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Abstract 

 

This Master thesis focuses on the design of a high efficiency Permanent-Magnet-Assisted 

Synchronous Reluctance Motor (PMASynRM) intended for pump applications. The new motor is 

designed to replace an existing Induction Motor (IM) in a pump product.  

The basic principles of SynRM, and PMASynRM Motors and a good analytical model were 

introduced. Due to the complexity and high non-linearity of this specific electrical machine, Finite 

Element Method (FEM) and an analytical model were combined. First, a parameter sensitivity 

analysis was carried out with the software SPEED. However, SPEED does not give appropriate 

results for the sensitivity analysis of the distance from the shaft to the first barrier, and in this 

case, the FEM software FLUX was used instead. Using FEM as well, the risk of demagnetization 

of the magnets was controlled for the nominal current and for overload conditions. Furthermore, 

some conclusions were drawn in terms of the losses, and efficiency for the selected design. The 

design fulfills the required efficiency placing either ferrite or neodymium iron bore magnets in 

the rotor barriers. However, if ferrite magnets are employed, the maximum current should be 

controlled to avoid demagnetization.  

Finally, a ferrite PMASynRM prototype was built and tested in the lab. The simulation results as 

well as the measurement of other possible technologies including IM and Line Start Permanent 

Magnets (LSPM) machine were compared with the measurements of the prototype in terms of 

efficiency, power factor and cost. It is concluded that the designed PMASynRM is a good 

alternative as it surpassed the required efficiency and the results from the simulation were close 

to the test measurements. 

 

Keywords: Demagnetization study, efficiency, FEM, parametric study, Permanent-Magnet 

Assisted Synchronous Reluctance Motor, prototype. 

 

  



 

 
  

Sammanfattning 

 

Detta examensarbete fokuserar på konstruktion av en högverkningsgradmotor av typen  

Permanent-Magnet-Assisterad Synkronreluktansmotor (PMASynRM) avsedd för 

pumpapplikationer. Syftet är att asynkronmotorn i befintliga pumpar ska bytas ut mot den nya 

konstruktionen.  

På grund av maskinens komplexitet och dess höga olinjäritet kombinerades Finite Element 

Modelling metoden (FEM) och en analytisk metod. Till en början genomfördes en 

parameterberoende analys med SPEED för att komma fram till hur modellens olika parametrar 

påverkar maskinens prestanda. FEM beräkning gav mer pålitligt resultat för parameterstudie när 

det gällde avståndet från axeln till den första barriären (jämför med SPEED). Detta val hade 

fördelen att man även kunde studera avmagnetiseringsrisken vid märkström samt undersöka vid 

vilken ström magneterna faktiskt avmagnetiserades. Därutöver drogs slutsatser om 

verkningsgrad, prestanda och förluster. PMASynRM uppfyller önskad verkningsgrad med ferrit 

eller neodymmagneter. Om ferritmagneter används bör den maximala strömmen kontrolleras 

för att undvika avmagnetisering.  

Till slut byggdes och testades en PMASynRM prototyp. Resultaten från simulationen samt  

mätningarna av andra möjliga teknologier, som asynkronmotor och nätstartande 

permanentmagnetiserad motor (LSPM), jämfördes med mätningarna av prototypen med 

avseende på verkningsgrad, effektfaktor och kostnad. Slutsatsen är att PMASynRM är ett bra 

alternativ eftersom den överträffade den önskade verkningsgraden och eftersom resultaten från 

simulationen låg mycket nära testmätningarna.  

  



 

 
  

Nomenclature 

Acronyms 

 

ALA: Axially laminated anisotropy 

EMF: Electromotive Force. 

FEM: Finite Element Method. 

IM: Induction Machine. 

IPM: Interior Permanent Magnet. 

LSPM: Line-start Permanent Magnet. 

MMF: Magneto Motive Force. 

MTPA: Maximum Torque per Ampere. 

PM: Permanent Magnets. 

PMASynRM: Permanent-Magnet-Assisted Synchronous Reluctance Motor. 

RM: Reluctance Motor. 

RMS: Root Mean Square 

SynRM: Synchronous Reluctance Motor. 

SPM: Surface mounted Permanent Magnet. 

TLA: Transversally laminated anisotropy. 

VFD: Variable Frequency Drive. 

Variables 

 

B: Magnetic field density (T). 

Br: Remanence (T) 



 

 
  

Eq1: The RMS value of the fundamental EMF per phase. (V) 

Eta [%]: Efficiency  

H: Magnetic field strength (A/m). 

Hc: Coercivity (A/m). 

Hci: Intrinsic coercivity (A/m). 

Irms: RMS value of the stator line current. (A) 

𝐽: Magnetization (T). 

Kwd: rotor insulation ratio in the d-axis. 

Kwq: rotor insulation ratio in the q-axis. 

Ld: Inductance in the d-axis. (mH) 

Lq: Inductance in the q-axis. (mH) 

p: number of pole pairs. 

