in Figure 
2.4 (a).  

 

  
(a) (b) 

Figure 2.4. (a) Intrinsic or M-H curve; (b) B-H curve [9].  
 

 



Background     

 16 

When the material is magnetised for the first time to the saturation level ( ) and the field is 
decreased, the original magnetization curve is not followed. The minimum field necessary to 
achieve saturation is . When the applied field is zero there is a remanent magnetization ( ) 
in the material that can be reduced to zero by applying a reverse field , the intrinsic coercive 
field or intrinsic coercivity. Higher negative field saturates the material in the opposite direction. 
Applying a smaller maximum field (one that does not fully saturate the material) yields a minor 
loop. This situation should be avoided as the size and features of a minor loop depend on the 
maximum field supplied. 
 
A complete major hysteresis loop of the flux density is shown in Figure 2.4 (b). For this curve 
the field to reduce the flux density to zero,  is less than . The quality of a permanent 
magnet can be measured by its maximum energy product . The energy product is a 
measure of the energy in the external magnetic field which can be produced by the magnet. The 
magnetization of the material is both a source of magnetic flux and magnetic field, thus energy 
of the external field is, 
 

 
 
The maximum stored energy in a permanent magnet material in the absence of any externally 
applied field is, 
 

 
 
When the permanent magnet is used as a source of magnetic energy in a reluctance circuit, the 
demagnetizing field inside the material is produced by its own magnetization and acts in the 
opposite direction to the direction of magnetization. Permanent magnets in electrical machines 
are exposed for demagnetizing fields and thus materials with wide hysteresis loop (hard 
magnetic materials) are preferred to maximize the operating magnetic field energy.  
 
The intrinsic curve represents the magnetic flux that the permanent magnet produces, i.e. the 
polarization of the magnet. The normal curve represents the total magnetic flux produced by the 
combination of the magnetic flux generated by an external field source and the intrinsic 
magnetic flux. 
 
The load line is a measure of the permeance in the magnetic circuit. The intersection point 
between the load line and the magnetisation curve describes the values of H and B inside of the 
magnet in a certain instant. The slope of the load line is the permeance coefficient or the 
relative permeability. The load line is determined by the geometry of the magnet and by the 
surrounding magnetic circuit. 
 
A magnet inside a magnetic circuit in an electric machine is always exposed to dynamic 
demagnetization. The origin of a change of the demagnetization field can be due to a change of 
the external field (produced by the currents in the stator winding), or due to a change of the 
permeance in the magnetic circuit (produced by the rotation of the rotor and consequently the 
exposition to different permeance paths or a change in magnitude of the current which through 
saturation influences the reluctance of the magnetic circuit). These changes in the 
demagnetization field cause that the working point changes along the B-H curve. 
 
 
The demagnetizing field creates a decrease in the flux density and the polarization. If the flux 
density decreases until a value less than , corresponding to the knee of polarisation curve 
(see Figure 2.5), the polarisation does not recover completely after the demagnetization field is 
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removed, and the magnet is irreversibly demagnetized. The working point instead follows a new 
curve called recoil line. 
 

 
Figure 2.5. Demagnetization curve of a ferrite magnet (NMF-12G) at −40°C [12]. 
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2.3 Permanent Magnet assisted Synchronous Reluctance Motor 
A Permanent Magnet assisted Synchronous Reluctance Machine (PMaSynRM) is a SynRM 
with permanent magnets (PM) introduced in the rotor structure. In this machine the nature of the 
produced torque is more based on the reluctance properties of the machine than on the PM 
properties. 
 
In order to analyze the PMaSynRM, a synchronously rotating reference frame locked to the 
rotor is used to represent the instantaneous current, voltage, and flux linkage phasors. The 
direct or ‘d’ axis is to the direction of maximum permeance, as usual for SynRM [13] (see Figure 
2.6). 

 
Figure 2.6.d-q reference frame for PMaSynRM [14 (modified)].  

 
The orthogonal quadrature or ‘q’ axis is rotated 90 electrical degrees counterclockwise. The 
saliency ratio is defined in [13] as follows: 
 

  (2.3) 

 
The torque generated by PMaSynRM has two components, the torque generated by the 
reluctance concept and the torque produced by the interaction between the magnet flux and a 
rotating Magneto Motive Force (MMF) generated by the stator winding. 
 
The reluctance concept can be explained as in [2]: if a magnetic field is applied to an isotropic 
magnetic material with different reluctances in the d-axis and the q-axis, and there is an angle 
difference between the d-axis and the field, a field distortion is introduced in the main field, as 
can be seen in Figure 2.7. In this situation a torque is produced and it acts to reduce the 
potential energy of the whole system by reducing the distortion field, i.e., reducing the angle 
between the d-axis and the field. 
 
The reluctance of a section is defined in [15] by 
 

 
(2.4) 

 
where  is the length of the flux path inside the section,  is the permeability of the section of 
magnetic circuit, and is the cross-section of the section perpendicular to the flux flow. 
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(a) (b) 

Figure 2.7. An object with anisotropic geometry A and isotropic geometry B in a magnetic field ψ and 
reluctance torque production mechanism d-q reference frame for PMaSynRM [16]. 

 

2.3.1 PMaSynRM Model  

 
The model of the machine is given by the equivalent circuit in Figure 2.8, the vector diagram in 
Figure 2.9 and the equations (2.5) and (2.6): 
 

 (2.5) 
 

 
(2.6) 

 
where  is the terminal voltage vector,  is the internal voltage of stator winding,  is the 
airgap flux linkage,  is the reference frame electrical angular speed  is the stator winding 
resistance,  is the stator current vector and   is the total winding leakage inductance. 

 

 
Figure 2.8. PMaSynRM Equivalent circuit, including rotor and stator iron losses [16 (modified)].  

 

 A   

 A    B   
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Figure 2.9. PMaSynRM vector diagram in steady state, including total iron losses [16 (modified)]. 

 
 
In this report the rotor iron losses in the equivalent circuit are transferred to the stator side and 
the rotor iron losses resistance  is disregarded for simplicity. 
 
The definitions for the d- and q-axis components of the magnetic flux linkage are: 
 

 (2.7) 

 (2.8) 

 (2.9) 

 
where  is the flux linkage produced by the PMs. In PMaSynRM, the PMs produce flux in the 
negative q-axis direction, i.e.,  has negative value. Since the PMs cannot contribute to the d-
axis flux the stator current is responsible for the d-axis flux production. 
 
There are three main side effects that are sources of nonlinearities in the model of inductances: 
saturation, slotting and cross-coupling. In this report, as is it suggested in [16], it is assumed that 
all machine inductances except the magnetization inductances  and  can be modelled as 
constant lumped elements, i.e. stator leakage inductances in d- and q-axis are equal and 
constant, and the side effects on these element are disregarded. Therefore the effect on total 
stator terminal flux for the main sources of nonlinearity can just be modelled by the behaviour of 
the airgap flux linkage. 

 
-‐ Saturation effect: Magnetic saturation typically has a significant impact on the 

performance characteristics [16]. The magnetization inductances are highly affected by 
the level of saturation in the iron, which has a non-linear behavior. However, as it is 
shown in Figure 2.10,  is more sensitive to magnetic saturation as the value of  
increases than . The rotor barriers cut the q-axis flux lines in a way that most of 
these lines go through the ribs. Thus, the major responsible for saturation effect in the q-
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axis is the presence of the ribs in the rotor structure [16]. In the PMaSynRM the rotor ribs 
are saturated by the flux  produced by the PMs. [13]. 
 

 
Figure 2.10. Variation of dq-axis flux linkages with the dq-axis current in a SynRM with rated 

10 A current (  is more sensitive to magnetic saturation than ) [17].  
 

The d-axis inductance cannot be considered as a linear function of the current, but in the 
q-axis this is applicable with an acceptable accuracy. Therefore, (2.9) can be rewritten 
as: 
 

 (2.10) 

-‐ Cross-coupling effect: This effect is mainly due to the shared iron part of the rotor 
between d- and q-axis. The d-axis flux is significantly reduced with a large q-axis current 
as it is shown in Figure 2.11. 

 
Figure 2.11. Variation of dq-axis flux linkages with the dq-axis current including cross-

coupling effect [17].   

 
-‐ Slotting effect: When the rotor rotates inside a slotted stator there are two extreme 

situations. One situation is when the teeth and segments are in phase. In this position 
the total reluctance of the flux path is minimum and  is maximum. When the teeth 
and segments are in opposition the total airgap reluctance is maximum and  is 
minimum. This behavior occurs similarly for .  
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The change of the inductances values due to the rotor position produces torque ripple. 
Moreover, it produces also high flux fluctuation inside the rotor segments, and, hence, 
iron losses. However this torque ripple can be reduced effectively, not completely, by 
skewing techniques.  
 

 
The saturation and cross-coupling effects reduce the machine torque by decreasing the d-axis 
inductance. 
 
With the previous equations the internal voltage of the stator winding at steady state is: 

 

 
(2.11) 

 
2.3.2 Torque Production Characteristics   

 
A detailed theory of the IPM and the PMaSynRM is found in [13]. Only a summary of this theory 
is reported in this section, with the aim of showing general conclusions regarding the design and 
control of the PMaSynRM. 
 
The torque can be calculated in steady-state  according to the following [2]: 
 

 
(2.12) 

 
Figure 2.12 shows the dq current plane and the constant-torque curves for an IPM with a 
PMaSynRM inspired convention. This figure and the next ones in this section are from the IPM 
theory in [13] and adapted to the PMaSynRM. The second and third quadrants correspond to 
negative q-axis current values. There are two boundaries corresponding to the points when the 
torque is zero: the horizontal axis  and the vertical line . Torque increases 

when the working point moves along any of the four 45-degrees trajectories identified by 
arrows. By connecting all of the points where the maximum possible torque is delivered, the 
maximum torque-per-Amp (MTPA) trajectory, or minimum copper losses per torque, for the 
PMaSynRM can be plotted, as it shown in Figure 2.13.  
 
There is a current limit condition that corresponds to the available current from the source 
supplying the machine ( ): the stator current vector must always terminate inside or on 
the current limit circle defined by the equation (2.13). 
 

 (2.13) 
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Figure 2.12. Constant-torque curves for a PMaSynRM machine in the dq current plane. 

 (Source: Matlab creation, based on [13]). 

 
 
The voltage limit condition maintains that the modulo of voltage vector cannot exceed the 
limiting value ( ), so the limiting equation is: 
 

 (2.14) 
 
This equation in the dq current plane is represented by an ellipse centered on the q axis at 

 as it is shown in equation (2.15) and Figure 2.14.  

 

 
(2.15) 

 
where  is the rotor angular frequency in per unit. 
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Figure 2.13. Maximum torque-per-Amp trajectories both without and including the effects of 

magnetic saturation (Source: Matlab creation, based on [13]). 
 
 
The available range of   and  is increasingly limited as the speed increases. When the speed 

 increases above  the operating point follows the intersection point of the ellipse and the 
circle to deliver the highest possible torque.  
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Figure 2.14 Interaction of current limit circle and voltage limit ellipses for three rotor angular speed  
values. (Source: Matlab creation, based on [13]). 

 
 
 

2.3.3 Flux-Weakening Capability Curves   

 
The available range of the torque and speed that the motor can deliver is determined by the 
machine type and parameters values combined with the limits on the voltage and current that 
can be supplied by the drive power electronics.  
 
Figure 2.15 shows the ideal torque-speed capability curve for the PMaSynRM.  
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(a) (b) 

 

Figure 2.15 Ideal field weakening characteristics: (a) Torque-speed capability curve [13]; (b) Power-
speed capability curve [13]. 

 
 
Two different ranges can be identified on the torque-speed and power-speed capability curves: 
 

-‐ The constant-torque operating range at speeds below the base speed , where the 
maximum torque is limited by the maximum available stator current . The voltage 
and the output power increase linearly with the speed.  
 

-‐ The constant-power operating range at speeds above the base speed , where the 
envelope operating point is characterized by the machine operating simultaneously at 
the current and voltage limits (  and ). As it is expressed in equation (2.6), the 
induced voltage is proportional to the speed and flux at steady state. Then the machine 
stator flux is determined by the ratio of the applied voltage to the excitation frequency. In 
order to keep constant the voltage at its limit ( ) while the speed increases, 
reduced stator flux linkage  is necessary: 
 

 
(2.16) 

 
Beyond the base speed, the output power remains constant and the torque is inversely 
proportional to the speed. This operating region is also called the flux-weakening or field-
weakening region. 
 
 

The maximum operating speed at which the machine can still deliver this same power is defined 
as  , where CPSR is the constant-power speed ratio. 
 
Figure 2.16 shows the trajectory of the current vector on the d-q plane in the case of the 
SynRM. This trajectory is applicable to the PMaSynRM with the difference that for SynRM the 
constant voltage ellipses are centered at the origin, and for PMaSynRM these are centered at 

.  
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(a) (b) 

Figure 2.16 (a)SynRM current dq-plane and full operation trajectory (below base speed A and field 
weakening ABC) [16]. Saturation is disregarded here. (b) Saturation compensation by current angle 

control [16]. 

 
1) The point A represents the working points in the speed range of . This point 

is defined by the intersection between the MTPA curve and the  circle. 
 

2) The trajectory from A to B represents the working points from  to . This 
corresponds to the constant-power operating range. The point B is defined by the 
intersection between the MTPV curve and the  circle. 

 
3) The trajectory from B to C represents the working points from  to . This is the 

constant-voltage operating range. The machine operates on the MTPV curve, with no 
theoretical speed limit. 