Ƥ: Permeance (Ƥ =
1

Ʀ
) (H) 

Pout: Output power. (W) 

Ʀ: Magnetic reluctance (1/H) 

Tshaft: Shaft torque. (Nm) 

Trel: Reluctance torque. (Nm) 

Tgap: Electromagnetic torque in the air gap. (Nm) 

Tei: Alignment torque. (Nm) 

Wmag: Weight of magnets. (kg) 

𝛼𝑚 : Slot pitch angle (rad) 

µr Relative permeability. 

𝜇0 Relative permeability of vacuum = 4 ∙ 𝜋 ∙ 10−7 𝐻

𝑚
.  
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Introduction 

 

In recent years, there has been a wide and increasing interest in environmental and energy-

efficient products, leading to the consideration of the permanent-magnet-assisted synchronous 

reluctance motors (PMASynRM) as a possible alternative motor drive for high performance 

applications [1]. This type of motor is characterized by the use of permanent-magnets to increase 

the general performance of a reluctance motor. Many studies have been carried out to introduce 

this electrical motor as a new general-purpose variable-speed drive instead of the IM [1]. The 

synchronous reluctance machine assisted with PM is very interesting in applications requiring 

variable speed, high torque density and fault-tolerant capability [2].  

The purpose of this master thesis is therefore to design a high efficiency synchronous reluctance 

motor assisted with permanent magnets (PMASynRM) for pump applications and build a 

theoretical knowledge about how this machine works. To achieve this goal, it was first necessary 

to develop a model of the machine based on the current literature available on the topic. After 

this first step, the main design parameters were characterized and a parametric optimization 

study was performed with the help of the commercial motor design program SPEED. A FEM 

model of the machine was developed to complement the modeling tool set. In addition, a 

prototype was built and tested in order to evaluate the actual performance of the designed 

motor compared with other motors within the same size frame at the company where this 

project was carried out. 
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1 Thesis objectives and method 

1.1 Motivation 

 

Energy efficiency, which consists in using less energy to provide the same services, is today one 

of the main focuses of most developed countries. More efficient products are the best way to 

reduce the levels of C02, to preserve the environment and to become more competitive by 

reducing costs. These factors make energy efficiency a worthwhile investment [19].  

The minimum requirements for electrical motor efficiency are increasing within Europe. IE 

efficiency classes are defined by an international standard IEC 60034-30-1: “Efficiency classes of 

line operated AC motors”. It establishes four efficiency classes (IE) for electrical motors 

depending on their respective power level. The IE classes for a line connected 4-pole IM are 

shown in Figure 1-1. The darkest blue shaded area corresponds to the lowest efficiency-class IE1, 

and the lightest blue shaded area corresponds to the highest efficiency-motor-class IE4. The EU 

Regulation and requirement for eco-design presented are for stand-alone IMs and do not apply 

to motors embedded in pumps fed by a VFD. For this project, the IE3 class is selected as the 

desired design efficiency for the PMASynRM, which is the same efficiency as the stand-alone IM 

of the same power and nominal speed.  

 

Figure 1-1 IE efficiency classes for 4-pole motors at 50 Hz [4] 
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1.2 Objectives and method 

 

The main goal of this thesis is to develop and design a PMASynRM of 11kW for pump applications 

with a minimum efficiency of 91.4%. The efficiency of the VFD is not considered, focusing this 

project only on the motor efficiency.  In this project the efficiency of the different motor designs 

was used as the main target variable. 

Secondary objectives are defined below. 

-Make a comprehensive study of the PM assisted reluctance motor type describing its 

principles and pointing out the most influential design parameters 

- Achieve familiarity with SPEED, identifying the actual effect of different design 

parameters using this software and optimizing the motor design 

- Become a confident user of the FEM software FLUX, tracking demagnetization in the 

selected optimum design 

- Build a prototype and compare the simulation results with the measurements of the 

prototype and other motor designs such as IM and LSPM motor.  

The shaft and a stator of an already-existing conventional standard IM of 11kW are used (see 

Table 1-1), so the designed PMASynRM has the benefit of reduced price compared to a motor 

design where stator, rotor and shaft have to be manufactured specifically for it. Hence, the design 

is focusing on the rotor geometry. This has been done before successfully in [16]. The method of 

this Master thesis is presented as a flowchart in Figure 1-2. 

Table 1-1 Shaft and stator data 

Shaft Diameter [mm] 42 

Stator 

Outer diameter [mm] 210 

Length [mm] 180 

Stator slots 36 

Poles 4 

Phases 3 
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Firstly the background history, and the principles of the PMASynRM are studied. Secondly the 

design parameters are selected according to the previous research in the field. The considered 

assumptions and followed rules are presented. Thirdly the influence of the major parameters on 

the motor performance is analyzed, by performing a parametric optimization analysis with the 

help of SPEED and FLUX. The motor design outcome from the parametric optimization is 

compared with the motor design from an analytical design procedure.  

The optimized ferrite motor design is further investigated creating a FEM model. Using this finite 

element simulation, a demagnetization study is performed and the maximum allowed current is 

defined.  