 
The saturation mainly reduces the value of  and consequently reducing the torque for a 
certain current, as it is shown in Figure 2.16(b). In order to compensate this effect, the current 
angle θ increases and hence  is reduced. This reduces the level of saturation and 
compensates for  and the torque. 
 
2.3.1 PM Insertion 

 
PM material insertion has two effects [2]: 
 

-‐ It provides a saturating flux required for the iron ribs in the rotor. This flux has negative 
effect on the machine performance. 
 

-‐ It increases the reluctance component of the airgap flux. Magnetically eliminating the 
iron ribs effect and compensating the q-axis flux linkage, the negative cross-coupling 
effect of the q-axis stator flux on the d-axis flux is reduced and also the effective saliency 
ratio increases. This is valid as long as the magnet does not locally or homogeneously 
affect the iron in the d-axis flux path so that the magnetic operating point of the material 
is changed. 
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In general, introducing PMs in the SynRM machine improves the performance. However this 
also raises some problems:  
 

-‐ PMs are sensitive to the temperature; therefore, temperature changes in PM during 
normal operation can reduce the machine torque capability.  

 
-‐ PMs can be irreversibly demagnetized due to the temperature changes as well as 

electrical transients in short circuit conditions. 
 

-‐ The initial, production and maintenance costs increase when PMs are used. 
 

-‐ With PMs, normal and field-weakening operations require more complicated control 
method. 

 
 
The PM insertion in PMaSynRM reduces the unwanted q-axis flux effect that is the source of 
low IPF in the SynRM. The q-axis flux linkage  is defined by the equation (2.9), repeated here:   
 

 
 
During the flux-weakening operation,  has to be reduced when  increases. Once the amount 
of PMs is fixed, the amplitude of  can be reduced by reducing the q-axis current and hence 
reducing the q-axis armature reaction flux linkage ( ). The flux-weakening capability varies 
depending on the amount of . 
 
There are three different situations depending on the value of . 
 

-‐ Under compensation (UC): 

In this situation, the magnets flux  is chosen to satisfy the equation (2.17): 

 
 (2.17) 

 
The deliverable output power never drops to zero at any speed. There is a finite  above 
which a reduction of the modulo of the stator current vector is necessary in order to 
extract the maximum toque in this high speed regime. 
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 (a)  

 
(b) 

 
(c)  

Figure 2.17. Under compensated PMaSynRM: (a) current vector trajectory (source: Matlab creation, 
based on [13]), (b) power-speed capability curve [13], (c) vector diagram [18 (modified)]. 

 
 
 

-‐ Natural compensation (NC): 
 
In this situation, the magnets flux  is chosen to completely compensate the q-axis 
flux effect. In this situation the machine satisfies the equation (2.18): 
 

 (2.18) 
 
In this case, since the angle β between the vectors  and  increases in PMaSynRM 
(see Figure 2.18), the power factor, defined by , improves. Due to cross-
coupling between the PM and the reluctance fluxes the reluctance flux linkage vector 
increases both in amplitude and in argument. 
 
The natural compensation expands the field-weakening range of a PMaSynRM to 
infinity. This case is the optimal flux-weakening condition. At these conditions the 
machine power factor approaches 1 at high speed, as it is shown in Figure 2.18.  
 
These conditions are idealized because no losses are included. Thus, this case of 
infinite CPSR is unrealizable. However, high values of CPSR can be achieved by closely 
matching the value of the characteristic current to its rated stator current. 
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 (a) 

 
 (b) 

 
 (c) 

Figure 2.18. Natural compensated PMaSynRM: (a) current vector trajectory (source: Matlab 
creation, based on [13]), (b) power-speed capability curve, (c) vector diagram [18 (modified)]. 

 
 

-‐ Over compensation (OC): 
 
In this situation, the magnet flux  is chosen to satisfy the equation (2.19): 
 

 (2.19) 
 
Now the segments and the stator iron are magnetically excited even further than in 
SynRM, consequently the reluctance is reduced. The airgap flux density and the angle β 
are increased. Therefore, machine torque and IPF are further improved.  Balance 
compensation (BC) is a kind of over compensation state that is characterized for being 
the practical limit for the power factor improvement. 
 
There is a finite maximum rotor speed value  above which the machine cannot 
operate. The intersection of the current and voltage equations ( ) is 
given by: 

 
(2.20) 

 
The higher the value of  is, the lower  is possible to reach and hence lower 
CPSR value. 
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 (a)  

(b) 

 
(c) 

Figure 2.19. Over compensated PMaSynRM: (a) current vector trajectory (source: Matlab creation, 
based on [13]), (b) power-speed capability curve [13], (c) vector diagram [18 (modified)]. 

 
 
 
Using rated point operation to define the per unit base values for voltage, current and 
frequency, it is possible to develop a plot that captures all possible combinations with the 
normalized magnet flux linkage  and the saliency ratio , as it is shown in Figure 2.20 [13]. 
This plot shows that the better the rotor anisotropy the lower is the required PM flux to satisfy 
the equation (2.18). The points that satisfy this condition in the map of saliency-magnet flux 
define the ‘optimal field-weakening design line’ [13].  
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Figure 2.20. Normalized magnet flux linkage  – saliency ratio  curve [13]. 
 
 
 
To obtain a good flux-weakening behavior, the rotor anisotropy  and the PM content 

 must be properly related to each other. The selection of the optimum relation   is 
based on three considerations, widely explained in [13]: 
 
 

1. Flux-weakening performance: 
 
A good flux-weakening behavior is obtained with any saliency ratio at load situation, 
when the condition  is satisfied, at high speed. However this condition is not 
sufficient for a large CPSR performance. 
 
At high speed and no-load, a demagnetizing  is still needed, when the minimum 
wanted flux  is lower than . This current introduces Joule losses 

.  
 
In addition, a worse problem is represented by a failure at high speed, when . 
In this case the motor electromotive force ( ) reaches large values and a 
large current can flow in the bus capacitors through the inverter´s diodes, only limited by 
the short circuit reactance of the motor.  
 
Thus, in these two cases the demagnetizing current must be limited. When the speed 
increases at constant current amplitude, the airgap flux linkage follows the trajectory 
shown in Figure 2.21 [18]. This current limitation is equivalent to limit the flux at high 
speed to a minimum wanted flux . 
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(a) (b) 

Figure 2.21. (a) Flux trajectory during flux-weakening, at constant current amplitude (the better the 
anisotropy is the larger the main axis of the ellipse is) [18]. (b) Optimal vector diagram at maximum 

speed [18]. 
 
 
 

 
Therefore, when the voltage is constant, the CPSR is inversely proportional to : 

 

 
(2.21) 

 
The value of  must be as low as possible, which implies that the rotor anisotropy has 
to be maximized for the same nominal torque. In conclusion, the quantity of magnet flux 

 is chosen at maximum speed which represents the most critical situation. 
 

2. PM cost: A low PM content represents an important cost saving. 
 
 

It can be concluded that the best design strategy aims to maximize the reluctance torque and 
consequently to minimize the PM content.  
 
 

2.3.2 Rotor Design 

 
In reference [13], a rotor design procedure is proposed. In this method, the expected design 
outputs of the basic reluctant structure are: 
 

-‐ The number of flux-barrier per pole-pair. 
-‐ The position of the barriers. 
-‐ The shape of the barriers. 

 
The targets of the design procedure are: 
 

-‐ Maximizing the rotor anisotropy. 
-‐ Minimizing the torque-ripple content. 
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The idea of the design procedure is to firstly consider a slot-less stator with winding ideally 
distributed, where no torque ripple is present. In this phase the only aim is to maximize the rotor 
anisotropy. In a second phase, a slotted stator is considered and the minimum torque-ripple is 
taken as a target.  
 
For the design of the PMs inserted in the barriers and the rotor ribs, the reference [18] proposes 
a method to minimize the magnet area (cost) by modification of the permeance structure.  
 
In this thesis the rotor is not designed based on these methods. The rotor is extracted from an 
already existing motor and its parameters are modified to optimize the structure for the required 
specifications. The magnet amount optimization is not carried out in this thesis, since the 
technical specifications of the proposed motor do not require an extremely wide constant speed 
range. Thus, in this thesis, the amount of magnet is introduced in the barriers in order to 
improve the power factor as much as possible. 
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3 Design of FSCW-PMaSynRM 
 

3.1 Design Objectives 
In the previous chapters the new technology of FSCW-PMaSynRM was introduced and the 
possible advantages and disadvantages were discussed. In order to analyze and compare this 
technology with the other topologies, it is necessary to have an optimized design for each 
topology. The main objective of this work is to design an optimized FSCW-PMaSynRM suitable 
for industrial applications with the technical specifications shown in Table 3.1. 

Table 3.1. Technical specifications. 

Parameters Units Values 
Rated power kW ≤15 
Base speed rpm 1500 
Maximum speed rpm 6000 
Maximum electrical frequency  Hz 500 

 

3.2 Design Procedure 
 

The design procedure has two stages. In the first stage, which is explained in section 3.2.1., a 
FSCW-SynRM is designed, in such a way that some conclusions about the winding topology 
are extracted. During the second stage, a FSCW-PMaSynRM is designed, and conclusions 
about the magnet insertion are made, which is explained in section 3.2.2. 
 

3.2.1 From DW-SynRM to FSCW-SynRM  

 
In the first stage of the design procedure, a FSCW-SynRM is designed by taking the DW-
SynRM as reference motor.  

 
In order to have an effective design and to make easier comparisons of this technology with 
other topologies, a commercial DW-SynRM, whose characteristics are specified in Table 3.2, is 
chosen as reference motor for the PMaSynRM design. The cross-section of the DW-SynRM 
motor is shown in Figure 3.1. 
 

 
Figure 3.1. Three-phase single-layer distributed winding with 4-pole rotor cross-section. 
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Table 3.2 .Electrical and geometrical parameters of DW-SynRM (reference motor) 

Parameters Units DW-SynRM 
Nominal power kW 15 
Nominal frequency Hz 50 
Nominal voltage V 380 
Number of poles - 4 

Stator: 
Core 

Outer diameter mm 219,8 
Inner diameter mm 136 
Axial length mm 190 
Number of slots - 36 
Area of slot  135,08 

Winding 
Half-length of coil mm 351,63 
Number of effective conductors - 13,5 
Slot fill factor - 0,44 

Rotor: 
Length of the airgap mm 0,52 
Rotor core inner diameter mm 45 
Number of barriers - 4 

 
 
Due to the significant differences in the stator geometry between distributed and concentrated 
winding, an intermediate step is added: stator adaptation to concentrated winding. Then, the 
efficiency, power factor and torque ripple are optimized.  
 
Keeping the same rotor as the reference motor, the stator geometry is changed from distributed 
to concentrated winding with the target of getting a model with a similar value of current density 
in the winding.  
 
During the second step or motor optimization, the motor with the best performance in terms of 
efficiency, power factor and torque ripple is designed by sensitivity analysis. 
 

3.2.1.1 Stator adaptation to concentrated winding 
Based on the motor specifications, it has been decided to design a double-layer winding with a 
pole/slot combination of 4 poles and 6 slots, see Figure 3.2. This combination presents a 
fundamental winding factor of  and good behavior in terms of cogging torque and 
magnetic pull. 

 
Figure 3.2. Winding layout of 4-pole,6-slot of the FSCW-SynRM. 
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Table 3.3 shows how certain stator parameters have been adapted. 

Table 3.3. Electrical and geometrical characteristics of DW-SynRM and adapted FSCW-
SynRM. 

Parameters Units DW-SynRM Adapted 
SynRM-FSCW 

Number of slots - 36 6 
Area of slot 

 

135,08 1090,5 
Number of effective conductors - 13,5 90 
Winding pitch, teeth enclosed - 9 1 
Number of layers - 1 2 
Half-length of coil mm 351,63 270 (77% of DW) 
Slot fill factor - 0,44 0,63 

 
 
The selected pole/slot combination is 4 poles and 6 slots, i.e. the number of slots changes from 
36 to 6. The values for the slot dimensions and the number of effective conductors are chosen 
in such a way that the current densities for the two models are similar. 
 
The winding arrangement for the DW model is a three cross-concentric winding, where the 
outmost coil is 9 slots pitched, and it has only 1 layer in each slot. For definition, the winding 
pitch for the concentrated winding is 1, and the simplest configuration for the number of layers is 
2 layers per slot. 
 
Two of the most important advantages of the concentrated winding are the reduction of the half-
length of coil and the increase of the copper fill factor. With FSCW the half-length of coil is 
reduced by around 23%. In this case, the half-length of coil for FSCW is analytically calculated:  

 
(3.1) 

 
where  is the half-length of the coil,  is the active length (corresponding to the 
core of the machine) and  is the end-winding length of one of the sides 
(approximated by a semi circumference). 

 
(3.2) 

 
where  is the average distance between the two active parts of the wires in one turn (see 
Figure 3.3). 

 
Figure 3.3. Illustration of the average distance between two consecutive slots in FSCW-SynRM. 

D 
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In this case   and . Thus, 
 

 
 

 
 
The chosen value for the half-length of coil is , since the shape of the end – 
winding for the concentrated winding is not exactly semicircular and the longitude is slightly 
lower than the analytically calculated value. 
 
 
The slot fill factor is defined by the equations (3.3) and (3.4). 

 
(3.3) 

 
where  is the slot fill factor,  is the area of the bare copper (without insulation) in one slot, 

 is the area of one slot. 
 
 
In some cases the winding can be composed of two sizes of conductors with different diameter 
in order to improve the fill factor. 
 

 
(3.4) 

 
 
where  is the total number of total wound conductors in one slot,  is the number of 
thinner wires in an effective stator conductor,  is the number of thicker wires in an 
effective stator conductor,  is the bare diameter of thinner wire in the stator conductors, 
and  is the bare diameter of thicker wire in the stator conductors. 
 
 
The maximum value for the slot fill factor ( ) for a distributed winding is around 0.65 - 0.68  [5] 
and it can be increased up to approximately 0.75 - 0.78 by opting for concentrated winding [6], 
[7].  
 

Table 3.4. Winding parameters and slot fill factor calculation for DW-SynRM and FSCW-
SynRM (after the setting step) 

Parameters Units DW-SynRM Adapted 
FSCW-SynRM 

 

conductors/slot 108 388 
 

wires/conductor 1 2 
 

mm 0,8 1,5 
 

wires/conductor 3 - 
 

mm 0,85 - 
 

 

59,54 685,65 
 

 

135,08 1090,5 
 

- 0,44 0,63 
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The chosen values of  are lower than the maximum limits found in the literature, so there are 
still higher suitable values for  that make the motor performance even better. This wider  
range will be studied in chapter 6. 
 
The machine performance for DW-SynRM and FSCW-SynRM after the adaptation are shown in 
Table 3.5. The current density is similar in both cases. 
 

Table 3.5. Machine performance for DW-SynRM and adapted FSCW-SynRM 

Parameters Units DW-SynRM Adapted 
FSCW-SynRM 

Output power kW 15 15 
Speed rpm 1500 1500 
Torque Nm 95,41 95,42 
Torque ripple % 38,1 55,2 
Voltage V 380 380 
Current A 32,61 57,01 
Power factor - 0,76 0,44 
Efficiency % 92,3 90,8 
Current density A/mm2 7,4 7,7 
Airgap flux density (fundamental peak) T 0,893 0,694 
Total losses W 1243 1515 

 



Design of FSCW-PMaSynRM     

 40 

 

3.2.1.2 Optimization of efficiency, power factor and torque ripple for FSCW-SynRM 
 
The second design step for the FSCW-SynRM design is the optimization of the performance in 
terms of efficiency, power factor and torque ripple. A trade-off between these three 
characteristics should be reached.  
 
There are many design parameters that can be optimized in both stator and rotor. Four 
parameters with significant influence on the machine performance have been chosen: insulation 
ratio, number of barriers and their placement, number of turns and slot opening. A sensitivity 
analysis based on Finite Element Method (FEM) is performed in order to observe how the 
variations of these four parameters affect the machine performance. 
 
It is important to realize that these parameters which are optimized are not independent. 
Therefore the order of the optimization process becomes important and can result in totally 
different solutions depending on the order. In this case, one of the multiple optimization orders 
is selected and then it is checked whether the final solution is realistic as optimal design.  
 
 
Insulation ratio: 
 
The insulation ratio, together with the number of barriers and placement, is a way for optimizing 
mainly the axially laminated anisotropy. In this case, the insulation ratio expresses the ratio of 
the thickness of total insulation over total iron conducting material inside the rotor and along the 
q-axis: 

 
(3.5) 

 
where is the thickness of total insulation in the q-axis and is the thickness of total iron in the 
q-axis. 
 
Figure 3.4 shows results from the sensitivity analysis for different values of insulation ratio at 
nominal point. The analyzed characteristics are torque, torque ripple, efficiency, current, power 
factor and airgap flux density. 
 
The variation range of the insulation ratio corresponds to the range where the machine can 
deliver the nominal torque. The percentage of air over the iron increases with the insulation 
ratio, and consequently the winding inductance in q-axis, , decreases, and the winding 
inductance in d-axis, , increases. If the insulation ratio increases to values higher than 1.9,  
becomes greater than the optimum value, and the torque is reduced. In the same way, if the 
insulation ratio is lower than 1.2,  is reduced and the motor cannot deliver the nominal torque. 
The optimum insulation ratio, as indicated in Figure 3.4, is 1.3. 
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(a) 

 

 

(b) 

 

 

(c) 

 

  

Figure 3.4. Machine performance characteristics at the nominal point for different insulation ratio as 
parameter for the adapted FSCW-SynRM: (a) torque and torque ripple, (b) efficiency and power 

factor, (c) current and airgap flux density. 
 
 
Figure 3.5 shows the cross-section of the machine and the influence of the insulation ratio on 
the flux lines and flux density distribution at a certain instant. When the insulation ratio is 1.2 
there is a good path for the flux and it can easily go from the stator to the rotor and through the 
segments. By contrast, when the insulation ratio is 1.9, the barriers block the path for the flux 
and the flux lines are crossing the barriers. Furthermore, the iron becomes more saturated at 
the points where the flux is concentrated. 
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 (a) (b) 

Figure 3.5.AdaptedFSCW-SynRM cross-section. Effect of insulation ratio on flux lines and flux 
density. BSU=1.2 (a) and BSU=1.9 (b). 

 
 
 
Number of barriers and angle β: 
 
With the new value of insulation ratio, the optimum number of barriers and placement are 
identified. The placement of the barriers is decided by angle  (see Figure 3.7.a), defined as the 
angle between the q-axis to the outmost part of the last barrier which is given by equation (3.6). 

 
(3.6) 

 
where  is the maximum number of barriers equally distributed that the rotor can 
accommodate,  is the number of barriers out of  that the rotor contains and  is 
the number of pole pairs. 
 
From the sensitivity analysis for the number and placement of barriers it was found that the 
efficiency and power factor do not change significantly while the torque ripple changes. This 
behavior is shown in Figure 3.6, where the torque ripple is plotted as a function of  for 
each value of number of barriers.  
 

 

Figure 3.6. Torque ripple at the nominal point for different values of , which is proportional 
to the angle β (Adapted FSCW-SynRM with BSU=1.3). 
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The dashed zone of the lines represents potentially problematic designs. At high speed, the 
centrifugal force in the rotor generates mechanical stress in the bridges and segment [21]. 
When the angle β is too small, the closest segment to the airgap is too thin and the local stress 
in the segment is higher than opting for higher values of β. 
 
 

  
(a) (b) 

 

Figure 3.7. Illustration of angle  in adapted FSCW-SynRM with 4 barriers rotor: 
(a) β=9º  (b) β=0º. 

 
 
Figure 3.6 and Figure 3.7 show that the best option in terms of torque ripple and mechanical 
properties is β=9º. 
 
It is interesting to visualize the change of the airgap flux density with the introduction of barriers.  
Figure 3.8 shows the spatial distribution of the airgap flux density and its harmonics distribution 
for the same model with solid rotor, 1 barrier and 4 barriers. 
 

 

  
Figure 3.8. Effect of number of barriers on airgap flux density spatial distribution (a) and airgap flux 

density harmonic spectrum (b). (Adapted FSCW-SynRM with BSU=1.3, 4 barriers and β=9º). 
 

(a) (b) 
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Number of turns: 
 
The number of turns is one of the factors that have strong influence on the machine 
performance. In this particular case, the optimum number of turns for the highest efficiency is 
similar to the optimum for the power factor, as can be seen in Figure 3.9. The torque ripple does 
not change significantly with the number of turns. The selected optimum value for the number of 
turns was 97 turns. 

 

 
 

(a) 
 

 

(b) 
 

Figure 3.9. Machine performance characteristics at the nominal point for number of turns as 
parameter for the adapted FSCW-SynRM with BSU=1.3, 4 barriers and β=9º: (a) efficiency, (b) 

power factor and current 
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Slot opening: 
 
The final optimized parameter is the slot opening. This parameter has a considerable effect on 
efficiency, power factor and torque ripple (see Figure 3.10). Figure 3.10 shows low values for 
efficiency and power factor and high current for slot opening values lower than 19 mm. If the 
slot opening value is higher than 19 mm, efficiency, power factor and current stay constant. 
However the torque ripple increases. Thus, the selected optimized slot opening is 19 mm. 
 

 

(a) 
 

 

(b) 
 

 

(c) 
 

Figure 3.10. Machine performance characteristics at the nominal point for different slot opening 
values as parameter for the adapted FSCW-SynRM with BSU=1.3, 4 barriers, β=9º and 97 turns: 
 (a) torque and torque ripple, (b) efficiency and power factor, (c) current and airgap flux density. 

 
Table 3.6 shows the new values for the optimized parameters of the FSCW-SynRM. Figure 3.11 
shows the final optimized design.  
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Table 3.6. Optimization parameters for 
optimized FSCW-SynRM. 

Parameters Units Values 
Insulation ratio - 1,3 

Number of barriers - 4 
Angle β degrees 9 

Number of turns - 97 
Slot opening mm 19 

 

 

Figure 3.11. Optimized FSCW-
SynRM cross-section. 

3.2.1.3 Conclusions on Winding Topology 

 
After the optimization process it is possible to compare the two topologies. Figure 3.12 shows 
the two compared designs. 
 

   

 (a) (b) 
 

Figure 3.12. Flux lines and flux density in cross-section.  
(a) DW-SynRM (reference motor). (b) FSCW-SynRM (optimized motor). 

 
Figure 3.13 shows the airgap flux density of the two motors and the harmonic spectrums. The 
first large difference is that concentrated winding has even and odd harmonics, while distributed 
winding has only odd harmonics. Figure 3.14 shows the torque and phase current curves and 
the corresponding harmonic spectrums for both cases. The torque ripple is higher in the case of 
concentrated winding due to the 5th and 7th current harmonics that create a relatively higher 6th 
torque harmonic. 
 

 
Figure 3.13. Airgap flux density spatial distribution for DW-SynRM and FSCW-SynRM (a) and 

harmonic spectrum (b).  

(b) (a) 
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Figure 3.14. Torque spatial distribution (a) and harmonic spectrum (b). Phase current spatial 

distribution (c) and harmonic spectrum (d) for DW-SynRM and FSCW-SynRM. 

 
A summary of the machine performance is presented in Table 3.7. It can be observed that both 
designs can deliver the required nominal torque. However, for the concentrated winding, the 
airgap flux density is lower and this motor needs higher current to deliver the required nominal 
torque. The copper losses are higher in the concentrated winding compared with the distributed 
winding, even though the half-length of the coil has been reduced by 23%. At the same time, 
the high harmonic content causes higher iron losses in the concentrated winding (363W) than in 
the distributed winding (328W), (see Figure 3.15). Consequently, the efficiency decreases by 
0,7% from distributed to concentrated winding.  
 
The most significant parameter of this comparison is the power factor that has been strongly 
reduced from the distributed to the concentrated winding. The poor power factor of FSCW-
SynRM is due to the need of high current in order to magnetize the iron. However, this could be 
easily improved by the insertion of magnets in the barriers. The insertion of magnets is 
presented in the second design stage. 

Table 3.7. Machine performance for DW-SynRM and FSCW-SynRM 

Parameters Units DW-SynRM FSCW-SynRM 
Output power kW 15 15 
Speed rpm 1500 1500 
Torque Nm 95,4 95,5 
Torque ripple % 38,0 76,6 
Voltage V 380 380 
Current A 32,6 51,0 
Power factor - 0,76 0,49 
Efficiency % 92,3 91,6 
Current loading A/cm 371 695 

Current density A/mm2 7,39 7,22 
Airgap flux density T 0,893 0,607 
Total losses W 1243 1382 

(b) (a) 

(c) (d) 
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Figure 3.15. Loss comparison between DW-SynRM and FSCW-SynRM. 

 



Design of FSCW-PMaSynRM     

 49 

 
3.2.2 From FSCW-SynRM to FSCW-PMaSynRM 
 
In the second stage of the design procedure, a FSCW-PMaSynRM is designed.  
 
The permanent magnets properties in a PMaSynRM were previously described in chapter 2. 
The price of ferrite magnets is low and stable in comparison with NdFeB magnets. However, 
NdFeB magnets may provide a much higher magnetic field in the airgap. Therefore, less 
magnet material is needed compared to ferrite which allows more freedom in the placement of 
the magnets inside the barriers.  
 
The aim of inserting magnets inside the barriers is the increase of the flux density in the airgap 
in order to reduce the need of magnetizing current and increase the poor power factor of 
FSCW-SynRM. In this section a FSCW-PMaSynRM with ferrite is designed. The consequences 
of opting for NdFeB instead of ferrite and the possible advantages and disadvantages are 
investigated in chapter 4. In case of opting for ferrite, since its remanent flux density is low, the 
best motor performance is accomplished when all the barriers are completely filled with ferrite. 
 
It is possible to find different classes of ferrite magnets in the market. Each class has different 
B-H curve. Figure 3.16 shows the demagnetization curves of three types of ferrite 
commercialized by Hitachi Metals [19]. In this design, the magnets inserted in the barriers are 
ferrite 1 (NMF-12G), corresponding to the highest class.   
 
 

 
 

Figure 3.16. B-H curve of three classes of ferrite: ‘NMF-7F’ ‘NMF-9F’ and ‘NMF-12G’ of Hitachi 
Metals. (Source: Excel creation) 

 
 
 
The same optimization process as the one used in section 3.2.1.2 is carried out for this design. 
The same four parameters are optimized and a final comparison between FSCW-SynRM and 
FSCW-PMaSynRM is presented. 
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3.2.2.1 Optimization of efficiency, power factor and torque ripple for FSCW-PMaSynRM 
 
A sensitivity analysis for each of the optimization parameters is performed. 
 
For the insulation ratio analysis, shown in Figure 3.17, a compromise between the optimum 
saliency ratio and the optimum amount of magnets is found. Because of the condition of fully 
filling the barrier with ferrite, the amount of magnets depends on the insulation ratio. Therefore, 
with this parameter it is possible to change the reluctance and magnetic torque at the same 
time, and an optimal ratio between these two components is reached. The optimized value for 
the insulation ratio has decreased from 1.3 to 1.1, i.e. the saliency ratio and the space for 
placing the magnets have decreased. 
 
As it happened before in section 3.2.1.2, it is found that the efficiency and power factor do not 
change significantly with the number of barriers and angle β while the torque ripple changes. 
Four barriers and β = 9° continue being the most convenient values in terms of torque ripple 
and mechanical stress when the magnets are inserted, as it shown in Figure 3.18. 

Figure 3.19 shows the influence of the number of turns on the motor performance. Efficiency, 
power factor and current increase when the number of turns increases, but when the number of 
turns reaches a certain value, the efficiency starts to drop. This maximal value of efficiency is 
reached with 110 turns. 
 
The optimal slot opening changes from 19 to 24 mm with the magnet insertion. As it is shown in 
Figure 3.20, this slot opening value maximizes the efficiency and the power factor and 
minimizes the torque ripple. 
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Insulation ratio: 
 

 

(a) 

 

 

(b) 

 

 

(c) 

 

Figure 3.17. Machine performance characteristics at the nominal point for different insulation ratio as 
parameter for the FSCW-PMaSynRM: (a) torque and torque ripple, (b) efficiency and power factor, 

(c) current and airgap flux density. 
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Number of barriers and angle β: 
 

 
Figure 3.18. Torque ripple at the nominal point for different values of Nbarr,max, which is proportional to 

the angle β (FSCW-PMaSynRM with BSU=1.1). 
 
 
Number of turns: 
 

 

 
 

(a) 
 

 

(b) 
 

Figure 3.19. Machine performance characteristics at the nominal point for different number of turns 
as parameter for the FSCW-PMaSynRM with BSU=1.1, 4 barriers and β=9º: (a) efficiency, (b) power 

factor and current. 
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Slot opening: 
 

 
(a) 
 

 
(b) 
 

 
(c) 
 

Figure 3.20. Machine performance characteristics at the nominal point for different values of slot 
opening as parameter for the FSCW-PMaSynRM with BSU=1.1, 4 barriers, β=9º and 110 turns: (a) 

torque and torque ripple, (b) efficiency and power factor, (c) current and airgap flux density. 
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Table 3.8 shows the new values for the optimized parameters of the FSCW-PMaSynRM. Figure 
3.21 shows the final optimized design.  

Table 3.8. Optimization parameters for 
optimized FSCW-SynRM. 

Parameters Units Values 
Insulation ratio - 1,1 

Number of barriers - 4 
Angle β degrees 9 

Number of turns - 110 
Slot opening mm 24 

 

 

Figure 3.21. Optimized FSCW-
PMaSynRM cross-section. 

 

3.2.2.2 Conclusions on Magnet Effect 

 
Figure 3.22 shows the two optimized design for FSCW-SynRM and FSCW-PMaSynRM. By 
comparing these two motors, important conclusions about the insertion of the magnets are 
extracted. 
 

   

 (a) (b) 
 

Figure 3.22. Flux lines and flux density on cross-section of FSCW-SynRM (a) and FSCW-
PMaSynRM (b).  

 
Figure 3.23 shows the airgap flux density of the motor and its harmonic spectrums. When the 
magnets are inserted, the amplitude of the fundamental component of the airgap flux density 
increases. The amplitude of the 2nd harmonic decreases while the amplitude of the 4th harmonic 
considerably increases. 
 
Figure 3.24 shows the torque and phase current curves and the corresponding harmonic 
spectrums for both cases. The current that the machine requires to magnetize the iron has been 
reduced with the magnet insertion. Since 5th and 7th current harmonics have been reduced, 
6thtorque harmonic, and consequently the torque ripple, have been reduced from FSCW-SynRM 
to FSCW-PMaSynRM.  
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Figure 3.23.(Left) Airgap flux density spatial distribution for FSCW-SynRM and FSCW-PMaSynRM. 

(Right) Harmonic spectrum.  

 

 

 
Figure 3.24. Torque spatial distribution (a) and harmonic spectrum (b). Phase current spatial 

distribution (c) and harmonic spectrum (d) for FSCW-SynRM and FSCW-PMaSynRM. 

 

 
A summary of the machine performance parameter is presented in Table 3.9. The magnets 
insertion improves the performance of the FSCW-SynRM. Both designs can deliver the required 
nominal torque. However, due to the flux density provided by the magnets, the required current 
in the FSCW-PMaSynRM is 47% lower than in FSCW-SynRM. The total losses are 51% lower 
in the case of FSCW-PMaSynRM, and the efficiency increases by almost 4%. Furthermore, the 
power factor has been strongly improved with the magnet insertion. 
 
There are some particularities regarding to the magnets losses that are important to mention. 
When the skin effect is negligible, the eddy-current losses in the magnets can be reduced by 
radial and axial segmentation of the magnets [22]. Since the tool used for simulating all of these 
cases performs 2-D harmonic FE-calculations, this segmentation cannot be taken into account. 
Therefore, the magnets losses are supposed negligible in all of these studies. 
 
 

(b) 

(b) 

(a) 

(a) 

(c) (d) 



Design of FSCW-PMaSynRM     

 56 

Table 3.9. Machine performance for DW-SynRM and FSCW-SynRM 

Parameters Units FSCW-SynRM FSCW-
PMaSynRM 

Output power kW 15 15 
Speed rpm 1500 1500 
Torque Nm 95,5 95,5 
Torque ripple % 76,6 43,7 
Voltage V 380 380 
Current A 51,0 27,1 
Power factor - 0,49 0,88 
Efficiency % 91,6 95,49 
Current loading A/cm 695 419 

Current density A/mm2 7,22 4,41 
Airgap flux density T 0,607 0,672 
Total losses W 1382 677 

 

 
Figure 3.25. Loss comparison between FSCW-SynRM and FSCW-PMaSynRM. 

 

Finally, from the analysis of these three designs, two main ideas are extracted: 
 

-‐ Concentrated winding does not improve the performance of the DW-SynRM. 
 

-‐ Concentrated winding improves the performance of the DW-SynRM when magnets are 
inserted in the barriers by changing the topology to PMaSynRM. In this case, the 
efficiency improves by 3,2%, the power factor increases 0,12 and the torque ripple is 
reduced 32,9% from DW-SynRM to FSCW-PMaSynRM. 
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4 Influence of Magnet Material 
 
In this section the PMaSynRM with ferrite magnets and the PMaSynRM with Neodymium 
(NdFeB) magnets are compared. The PMaSynRM with ferrite was designed in the previous 
chapter. Now, the PMaSynRM with NdFeB is designed in order to compare the same machine 
with different magnet material.  
 
However, a further step becomes necessary in the design process of the PMaSynRM with 
ferrite, before starting the PMaSynRM with NdFeB. Figure 4.1 shows the FSCW-PMaSynRM 
cross-section at 20°C as room temperature and 65°C as magnet temperature (stator 
temperature rise of 45°C). Moreover, this figure shows the magnitude of the flux density in the 
direction and sense of the initial magnetization.  
 
As it was explained in chapter 2, the criteria to affirm that a certain part of the magnet is not 
irreversibly demagnetized is the following: if, in a certain point of the magnet, the magnitude of 
the flux density component in the direction of the initial magnetization of the magnet, with the 
reference sense of the initial magnetization, is higher than the Bknee value, then this point of the 
magnet is irreversibly demagnetized. 
 
There is other effect that is important to have into account: when the magnetic field has been 
reduced below the Bknee value, the working point goes into the irreversible demagnetization zone 
of the B-H curve. Then a new value of the remanent flux density is set. This change produces a 
variation in the magnetic circuit of the motor that requires a higher stator current to generate the 
same torque. This process creates a ‘chain reaction’: when a part of the magnets is 
demagnetized, even though it be very small, the magnets progressively get demagnetized until 
all the magnets get completely demagnetized. Therefore, the criterion to affirm that the machine 
is not irreversibly demagnetized is that the flux density component in the direction of the initial 
magnetization of the magnet, with the reference sense of the initial magnetization, is higher than 
the Bknee value, for all the points in the magnet. 
 
In this case, there are some parts of the magnets corresponding to the corners of the barriers 
that are irreversibly demagnetized as it can be observed in Figure 4.1. In order to solve this 
problem, this demagnetized part of the magnets, closest to the airgap, is removed. Furthermore, 
in order to reduce the eddy losses in the magnets, these are divided in smaller pieces, as it is 
shown in Figure 4.2. From now on, this model is used as FSCW-PMaSynRM with ferrite. 
 
 

 

 

Figure 4.1. FSCW-PMaSynRM cross-section with 5.29kg of ferrite when the magnet temperature is 
65°C (the ambient temperature is 20°C) and detail of irreversibly demagnetized parts of the 

magnets, where the flux density is lower than Bknee (TPM = 65°C) = -0,1 T. 
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Figure 4.2. FSCW-PMaSynRM cross-section with 3,86kg of ferrite (radially divided) when the 

magnet temperature is 65°C (the ambient temperature is 20°C). 
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4.1 From FSCW-PMaSynRM with Ferrite to FSCW-PMaSynRM with NdFeB 
 

In applications where high efficiency is required, NdFeB magnets can be used since its 
remanence, coercivity and energy product are much higher than in the case of ferrite magnets. 
However the cost of NdFeB magnets have significantly increased during the latest years. Thus, 
ferrite magnets are becoming more and more popular and are replacing the NdFeB magnets in 
this kind of applications [23]. 
 
As it happened with ferrite, there are different classes of NdFeB magnets. Figure 4.3 shows the 
demagnetization curves of three types of NdFeB commercialized by Neorem Magnets. In this 
design, NdFeB (493a) is chosen to be inserted in the barriers.   
 
 

 
Figure 4.3. B-H curve of three classes of NdFeB: ‘493a’ ‘495a’ and ‘499a’ of Neorem Magnets. 

 
 
Figure 4.4 shows the B-H curves of the chosen NdFeB and previously chosen ferrite magnets. 
The remanent flux density reaches values of 1.1T and 0.4T respectively.   
 

 
Figure 4.4. B-H curves for NdFeB (493a) and ferrite (NMF-12G) and the working point of the 

magnets in each case. 
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4.1.1 Magnet Volume 

The remanent flux density that ferrite magnets can reach is lower than NdFeB magnets. 
Therefore, PMaSynRM with NdFeB magnets needs less amount of magnet material to provide 
the same magnet flux density.  
 
In order to find out which mass of NdFeB magnets is comparable to the mass of ferrite, the 
mass of NdFeB is increased from zero to the maximum mass that can fit in all the barriers. The 
analyzed parameter is the open-circuit voltage, in such a way that the mass of NdFeB is 
equivalent to the mass of ferrite when the open-circuit voltage is the same for both models. The 
amount of magnets is increased from the innermost barrier to the outermost barrier and from the 
q-axis to the ends of the barriers in a symmetrical way. 
 
Figure 4.5 shows the cross-section of the FSCW-PMaSynRM where the ferrite magnets have 
been substituted by NdFeB magnets in such a way that the open-circuit voltage is 140 V in both 
cases. In this case the magnets amount has been reduced from 3.86 kg of ferrite to 2.1 kg of 
NdFeB magnets. 

  
Figure 4.5. FSCW-PMaSynRM cross-section with 2.1kg of NdFeB.  

 
Figure 4.6 shows the evolution of efficiency and power factor when the mass of NdFeB 
increases from zero to the corresponding mass that fully fills the barriers. The efficiency and 
power factor notably increase with the amount of magnets, reaching even values for efficiency 
and power factor very close to the ideal values (in the case of 4.95 kg of NdFeB). However this 
improvement on the performance implies a proportional increase of the price of the magnets. 

 
Figure 4.6. Variation of efficiency and power factor of FSCW-PMaSynRM when the mass of NdFeB 

magnets increases. 
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4.1.2 Magnet Placement 

Once the equivalent mass of NdFeB (that provide the same open-circuit voltage as in the case 
of ferrite) has been determined, the placement of the magnet along the barrier is studied in 
order to obtain the best efficiency, power factor and torque ripple. Only symmetrical options are 
considered. However asymmetrical options could be interesting to study since, in other studies 
[24], asymmetrical placement of the magnet improved performance of the motor compared to 
the symmetrical designs. 
 
The selection procedure of the better magnet placement is divided in two steps:  
 

-‐ In the first step, the efficiency, power factor and torque ripple are calculated for different 
magnet placements considering four main cases: case 1 when only the innermost barrier 
is filled (this analysis is shown in Appendix A), case 2 when the two innermost barriers 
are filled (shown in Appendix B), case 3 when the three innermost barriers are filled 
(shown in Appendix C) and case 4 when all the barriers are filled with NdFeB magnets 
(shown in Appendix D). 

 
-‐ During the second step, the options with the best performance in each of the previous 

cases are selected and shown in Figure 4.7: option 1 (corresponding to option C in 
Appendix A), option 2 (corresponding to option F in Appendix B), option 3 
(corresponding to option D in Appendix C), and option 4 (corresponding to option C in 
Appendix D). The final design for the PMaSynRM with NdFeB is the best within these 
four options. 

 
Figure 4.8 show the efficiency, power factor and torque ripple for the four options. The 
variation of efficiency with the magnet placement is not significant (0.72%). Power factor 
and torque ripple present significant changes with the magnet placement variation (14% 
and 33% of variation, respectively).  

 
Thus, the main parameters to decide the best performance are the efficiency and the 
torque ripple. The final design for the PMaSynRM with NdFeB is the option 4, where 
2.1kg of NdFeB are distributed inside of the four barriers. 

 

 

  
Figure 4.7. The placement options for FSCW-PMaSynRM with the best performance for the cases of 

one, two, three or four barriers filled with 2.1kg of NdFeB. 

θ1 
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Figure 4.8. Efficiency, power factor and torque ripple of FSCW-PMaSynRM for the different 
placement options with 2.1kg of NdFeB and for FSCW-PMaSynRM with 3.86kg of ferrite. 

 
Figure 4.9 shows the final design of the FSCW-PMaSynRM with ferrite and the FSCW-
PMaSynRM with NdFeB. After this design process, both models are analyzed and compared in 
the next section.  
 
 

  
(a) (b) 

Figure 4.9. FSCW-PMaSynRM with ferrite (a) and FSCW-PMaSynRM with NdFeB (b) cross-section. 
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4.2 Temperature Effect 
A motor can work in very different atmospheres. One of the most important factors that affects 
the performance of a PMaSynRM is the temperature, mainly because the magnet material 
properties vary significantly with it. Once the motors have been designed it is important to know 
how the performances change with the temperature. 
 
In this section several investigations are performed in order to compare the motor behavior with 
both types of materials at different temperatures. The flux-weakening capability, 
demagnetization and the overload capability of the motor are studied for a range of magnet 
temperatures of [-15°C, 225°C] for the case of ferrite and [-15°C, 185°C] for the case of NdFeB. 
 
In all the simulations, the PM temperature is independent of the speed. In reality, in self-
ventilated motors, which are the vast majority, the rotor temperature decreases with the speed. 
However, since this cooling factor cooling depending of the speed would be the same in all the 
studied motors, this assumption is acceptable. 
 
Figure 4.10 shows the demagnetization curves of ferrite depending on the temperature. In Table 
4.1 the data of the demagnetization curves are presented as well as the flux density value 
corresponding to the “knee point”. The values for temperatures higher than 100°C are 
calculated by interpolation, i.e. by identifying the temperature coefficients for the remanent flux 
density and the coercivity and applying them to calculate the demagnetization curves that do 
not appear in Figure 4.10.  
 
Ferrite and NdFeB magnets change their properties with the temperature, but with an opposite 
behavior. As Figure 4.10 and Figure 4.11 show, when the temperature increases, the coercivity 
of ferrite magnets increases while it decreases in the case of NdFeB. 
 

 
Figure 4.10. Demagnetization curves of ferrite (NMF-12G, Hitachi Metals) at different temperatures 

[19]. 
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Table 4.1. Data of demagnetization curves of ferrite (NMF-12G, Hitachi Metals) at 
different temperatures. (Source: Extrated data from Figure 4.10 by extrapolation). 

Magnet 
temperature 

[°C] 

Ambient 
temperature 

[°C] 

Remanent 
flux density 

[T] 

Coercivity 
[A/m] 

Knee flux 
density [T] 

-15 -60 0,47 -356811 0,06 
25 -20 0,44 -330133 -0,02 
65 20 0,40 -303456 -0,10 

105 60 0,37 -276778 -0,18 
145 100 0,33 -250101 -0,26 
185 140 0,30 -223424 -0,34 
225 180 0,26 -196746 -0,42 

 
 
 
Figure 4.10 and Table 4.2 show the demagnetization curves of NdFeB depending on the 
temperature. The values for temperatures that do not appear in Figure 4.10 were calculated by 
interpolation. 
 

 
Figure 4.11. Demagnetization curves of NdFeB (Neorem 493a) at different temperatures [20]. 
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Table 4.2. Data of demagnetization curves of NdFeB (Neorem 493a) at different 
temperatures. (Source: Extrated data from Figure 4.10 by extrapolation). 

Magnet 
temperature 

[°C] 

Ambient 
temperature 

[°C] 

Remanent 
flux density 

[T] 

Coercivity 
[A/m] 

Knee flux 
density [T] 

-15 -60 1,19 -903514 -1,13 
25 -20 1,14 -865234 -0,79 
65 20 1,09 -826954 -0,46 

105 60 1,04 -788674 -0,13 
145 100 0,99 -750394 0,21 
155 110 0,98 -740786 0,29 
165 120 0,97 -731254 0,37 
175 130 0,95 -721646 0,46 
185 140 0,94 -712114 0,54 
225 180 0,89 -673834 0,87 
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4.2.1 Flux-Weakening Capability 

 
The flux-weakening capability is defined by parameter called the constant power speed ratio 
(CPSR), defined in chapter 2 as: 
 

 
(4.1) 

 
where  is the maximum speed and  is the nominal speed at which the nominal 
torque can be reached. The machine specifications, presented in chapter 3, established the 
maximum speed that the machine has to achieve.  
 
In this section, the torque-speed characteristics for different loads are calculated. These curves 
change depending on the temperature, i.e. the maximum achievable speed for a certain torque 
is different depending on the temperature. Furthermore, the minimum flux density in the 
magnets is expressed in these torque-speed characteristics in order to see when a certain 
working point presents magnets demagnetization.  
 
Appendix E shows the torque-speed characteristics of FSCW-PMaSynRM with ferrite. Figure 
4.12 shows two examples of these characteristics for magnet temperatures of -15°C (Figure 
4.12a) and 25°C (Figure 4.12b). If the magnet demagnetization is not taken in account, the 
maximum achievable speed for a certain load increase. Therefore the CPSR parameter that 
defines the flux-weakening capability increases when the temperature decreases. However, the 
knee flux density increases when temperature decreases. This fact causes that the temperature 
range with higher risk of demagnetization is the range of lower temperatures. Although the flux-
weakening capability is better for lower temperatures, when the magnet demagnetization is 
considered, at low temperature some points of the magnets are demagnetized and the machine 
can not operate in the corresponding working point.  
 
Appendix F shows the torque-speed characteristics of FSCW-PMaSynRM with NdFeB. Figure 
4.13 shows two examples of these characteristics for magnet temperatures of 145°C (Figure 
4.13e), 185°C (Figure 4.13f). When the temperature decreases the CPSR increases, as in the 
case of ferrite. However, contrary to the case of ferrite, the knee flux density decreases when 
temperature decreases. The temperature range with higher risk of demagnetization in this case 
is the range of higher temperatures. 
 
Thus, the flux-weakening capability is better for lower temperatures and there is no problem of 
magnets demagnetization, while the opposite effect occurs at higher temperatures. 
 
It is very important to highlight that these points represent the machine running with a rotor 
angle corresponding to the higher efficiency and power factor and the required torque. Each 
point is calculated separately, not considering how is the speed/torque (and rotor angle) and 
combining them during the transients to reach this working point, avoiding demagnetization 
wherever possible. 
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(a) 

 

(b) 

Figure 4.12. Torque-speed characteristics of FSCW-PMaSynRM with ferrite at different percentage 
of load: TPM = {-15°C (a), 25°C (b)}. Red values present magnet demagnetization. 
 

 

(e) 

 

(f) 

Figure 4.13. Torque-speed characteristics of FSCW-PMaSynRM with NdFeB at different percentage 
of load:  TPM = {145°C (e), 185°C (f)}. Red values present magnet demagnetization. 
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4.2.2 Variation of the motor performance with the temperature.  

 
It is interesting to know how the motor performance varies with the temperature. Performance 
means here the values of efficiency and power factor. In order to know the influence of the 
temperature on the motor performance, the values of efficiency and power factor were 
evaluated in all the points of the torque-speed characteristics shown in the Appendixes E and F. 
It has been concluded that the influence of the temperature on the performance is the same for 
all the points with speed lower than the nominal speed. Likewise the influence of the 
temperature on the performance is the same for all the points with nominal or higher speed. 
 
In order to represent this performance of all the points in a more efficient way, this report only 
shows the motor performance at two representative points (see Figure 4.14): the nominal point, 
1500 rpm and 100% load, is a representative point of the nominal speed and high speed 
working points, and the working point characterized by 750 rpm and 100% load is a 
representative point of the low speed working points. 
 

Figure 4.14. Three main regions on the torque-speed map. Representative points of the influence of 
the temperature on the performance in each working point. 

 
Figure 4.15 shows the variation of efficiency, power factor, current, airgap flux density and 
remanent flux density for the FSCW-PMaSynRM with ferrite. The two representative points are 
shown.  
 
It is important to highlight that in each of these cases the frequency, load, nominal output power, 
and voltage are kept constant.  
 
At nominal point efficiency and power factor decrease with the temperature. Moreover, the 
current increases when the temperature increases. At the low speed point the power factor 
decreases with the temperature while the efficiency increases. In this case, unlike in the case of 
nominal point, the current decreases when the temperature increases. In reality, one could think 
that since the remanent flux density reduces and the torque needs to be kept constant, the 
current should increase. This strange behavior might be explained for other dependencies 
between the different parameters, but this research is not cover in this report. 
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1500 rpm and 100% load 750 rpm and 100% load  

 

(a) 

 

(c) 

 

(b) 

 

(d) 

 

Figure 4.15. Performance variation with the temperature of the FSCW-PMaSynRM with ferrite: 
efficiency and power factor at nominal point (a), current, airgap flux density and remancence flux 
density at nominal point (b), efficiency and power factor at low speed point (c), current, airgap flux 

density and remanent flux density at low speed point (d).  

 
 
Figure 4.16 shows the variation of efficiency, power factor, current, airgap flux density and 
remanent flux density for the FSCW-PMaSynRM with NdFeB and the two representative points. 
In the same way as with ferrite, the influence of the temperature on the performance parameters 
is the same in both cases except for the power factor and the current. 
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1500 rpm and 100% load 750 rpm and 100% load  

 

(a) 

 

(c) 

 

(b) 

 

(d) 

 

Figure 4.16. Performance variation with the temperature of the FSCW-PMaSynRM with NdFeB: 
efficiency and power factor at nominal point (a), current, airgap flux density and remancence flux 
density at nominal point (b), efficiency and power factor at low speed point (c), current, airgap flux 

density and remanent flux density at low speed point (d).  
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4.2.3 Safety range for irreversible magnet demagnetization.  

 
It is interesting to know the range of temperatures where the motor can operate without risk of 
magnet demagnetization. After analyzing the curves of the Appendixes E and F, it has been 
concluded that a useful way to present these range is considering three regions of speed: low, 
nominal and high speed. 
 
Table 4.3 contains the safety range of temperatures where the magnets are not irreversibly 
demagnetized for FSCW-PMaSynRM with ferrite and NdFeB. For nominal speed and high 
speed working points a wide range is found in both ferrite and NdFeB cases. But for working 
points with speed lower than the nominal speed, the range found in the ferrite case is much 
narrower than in the case of NdFeB. The magnet may be demagnetized even at 20°C of 
ambient temperature. 
 

Table 4.3. Safety range of temperatures where the magnets are not irreversibly 
demagnetized for FSCW-PMaSynRM with ferrite and NdFeB. 

Parameters Units 
FSCW-

PMaSynRM 
with ferrite 

FSCW-
PMaSynRM 

with 
NdFeB 

Safety range (nominal point) °C [-15:225] [-15:175] 
Safety range (high speed) °C [25:225] [-15:175] 
Safety range (low speed) °C [145:225] [-15:155] 
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4.2.4 Overload Capability 

This section studies the maximum torque that the machine can deliver and the maximum torque 
for which the magnets are not demagnetized. Figure 4.17 and Figure 4.18 show the maximum 
load and maximum load for no demagnetization for the FSCW-PMaSynRM with ferrite and with 
NdFeB respectively. 
 

 
Figure 4.17. Maximum load for the FSCW-PMaSynRM with ferrite. 

 

 
Figure 4.18. Maximum load for the FSCW-PMaSynRM with NdFeB. 

 
In both cases the maximum load decreases with the temperature. The ferrite is more 
susceptible of irreversible demagnetization at low temperatures and the overload capability 
starts to decrease for magnets temperatures lower than 65°C. The NdFeB is more susceptible 
of demagnetization at high temperatures and the overload capability decreases for magnet 
temperatures higher than 145°C.  
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4.2.5 Variation of the Motor Performance with the Load. 

 
This section studies the variation of the efficiency and the power factor with the speed for 
different load levels. Figure 4.14 shows this variation for a magnet temperature of 65°C. This 
variation was analyzed also for the other studied temperatures. However they are not presented 
in this report since the behavior was similar. 
 

 

(a) 

 

(b) 

Figure 4.19. Efficiency (a) and power factor (b) variation on torque-speed characteristics of FSCW-
PMaSynRM with ferrite at TPM = 65°C. Red values present magnet demagnetization.  
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5 Active Length Analysis 
 
During the design phase in chapter 3 a fixed value for the active length of the motors was used. 
Some conclusions about the differences on losses distribution between DW-SynRM and FSCW-
SynRM were made. It was found that, even though the half-length of the coil is reduced by 23% 
from the distributed to the concentrated winding, the copper losses are higher in the 
concentrated winding due to the higher current for the required nominal torque. 
 
The difference in copper losses between distributed and concentrated winding depends mainly 
on the active length. Thus, this section analyzes the cases of the DW-SynRM and FSCW-
SynRM where the active length of the motors (190 mm) is reduced to half of its value (95 mm). 
The copper losses are analyzed in both cases. 
 
According with [3] the torque can be expressed as: 
 

   (5.1) 
 
where  is the torque, is the maximum of the fundamental current loading,  is the inner 
stator diameter,  is the airgap length,  is the active length,  is the maximum of the 
fundamental open-circuit airgap flux density,  is the fundamental winding factor and  is the 
angle between the d-axis and the current vector.  
 
At the same time, the fundamental current loading, according with [8], can be expressed as: 
 

  
(5.2) 

 
where  is the number of conductors per slot,  is the maximum of the current and  is the 
number of stator slot. 
 
For this analysis it would have been enough to simply reduce the active length in half and keep 
constant the rest of the parameters. Then, the torque is halved, since it is proportional to the 
active length. However, in this case this was not enough because the simulation tool was not 
able to find a solution with these values. Therefore, it was also necessary to double the number 
of turns. Thus, the new current value is halved: 
 

  
(5.3) 

 
 
Table 5.1 shows the performance at nominal point of the DW-SynRM and FSCW-SynRM with 
190 mm and 95 mm of active length.  
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Table 5.1. Machine performance of DW-SynRM and FSCW-SynRM with total active 
length (190mm) and half of the active length (95mm) 

Parameters Units DW-SynRM 
La=190 mm 

FSCW-
SynRM 

La=190 mm 

DW-SynRM 
La=95 mm 

FSCW-
SynRM 

La=95 mm 

Half-length of coil mm 351,63 270 256,63 175 
Number of turns - 13,5 97 27 194 
Output power kW 15 15 7,5 7,5 
Speed rpm 1500 1500 1500 1500 
Torque Nm 95,4 95,5 47,8 47,7 
Torque ripple % 38,0 77,5 38,9 81,0 
Voltage V 380 380 380 380 
Current A 32,60 51,10 16,34 25,81 
Power factor - 0,76 0,50 0,78 0,51 
Efficiency % 92,4 90,1 90,0 87,8 

Current loading A/cm 370,9 696,3 371,7 703,0 

Current density A/mm2 7,39 7,23 7,47 7,30 

Airgap flux density T 0,893 0,603 0,859 0,580 
Total losses W 1231 1639 839 1039 

 
 
Figure 5.1 shows the comparison of losses distribution of DW-SynRM and FSCW-SynRM with 
total active length and half of the active length. 
 
It is found that in case of half of the active length, the total losses increase from distributed to 
concentrated winding is lower (increase of 24%) than in the case of total active length (increase 
of 33%). 
 
This smaller total losses increase is mainly due to a smaller copper losses increase in the case 
of 95 mm. 
 
The copper losses can be expressed by the equation (5.4) 
 

 (5.4) 
 
where  represents the copper losses, and  and  correspond to the 
copper losses in the active part and in the end-winding respectively. 
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Figure 5.1. Comparison of losses distribution of DW-SynRM and FSCW-SynRM: (a) total losses 

distribution for La=190 mm, (b) copper losses distribution for La=190 mm, (c) total losses distribution 
for La=95 mm and (d) copper losses distribution for La=95 mm. 

 
 
 
The reduction of the end-winding losses is the same in both active length sizes. The increase of 
the current is also the same. However the increase of the copper losses in the active part is 
lower in the case of half of the length. As a conclusion, the shorter the motor is the smaller is 
the total losses increase from distributed to concentrated winding, and hence more profitable 
are the concentrated winding. 

(a) 

(d) (b) 

(c) 
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6 Evaluation of the FSCW-PMaSynRM Design 
 
This chapter contains an evaluation of the machine performance and properties of the FSCW-
PMaSynRM design.  
 
Section 6.1 compares five motors with different stator and rotor topologies and different 
materials: DW-IM, DW-SynRM, FSCW-SynRM and FSCW-PMaSynRM with ferrite and FSCW-
PMaSynRM with NdFeB.  Some conclusions about the advantages and drawbacks of each of 
them are extracted from this comparison. 
 
After the comparison of the aforementioned motors, in section 6.2 it is considered interesting to 
design a DW-PMaSynRM and compare it with the rest of the motors. 
 
Section 6.2 suggests a redesign of the FSCW-SynRM and FSCW-PMaSynRM with ferrite 
where the fill factor is increased. It is checked that this increase of the slot fill factor considerably 
changes the performance and properties of the design model, and also it makes more relevant 
the length analysis performed in the previous chapter. 

 

6.1 Technology Comparison 
 

The aim of this section is to compare the FSCW-PMaSynRM (ferrite) with the other motor 
topologies that could supply the required specifications and to figure out what is the most 
suitable motor for the proposed application. 
 
Figure 6.1 shows the five models to be compared:  
 

a) A commercial DW-IM, whose characteristics are specified in Table 6.1. 
b) The DW-SynRM presented in section 3.2.1 as reference motor for the following designs. 
c) The FSCW-SynRM designed in section 3.2.1. 
d) The FSCW-PMaSynRM with ferrite, designed in section 3.2.2 and modified in section 4. 
e) The FSCW-PMaSynRM with NdFeB, designed in section 4.1. 

 

     
(a) (b) (c) (d) (e) 

Figure 6.1.(a) DW-IM, (b) DW-SynRM, (c) FSCW-SynRM, (d) FSCW-PMaSynRM with ferrite, (e) 
FSCW-PMaSynRM with NdFeB 

 
All of these models have equal nominal power (15 kW), frequency (50 Hz), voltage (380 V), 
number of poles (4 poles), outer and inner diameter (219,8 mm and 136 mm respectively) and 
length of the airgap (0,52 mm). Therefore it is possible to compare their performance and 
suitability for the required application. The following sections resume the performance at 
nominal point, the losses distributions, the flux-weakening capability and the cost analysis for 
each of the proposed motors. 
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Table 6.1 .Electrical and geometrical parameters of IM. 

Parameters Units DW-SynRM 
Nominal power kW 15 
Nominal frequency Hz 50 
Nominal voltage V 380 
Number of poles - 4 

Stator: 
Outer diameter mm 219,8 
Inner diameter mm 136 
Axial length mm 230 
Number of slots - 36 
Slot fill factor - 0,67 

Rotor: 
Length of the airgap mm 0,52 
Rotor core inner diameter mm 44,85 
Number of slots - 28 
Skew (in stator slot pitches) - 1,61 

 

6.1.1 Performance at Nominal Point 

Table 6.2 presents the performance at the nominal point of each of the motors. Some 
conclusions are extracted for this comparison: 
 
-‐ The nominal torque of the DW-IM is slightly higher but within a reasonable variation so that 

the motors can be compared. 
 

-‐ The main disadvantage of the DW-IM is that copper losses in the rotor reduce the machine 
efficiency. For this reason DW-SynRM is interesting, since the rotor cage does not exist and 
consequently the efficiency increases. The power factor is slightly reduced from DW-IM to 
DW-SynRM. 
 

-‐ When the winding topology is changed from distributed to concentrated winding, the airgap 
flux density is lower and the current increases in order to deliver the required nominal 
torque. This causes that the copper losses are higher in the concentrated winding 
compared with the distributed winding, even though the half-length of the coil has been 
reduced 40%. Consequently the efficiency decreases. The torque ripple increases when 
opting for concentrated winding. Moreover, the power factor is strongly reduced from the 
distributed to the concentrated winding, since the FSCW-SynRM needs high magnetizing 
current in order to magnetize the iron.  
 

-‐ The FSCW-PMaSynRM, both with ferrite and with NdFeB, have higher power factor than 
the FSCW-SynRM, achieving values even higher than in the case of DW-SynRM. Since this 
topology does not need high magnetizing current, the losses reduce and the efficiency 
increases to values higher than in the case of DW-SynRM.  
 

-‐ The difference between the performance of the FSCW-PMaSynRM with ferrite and the 
FSCW-PMaSynRM with NdFeB is not significant. The main advantage is that the mass of 
the magnets can be reduced by 46%. Apart from the machine weight reduction, provides 
also more freedom to place the magnets. This fact allows that the torque ripple can be 
significantly reduced. 
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Table 6.2. Comparison of the performance at nominal point. 

Parameters Units DW-IM DW-
SynRM 

FSCW-
SynRM 

FSCW-
PMaSynRM 
with ferrite 

FSCW-
PMaSynRM 
with NdFeB 

Output power kW 15 15 15 15 15 
Speed rpm 1464,65 1500 1500 1500 1500 
Torque Nm 98,02 95,41 95,48 95,51 95,51 
Torque ripple % 44,50 38,00 77,50 47,92 31,18 
Current A 30,55 32,61 51,12 30,27 31,24 
Voltage V 380 380 380 380 380 
Power factor - 0,83 0,76 0,50 0,80 0,78 
Efficiency % 89,9 92,4 90,1 94,4 94,3 
Current loading A/cm 312,1 370,9 696,3 467,6 482,5 
Current density A/mm2 5,849 7,394 7,232 4,916 5,073 
Airgap flux density T 0,811 0,893 0,603 0,666 0,657 
Total losses W 1132 1230 1638 881 908 

 

 
Figure 6.2. Losses distribution (copper and iron losses) at nominal point. 
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6.1.2 Overload Capability. 

The overload capability is here defined as the maximum torque at nominal speed that the motor 
can deliver without irreversible demagnetization of the magnets. This point is shown in Figure 
6.3. 

 
Figure 6.3. Example of torque-speed characteristics for different loads. 

 
 
The overload capability of the proposed motors is obtained from the torque vs. rotor angle 
curves. 
 
For given values of voltage and electromotive force, there is a maximum torque that the 
machine can deliver. The machines were optimized to achieve the best combination of 
efficiency and power factor. Thus, the nominal point corresponds to the point with maximum 
efficiency and power factor. However, the machine can normally deliver a higher torque than the 
nominal at the expense of a reduction of efficiency and power factor. 
 
Figure 6.4 and Figure 6.5 shows the characteristics of torque, power factor, efficiency and 
current respect to the rotor angle for all the proposed motors at 20°C of ambient temperature 
(65°C of magnets temperature). 
 
This graphics allow the determination of the overload capability. By comparing the DW-SynRM 
and the FSCW-SynRM it is possible to observe that distributed winding has better properties in 
terms of overload capability, in addition to better performance at nominal point. 
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DW-SynRM FSCW-SynRM 

  

  

Figure 6.4. Variation of the motor performance with the rotor angle at 20°C: torque and power factor 
(a) and efficiency and current (b) for DW-SynRM; torque and power factor (c) and efficiency and 

current (d) for FSCW-SynRM. 
 
 
In the cases of FSCW-PMaSynRM with ferrite and NdFeB, the overload capability increases 
respect to the FSCW-SynRM, as well as the performance at nominal point. The performance at 
nominal point of FSCW-PMaSynRM with ferrite and NdFeB is similar (as it was shown in the 
previous section). One of the most important differences between these two motors is the 
maximum torque that the can deliver without irreversible demagnetization of the magnets. In the 
case of NdFeB the motor can work without risk of irreversible demagnetization along the whole 
range of rotor angle, reaching the value for the maximum torque. However, the machine with 
ferrite becomes irreversibly demagnetized when the delivered torque is higher than 134 Nm. 
This scenario of magnets demagnetization changes with the temperature. Thus, as it was 
shown in Figure 4.17 and Figure 4.18, the demagnetization status for the machine with ferrite is 
more vulnerable to low temperatures, while the machine with NdFeB is more vulnerable to high 
temperatures.  
 

(a) 

(b) 

(c) 

(d) 
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FSCW-PMaSynRM with ferrite FSCW-PMaSynRM with NdFeB 

 

 

  
Figure 6.5. Variation of the motor performance with the rotor angle at 20°C: torque and power factor 
(a) and efficiency and current (b) for FSCW-PMaSynRM with ferrite; torque and power factor (c) and 

efficiency and current (d) for FSCW-PMaSynRM with NdFeB. 

 
Table 6.3 shows the overload capability, here defined as the percentage of the maximum torque 
that the motor can deliver without irreversible demagnetization of the magnets over the nominal 
torque, the results of this comparison are: 
 

-‐ DW-IM has the highest overload capability of the proposed motors. 
 

-‐ Concentrated winding does not present good properties in terms of overload capability, 
as can be seen by comparing DW-SynRM and FSCW-SynRM. 
 

-‐ The magnets insertion improves the overload capability of the FSCW-SynRM but still the 
overload capability of FSCW-PMaSynRM neither with ferrite nor with NdFeB is not better 
than the DW-SynRM. 

 

Table 6.3. Comparison of overload capability at 20°C. 

Parameters Units DW-IM DW-
SynRM 

FSCW-
SynRM 

FSCW-
PMaSynRM 
with ferrite 

FSCW-
PMaSynRM 
with NdFeB 

Overload capability % 340 223 113 140 167 

(a) 

(b) 

(c) 

(d) 
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6.1.3 Flux-Weakening Capability. 

In this section the constant power speed ration (CPSR) and the torque at maximum speed are 
calculated. For this, several cases are simulated: starting at nominal speed at 100% load 
(nominal point) and increasing the speed until a certain speed where the motor cannot deliver 
the required torque. Such speed is the maximum speed and the corresponding torque is the 
torque at maximum speed. 
 

 
Figure 6.6. Linear approximation of torque-speed characteristics of all the proposed motors at 100% 

and 20°C. 

 
Table 6.4 shows the values of these maximum speed and torque at maximum speed for each of 
the motors. The results are: 
 

-‐ The DW-IM has the best properties in terms of flux-weakening capability.  
 

-‐ The FSCW-SynRM have worse flux-weakening capability than DW-SynRM.  
 

-‐ However, the FSCW-PMaSynRM shows better results than not only the FSCW-SynRM 
but also the DW-SynRM. 
 

Table 6.4. Comparison of flux-weakening capability at 20°C. 

Parameters Units DW-IM DW-
SynRM 

FSCW-
SynRM 

FSCW-
PMaSynRM 
with ferrite 

FSCW-
PMaSynRM 
with NdFeB 

Maximum speed rpm 4300 2850 1590 3150 3450 
Torque at maximum speed Nm 33,34 50,23 90 45,41 41,47 
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6.1.4 Cost Comparison 

This section compares the studied motors from the cost point of view. In this thesis several 
parameters was fixed during the optimization process: outer and inner diameter, axial length, 
nominal power, nominal frequency, nominal voltage and number of poles.  
 
A complete cost analysis could be performed by modifying some of the reference parameters 
(for example, axial length) to get similar efficiency in all of the studied topologies and comparing 
the material and the operation costs. However, this was not a target in this thesis and only the 
material cost for these particular motors was performed. Hence, this comparison has to be 
interpreted as a particular comparison and not as a general topology comparison. 
 
Table 6.5 shows the values of the material costs.  
 

Table 6.5. Materials cost. 

Parameters Units Values 
Aluminum [27] USD/kg 2,5 
Copper [25] USD/kg 7,1 
Iron [25] USD/kg 2,1 
Ferrite PM [26] USD/kg 6 
NdFeB PM [25] USD/kg 82,3 

 

Table 6.6 shows the mass of the material of the different components of the motors and the 
total material cost. This total cost gives a rough estimation of the differences on the final cost of 
each motor. The DW-SynRM is the cheapest one in terms of material cost, followed by the 
FSCW-SynRM. The magnets insertion allows improving the performance at expense of an 
increase of the material cost. Thus the FSCW-PMaSynRM with ferrite is more expensive than 
FSCW-SynRM, around the same price of the DW-IM. The FSCW-PMaSynRM with NdFeB is the 
most expensive one, its cost being almost double as with ferrite. 

 

Table 6.6. Comparison of total cost of all the proposed motors. 

Parameters Units DW-IM DW-
SynRM 

FSCW-
SynRM 

FSCW-
PMaSynRM 
with ferrite 

FSCW-
PMaSynRM 
with NdFeB 

Iron kg 48,0 37,0 32,3 33,6 33,6 
Copper kg 8,2 6,7 9,9 9,8 9,8 
Magnets kg 0 0 0 3,9 2,1 
Aluminum kg 2,6 0 0 0 0 
Total cost USD 165,7 125,3 138,1 163,2 312,9 
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6.2 DW-PMaSynRM 
After the previous comparison, it is interesting to check if the insertion of magnets is more 
suitable in the case of distributed or concentrated winding. Therefore, a DW-PMaSynRM is 
designed with the same method used in the design process of the rest of the motors. A 
sensitivity analysis for each of the optimization parameters is performed.  
 
The insulation ratio analysis is shown in Figure 6.7. The optimized value for the insulation ratio 
has decreased from 1.3 in FSCW-PMaSynRM with ferrite to 0.8 in DW-PMaSynRM with ferrite, 
i.e. the saliency ratio and the space for placing the magnets have decreased. 
 
The optimal number of barriers and angle is shown in Figure 6.8. Four barriers and β = 12.3° is 
now the most convenient values in terms of torque ripple and mechanical stress. 

Figure 6.9 shows the influence of the number of turns on the motor performance. The maximal 
value of efficiency is reached with 13.5 turns. 
 
Finally the optimum slot opening is shown in Figure 6.10. The optimal slot opening in terms of 
efficiency, power factor and torque ripple changes from 19 in concentrated winding to 3 mm in 
distributed winding. 
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Insulation ratio: 
 

 

(a) 

 

 

(b) 

 

 

(c) 

 

Figure 6.7. Machine performance characteristics at the nominal point for different insulation ratio as 
parameter for the DW-PMaSynRM: (a) torque and torque ripple, (b) efficiency and power factor, (c) 

current and airgap flux density. 
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Number of barriers and angle β: 
 

  

Figure 6.8. Torque ripple at the nominal point for different values of , which is proportional 
to the angle β (DW-PMaSynRM with BSU=0.8). 

 
 
Number of turns: 
 

 

 
 
(a) 
 

 
(b) 
 

  
Figure 6.9. Machine performance characteristics at the nominal point for different number of turns as 

parameter for the DW-PMaSynRM with BSU=0.8, 4 barriers and β=12.3º: 
 (a) efficiency, (b) power factor and current 
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Slot opening: 
 

 
(a) 
 

 
(b) 
 

 
(c) 
 

 

Figure 6.10. Machine performance characteristics at the nominal point for different slot opening 
values as parameter for the DW-PMaSynRM with BSU=0.8, 4 barriers and β=12.3º and 13.5 turns: 

(a) torque and torque ripple, (b) efficiency and power factor, (c) current and airgap flux density. 
 
 



Evaluation of the FSCW-PMaSynRM Design     

 89 

 
Table 6.7 shows the new values for the optimized parameters of the FSCW-PMaSynRM. Figure 
6.11 shows the final optimized design.  
 

Table 6.7. Optimization parameters for DW-
PMaSynRM with ferrite. 

Parameters Units Values 
Insulation ratio - 0,8 
Number of barriers - 4 
Angle β degrees 12,3 
Number of turns - 13,5 
Slot opening mm 3 

 

 

Figure 6.11. Cross-section of the 
optimized DW-PMaSynRM with 

ferrite. 

 
This new design is compared with the previously considered motors in Table 6.8. The total 
losses and the efficiency are similar to the values of the FSCW-PMaSynRM with ferrite and with 
NdFeB. The two large differences are the low torque ripple and the high power factor of the DW-
PMaSynRM with ferrite. 
 

Table 6.8. Comparison of the performance at nominal point for all the proposed motors. 

Parameters Units 
FSCW-

PMaSynRM 
with ferrite 

DW-
PMaSynRM 
with ferrite 

FSCW-
PMaSynRM 
with NdFeB 

Output power kW 15 15 15 
Speed rpm 1500 1500 1500 
Torque Nm 95,51 95,61 95,51 
Torque ripple % 47,92 13,60 31,18 
Current A 30,27 26,10 31,24 
Voltage V 380 380 380 
Power factor - 0,80 0,9269 0,78 
Efficiency % 94,4 94,3 94,3 

Current loading A/cm 467,64 296,83 482,51 
Current density A/mm2 4,9164 5,9173 5,0728 
Airgap flux density T 0,666 0,911 0,657 
Total losses W 881,2 907,7 907,8 
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6.3 Slot Fill Factor Range Exploration 
 
In concentrated winding the slot fill factor can be increased up to approximately 0.75, as it was 
mentioned in chapter 3. However, with the idea to make sure that the manufacture process can 
easily obtain the slot fill factor, the chosen value at the initial point of the design was 0.63. The 
aim of this section is to further explore the range for the slot fill factor, which can be achieved by 
applying advanced winding methods on the motors with concentrated winding topology. In this 
section the chosen value for the slot fill factor is 0.74. 
 
 

6.3.1 Technology Comparison 

 
Two more motors are studied and added to the previous comparison: the FSCW-SynRM and 
the FSCW-PMaSynRM with ferrite, both with a slot fill factor of 0.74 instead of 0.63. Table 6.9 
shows the performance at nominal point and Figure 6.12 contains the losses distribution of each 
motor. 
 
The motivation to use a higher slot fill factor is to increase the efficiency; the other performance 
parameters do not show significant improvements.  
 
With the old slot fill factor the magnets insertion in FSCW-SynRM was not as beneficial as it 
was for the case of DW-SynRM. However with this new slot fill factor the magnets insertion in 
FSCW-SynRM is more beneficial than in DW-SynRM. Therefore, the FSCW-PMaSynRM 
achieves the highest efficiency level (95%) among all the compared motors. 
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6.3.2 Influence of the Slot Fill Factor on the Length Analysis 

 
In chapter 5 the impact of the active length reduction on the losses distribution of DW-SynRM 
and FSCW-SynRM was studied. The conclusion was that the shorter the motor is the lower the 
total losses increase from distributed to concentrated winding is. The improvement of the slot fill 
factor is taken into account in this section.  
 
In the same way as in chapter 5, Table 6.10 shows the performance at nominal point of DW-
SynRM and FSCW-SynRM with total active length and half of the active length and with the new 
fill factor Kf=0,74.  

 
Figure 6.13 shows the comparison of losses distribution of DW-SynRM and FSCW-SynRM with 
total active length and half of the active length and Kf=0,74. 
 

Table 6.10. Machine performance of DW-SynRM and FSCW-SynRM with total active 
length (190mm) and half of the active length (95mm). Kf=0,74 in all the cases. 

Parameters Units DW-SynRM 
La=190 mm 

FSCW-
SynRM 

La=190 mm 

DW-SynRM 
La=95 mm 

FSCW-
SynRM 

La=95 mm 

Half-length of coil mm 351,63 270 256,63 175 
Number of turns - 13,5 97 27 194 
Output power kW 15 15 7,5 7,5 
Speed rpm 1500 1500 1500 1500 
Torque Nm 95,41 95,48 47,8 47,74 
Torque ripple % 38,00 75,91 38,85 79,16 
Voltage V 380 380 380 380 
Current A 32,61 51,05 16,34 25,74 
Power factor - 0,76 0,49 0,78 0,50 
Efficiency % 92,4 91,1 90,0 89,1 
Current loading A/cm 370,9 695,4 371,7 701,2 
Current density A/mm2 7,394 6,140 7,470 6,191 
Airgap flux density T 0,893 0,606 0,859 0,586 
Total losses W 1231 1453 839 915 
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Figure 6.13. Comparison of losses distribution of DW-SynRM and FSCW-SynRM: (a) total losses 
distribution for La=190 mm, (b) copper losses distribution for La=190 mm, (c) total losses distribution 

for La=95 mm and (d) copper losses distribution for La=95 mm. 
 
 
With Kf=0,74 the reduction of the end-winding losses is higher (reduction of 25%) than with 
Kf=0,63 (reduction of 11%). The conclusion of this analysis is that higher slot fill factor makes 
even more profitable the reduction of the active length to increase the efficiency in concentrated 
winding. 
 

(a) 

(d) (b) 

(c) 
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7 Conclusions and Future Work 
 

7.1 Conclusions 
In this thesis, a FSCW-SynRM, a FSCW-PMaSynRM and a DW-PMaSynRM were designed. 
The design method used in this thesis consisted of a sensitivity analysis of the variation of four 
design parameters and their effect on the machine performance. All the designed models and 
other reference motors were compared. In this comparison, there are two main lines of study in 
this thesis: the winding topology and the magnets insertion. In this chapter all the conclusions 
that arose in the course of the study are discussed. 
 
 

7.1.1 Winding Topology 

 
-‐ DW-PMaSynRM vs FSCW-SynRM:  

 

Table 7.1. Summary of DW-SynRM and FSCW-SynRM properties. 

Parameters Units DW-SynRM FSCW-
SynRM  Variation  

Efficiency % 92,4 90,1 ↓ 2,5 % 
Power factor - 0,76 0,50 ↓ 34 % 
Torque ripple % 38,0 77,5 ↑ 40 % 
Copper losses W 861 1235 ↑ 43 % 
Iron losses W 329 363 ↑ 10 % 
Overload capability Nm 223 113 ↓ 49 % 

 (Flux-weakening)  - 1,9 1,06 ↓ 44 % 
Cost USD 125 138 ↑ 10 % 

 
For the FSCW-SynRM, the airgap flux density is lower and the motor needs higher current to 
deliver the required nominal torque. Thus the copper losses are higher (  43 % over DW case) 
in the FSCW-SynRM. At the same time, the high harmonic content causes higher iron losses (  
10 % over DW case). Consequently, the efficiency decreases (  2,3 %) in FSCW-SynRM.  
 
The large harmonic content in FSCW can increase the magnetic saturation, which occurs 
mainly along the d-axis path. This effect would produce the reduction of the d-axis inductance 
and the saliency, and hence the reluctance torque decreases. On the other hand, the large 
harmonic content that characterized the FSCW-SynRM leads to a large inductance. Therefore 
the power factor is strongly reduced (  26 %) in this case. For the same reason, the torque 
ripple is considerable higher (  40 %) than in the case of DW-SynRM. FSCW-SynRM present 
large zigzag leakage flux flowing through the tooth tips, since the number of poles is close to the 
number of slots. This generates rotational flux-density variations in the tooth tips and eventually 
magnetic saturation that cause high losses, especially during flux-weakening operation. Thus, 
FSCW-SynRM presents poorer overload capability (  49 % over the DW case) and flux-
weakening capability (  44 % over the DW case).  
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Although the end-winding length is reduced in FSCW-SynRM, the weight of copper is higher. 
Therefore, the total material cost is slightly higher (  10 %) in the FSCW-SynRM model. 
However, the simpler manufacturing process of concentrated winding leads to a reduction of the 
manufacturing cost. 
 
It can be concluded that FSCW is not suitable for SynRM because of the above reasons. It has 
been found that for FSCW-SynRM, the performance at nominal point improves with shorter 
active lengths and higher slot fill factors. However it was not proved that the FSCW-SynRM 
performance could be better than DW-SynRM performance with a certain active length and slot 
fill factor. 
 
 

7.1.2 The Effect of PM insertion  

 
-‐ FSCW-PMaSynRM with ferrite vs FSCW-SynRM:  

 

Table 7.2. Summary of properties for FSCW-SynRM and FSCW-PMaSynRM with ferrite. 

Parameters Units FSCW-
SynRM  

FSCW-
PMaSynRM 
with ferrite 

Variation  

Efficiency % 90,1 94,4 ↑ 4,8 % 
Power factor - 0,50 0,80 ↑ 60 % 
Torque ripple % 77,5 47,9 ↓ 30 % 
Copper losses W 1235 557 ↓ 55 % 
Iron losses W 363 283 ↓ 22 % 
Overload capability Nm 113 140 ↑ 24 % 

 (Flux-weakening) - 1,06 2,1 ↑ 98 % 
Cost USD 138 163 ↑ 18 % 

 
 
Due to the presence of the magnets, the FSCW-PMaSynRM does not need high magnetizing 
current, hence the losses are lower (  55 % copper losses and  22 % iron losses) and the 
efficiency increases (  4,3 %). Moreover, the FSCW-PMaSynRM improves the poor power 
factor of the FSCW-SynRM (  30 %). The torque ripple is also improved (  30 %).  
 
The overload capability (  24 %) and the CPSR (  98 %) of the FSCW-PMaSynRM are higher 
than FSCW-SynRM.  
 
Regarding the cost, the magnets are the more expensive materials. Thus, the cost increases 
( 18 %) from FSCW-PMaSynRM with ferrite to FSCW-SynRM. 
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-‐ FSCW-PMaSynRM with ferrite vs FSCW-PMaSynRM with NdFeB:  

 

Table 7.3. Summary of properties for FSCW-SynRM and FSCW-PMaSynRM with ferrite. 

Parameters Units 
FSCW-

PMaSynRM 
with ferrite 

FSCW-
PMaSynRM 
with NdFeB 

Variation  

Efficiency % 94,4 94,3 → 
Power factor - 0,80 0,78 → 
Torque ripple % 47,92 31,18 ↓ 17 % 
Copper losses W 557 595 → 
Iron losses W 283 272 → 
Overload capability Nm 140 167 ↑ 19 % 

 (Flux-weakening) - 2,1 2,3 ↑ 10 % 
Cost USD 163,2 312,87 ↑ 92 % 
Magnet volume kg 3,86 2,1 ↓ 46 % 
Safety range (nominal point) °C [-15:225] [-15:175] 

Ferrite high T 
NdFeB low T Safety range (high speed) °C [25:225] [-15:175] 

Safety range (low speed) °C [145:225] [-15:155] 
 

 
Magnet volume: 
 
The efficiency and power factor notably increase with the amount of magnets, as it was shown 
in Figure 4.6. However this improvement on the performance implies a proportional increase of 
the price of the magnets. 
 
In the design of the FSCW-PMaSynRM with ferrite, it was chosen the magnets amount that fills 
the rotor barriers except the corners of the barriers, since these parts become irreversibly 
demagnetized at 20°C of ambient temperature. In the design of the FSCW-PMaSynRM with 
NdFeB, the mass of NdFeB that is equivalent to the mass of ferrite is the one that makes the 
open-circuit voltage the same for both models. The magnets amount was reduced (  46 %) from 
3.86 kg in case of ferrite to 2.1 kg in case of NdFeB. Apart from the machine weight reduction, 
NdFeB provides also more freedom for the magnets placement, at expense of a significant 
increase of the cost (  92 %). 
 
Magnet placement: 
 
It was found that certain magnets placements increase the efficiency, power factor and torque 
ripple. This study was performed with the FSCW-PMaSynRM with NdFeB, where the 2.1 kg of 
magnets were distributed inside of the barriers in multiple options.  
 
The efficiency and power factor do not present significant changes, as far as 0.4% and 7% of 
variation, respectively). The main parameter to decide the best performance is the torque ripple 
that presents changes up to 25% of variation. 
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Fewer amounts of magnets allow more options for the magnets placement and probably the 
differences between the best and the worst placements would be higher, but this idea was not 
checked in this thesis. 
 
 
Temperature effect: 
 
Ferrite magnets and NdFeB magnets change their properties with the temperature, but with an 
opposite behavior. This thesis studied the flux-weakening capability, the demagnetization status 
of the magnets and the overload capability of the motor for a range of magnet temperatures of [-
15°C, 225°C] for the case of ferrite and [-15°C, 185°C] for the case of NdFeB. 
 
In both cases, with ferrite and NdFeB, when the temperature decreases the flux-weakening 
capability improves, i.e. the maximum achievable speed for a certain load increases. However, 
some of the points present irreversible demagnetization. In this thesis all the torque-speed 
characteristics for different load levels and different temperatures were calculated and the 
points with irreversible demagnetization were identified. It was found that the flux-weakening 
capability is better for NdFeB than ferrite (  10 % over the ferrite case). 
 
This thesis has also studied the variation with the temperature of efficiency, power factor, 
current, airgap flux density and remanent flux density for the FSCW-PMaSynRM with ferrite and 
NdFeB.  
 
Moreover, a safety range of temperatures where the magnets are not irreversibly demagnetized 
for FSCW-PMaSynRM with ferrite and NdFeB was calculated. For nominal speed and high 
speed working points, a wide safety range of magnets temperatures is found in both ferrite, 
[25°C, 225°C], and NdFeB, [-15°C, 175°C]. However, for working points with speed lower than 
the nominal speed, the safety range found in the ferrite case [145°C, 225°C] is much narrower 
than in the case of NdFeB [-15°C, 155°C]. 
 
Ferrite is more susceptible of irreversible demagnetization at low temperatures and the NdFeB 
is more susceptible at high temperatures. The maximum torque that the motor can deliver 
without irreversible demagnetization is higher in NdFeB case (  19% over the ferrite case).  
 

 
-‐ FSCW-PMaSynRM with ferrite vs DW-PMaSynRM with ferrite: 

 

Table 7.4. Summary of properties for FSCW-PMaSynRM with ferrite and DW-
PMaSynRM with ferrite. 

Parameters Units 
DW-

PMaSynRM 
with ferrite 

FSCW-
PMaSynRM 
with ferrite 

Variation  

Efficiency % 94,3 94,4 → 
Power factor - 0,93 0,80 ↓ 14 % 
Torque ripple % 13,6 47,9 ↑ 34 % 
Copper losses W 545 557 → 
Iron losses W 322 283 ↓ 12 % 
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The total losses and the efficiency of DW-PMaSynRM are similar to the values of the FSCW-
PMaSynRM. The two larger differences are the lower power factor (  13 %) and the higher 
torque ripple (  34 %) of FSCW-PMaSynRM in comparison with DW-PMaSynRM. The overload 
capability, flux-weakening and cost were not studied for this model. 
 
In this scenario the DW-PMaSynRM are more convenient in terms of performance level than the 
FSCW-PMaSynRM. However by using an advanced winding technique, it is possible to reach a 
high value of slot fill factor and then the performance of the FSCW-PMaSynRM becomes better 
(  0,7 %)  than DW-PMaSynRM.  
 
 

7.1.3 Summary 

 
To conclude, in this thesis it is found that performance of SynRM is worse with concentrated 
than with distributed winding. FSCW-SynRM present lower efficiency (↓2,5%), power factor 
(↓34%) and higher torque ripple (↑40%) than DW-SynRM. The magnet insertion in FSCW-
PMaSynRM notably improves the efficiency, power factor, torque ripple, the overload capability 
and the flux-weakening capability.  
 
After studying the influence of the magnet placement it has been found that the torque ripple is 
the parameter that more significantly varies with the magnet placement. However efficiency and 
power factor are slightly affected. In FSCW-PMaSynRM, the magnets placed closer to the 
airgap present higher risk of demagnetization. When the temperature increases the efficiency 
and power factor at rated speed, the flux-weakening capability and the overload capability of 
FSCW-PMaSynRM with ferrite decrease.  
 
The magnet volume can be reduced 46% by using NdFeB instead of ferrite. FSCW-PMaSynRM 
with ferrite presents better performance than the FSCW-PMaSynRM with NdFeB except for the 
torque ripple. However the torque ripple improvement caused by NdFeB can be easily achieved 
by skewing techniques.  
 
The FSCW-PMaSynRM presents a performance comparable to the existing topologies DW-
SynRM and DW-PMaSynRM. In addition, FSCW-PMaSynRM present important advantages: 
the axial length of the necessary frame is reduced, since end-winding length is shorter in 
FSCW. FSCW present better fault-tolerant capability than DW and FSCW required simpler and 
cheaper manufacturing process. 
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7.2 Future Work 
 

7.2.1 Fault Analysis 

One of the key challenges of using PMaSynRM is the fault-tolerance issue as the machine 
cannot be simply de-excited. The most severe and probable type of fault is the phase-to-phase 
fault. In FSCW the mutual inductance among the phases is lower and a physical separation 
exits in contrast to DW. This makes the FSCW likely to present better fault-tolerant capability. 
 
A fault analysis of FSCW-PMaSynRM could be performed and compared with the fault-tolerant 
capability of DW-PMaSynRM. Moreover, the most suitable winding arrangements and slot/pole 
combinations could be identified. 
 

7.2.2 Number of Layers 

The choice of number of layers depends mainly on the application. The single-layer winding 
have advantages such as the electrical and thermal isolation of the phases, high self-inductance 
that limits the short circuit currents and very low mutual inductances that isolate the phases 
magnetically. Otherwise, higher numbers of layers have other advantages as the limitation of 
the losses and torque ripple [3]. 
 

In the chapter 3 the effect of number of winding layers on the performance is shown, as well as 
the effect of going to higher number of layers. A convenient proposal for future work is to 
analyze the FSCW-PMaSynRM with four-layer winding configuration, shown in Figure 2.3 and to 
evaluate the effects mentioned in the chapter 3 with respect to the already studied in this report 
double-layer configuration. 
 

7.2.3 Rotor Design 

There are many works about the rotor design optimization for SynRM. Part of this research, 
specially the work in the reference [13], was briefly commented in chapter 1. In all of these 
investigations, the optimization is based on the stator topology of distributed winding with the 
hypothesis of a sinusoidal open-circuit flux density distribution in the airgap. 

 

However the open-circuit flux density distributions of distributed and concentrated winding are 
very different. Thus, the same optimization concept can be applied to the rotor design of a 
SynRM with concentrated winding. For each particular case of pole/slot combination, the open-
circuit airgap flux density distribution can be studied and the rotor structure can be optimally 
designed by following the same method used for distributed winding. 

 
7.2.4 Different Number of Poles 

Each pole-slot combination is associated with specific values for winding factor, torque ripple, 
vibration, rotor losses and linkage inductances. In this thesis the 4 poles/6 slots FSCW is 
studied, however other poles/slots combinations can be considered in FSCW-PMaSynRM and a 
similar analysis can be performed. It is interesting to discover the advantages and 
disadvantages that every combination may provide. 
 
As an example, a 10 poles/12 slots FSCW-PMaSynRM with NdFeB was studied in [29]. Here it 
was found that this motor has poor performance in terms of efficiency and power factor probably 
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caused by the lack of reluctance torque for this relatively higher number of poles solution. 
Moreover, it was found that FSCW amplify this negative effect for the 10 poles motor. It is 
proposed to use a 8 poles/12 slots PMaSynRM configuration with higher rotor saliency and a 
relatively lower NdFeB amount. The IPM and SMPM topologies were also analyzed, as well as, 
different PM materials. In this analysis, the PMaSynRM topology presents a relatively higher 
amount of PM, and consequently higher cost, in comparison to the IPM and SMPM topologies. 
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9 APPENDIXES 
 

9.1 Appendix  A 
 

  

  

 

Figure 9.1. Placement options for FSCW-PMaSynRM for the case of one barrier filled with 2.1kg of 
NdFeB. 
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Figure 9.2. Efficiency, power factor and torque ripple of FSCW-PMaSynRM for the different 

placement options with 2.1kg of NdFeB.
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9.2 Appendix  B 
 

   

   

   

Figure 9.3. Placement options for FSCW-PMaSynRM for the case of two barriers filled with 2.1kg of 
NdFeB. 
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Figure 9.4. Efficiency, power factor and torque ripple of FSCW-PMaSynRM for the different 

placement options with 2.1kg of NdFeB.
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9.3 Appendix  C 
 

   

   

 

  

Figure 9.5. Placement options for FSCW-PMaSynRM for the case of three barriers filled with 2.1kg 
of NdFeB. 
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Figure 9.6. Efficiency, power factor and torque ripple of FSCW-PMaSynRM for the different 

placement options with 2.1kg of NdFeB. 
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9.4 Appendix  D 

   

   

   

  

 

Figure 9.7. Placement options for FSCW-PMaSynRM for the case of four barriers filled with 2.1kg of 
NdFeB. 
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Figure 9.8. Efficiency, power factor and torque ripple of FSCW-PMaSynRM for the different 

placement options with 2.1kg of NdFeB. 
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9.5 Appendix  E 
 

 

(a) 

5  

(b) 

 

(c) 

 

(d) 

Figure 9.9. Torque-speed characteristics of FSCW-PMaSynRM with ferrite at different temperatures: 
TPM = {-15°C (a), 25°C (b), 65°C (c), 105°C (d)}. Red values present magnet demagnetization.  
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(e) 

 

(f) 

 

(g) 

Figure 9.10. Torque-speed characteristics of FSCW-PMaSynRM with ferrite at different 
temperatures: TPM = {145°C (e), 185°C (f), 225°C (g)}. Red values present magnet demagnetization. 
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9.6 Appendix  F 

 

(a) 

 

(b) 

 

(c) 

Figure 9.11. Torque-speed characteristics of FSCW-PMaSynRM with NdFeB at different 
temperatures: TPM = {-15°C (a), 25°C (b), 65°C (c)}. Red values present magnet demagnetization.  
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(d) 

 

(e) 

 

(f) 

Figure 9.12. Torque-speed characteristics of FSCW-PMaSynRM with NdFeB at different 
temperatures: TPM = {105°C (d), 145°C (e), 185°C (f)}. Red values present magnet demagnetization 
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