Finally, a ferrite PMASynRM prototype is built and tested. The simulation results obtained for the 

ferrite design are compared with other possible types of machines, specifically an IM and a LSPM 

motor as well as with the measurement values for the prototype.  

At the end of the report, suggestions for future research are made. 

 

 

Figure 1-2 Method flowchart 
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2 Literature review 

 

Different countries are increasingly concerned about the efficient use of electrical energy. This 

has incrementally increased the investments made by different motor design companies. During 

the last years, departments for research and development have conducted projects on different 

alternative designs of electrical machines. Some companies have also sponsored projects 

cooperating with universities. One result of such efforts is the PM-assisted synchronous machine 

designed by the company ABB and presented at the Hanover Fair April 7-11, 2014 in Germany 

[14]. ABB’s products cannot be used in Xylem’s pumps since they are stand-alone motors, 

whereas Xylem Inc. motors are integrated with the propeller of the pump. Standard motors do 

not fit into dimensions of the Xylem products, having another stator outer diameter and motor 

length. Therefore, a specific PMASynRM design should be investigated considering pump 

application specifications such as good cooling capabilities from the outer surface of the stator. 

The principle of using the difference of inductances in two different axes to produce a torque has 

been known for over 165 years [17]. The first rotating magnetic-field synchronous reluctance 

motor (SynRM) was suggested by J. K. KOSTKO in 1923 [7, 17]. The cooperation project between 

KTH and ABB, resulted in the PhD thesis of Reza Rajabi Moghaddam in 2011 [8, 9]. A theoretical 

method to design a SynRM which maximizes the reluctance torque in the machine was presented 

in [8, 9] thus saving cost in magnets. Several design algorithms are presented in [8, 9, 10, 11, 12], 

which try to determine the optimal geometry for the rotor. Due to the high non-linearity of this 

machine, the only effective way to optimize the electrical machine is to perform a parametric 

analysis using FEM simulations [8]. In this project, the parametric study is performed using 

analytical and FEM softwares.  

This chapter describes and explains the working principles of the PM-assisted SynRM. Finally, the 

main design parameters and target variables for optimizing the design are described. 
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2.1 Synchronous Reluctance Machine Assisted with PM 

2.1.1 Description of PM-assisted synchronous machine 

 

A PMASynRM is mainly a Synchronous Reluctance Motor (SynRM) which has permanent magnets 

inside the rotor. The aim of these magnets is to saturate the rotor ribs (see Figure 2-2), increase 

the motor torque and increase the power factor of the SynRM. As the power factor is increased, 

the stator ohmic losses, which represent the majority of the motor total losses, are reduced in a 

PMASynRM [20].  

The difference between an interior permanent magnet (IPM) synchronous motor and a 

PMASynRM is that in a PMASynRM, the share of reluctance torque is significant compared to the 

PM alignment torque.  

 

2.1.1.1 Different types of rotor design 

 

There exist different possible rotor designs for a SynRM (see Figure 2-1): simple salient pole (SP) 

rotor, axially laminated anisotropy (ALA) rotor, and transversally laminated anisotropic (TLA) 

rotor. PMs can be mounted either in the ALA or TLA rotor [9]. The TLA rotor is selected for the 

PMASynRM designed in this Master thesis, due to its better suitability to industrial 

manufacturing. In the TLA structure, the rotor lamination can be punched as a whole, like for 

other more traditional machines [9].  
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Figure 2-1 Different types of rotor designs for a SynRM.a) Simple Salient Pole (SP) rotor, b) Axially 
Laminated Anisotropy (ALA) rotor, c) Transversally Laminated Anisotropic (TLA) rotor [46] 

 

The high number of holes and air inside the rotor makes the rotor structure weaker than in an 

IM.  The following construction method was used in this project to build the rotor of the designed 

PMASynRM. 

- All the laminations are stacked onto the shaft. The relative movement between the 

lamination stack and the shaft is prevented with a wedge that also presses and holds the 

lamination together. In some cases, it is necessary to glue the lamination stack first. 

- Magnets are introduced in the correct position into the rotor barriers and glued.  

- Non-magnetic end plates are pressed on each end of the lamination stack, helping to hold 

the structure together.  

  

2.1.1.2 Axis definition in a PMASynRM 

 

PMASynRM are characterized by several flux-barriers per pole as it is shown in Figure 2-2, 

presenting a four-pole motor with three barriers per pole. The goal of the flux barriers is to create 

an anisotropic rotor forcing the flux lines through the rotor’s iron paths. The flux lines flowing 

through the rotor have two different rotor paths. One is a high permeability path which is 

commonly referred as the d-axis path in reluctance machines. The other is a low permeability 

path where the flux lines cross the flux barriers. This low permeability flux path is commonly 
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referred as q-axis in reluctance machines. In this report the d- and q-axis are defined as for 

reluctance motors (see Figure 2-2).  

Figure 2-2 shows also how the magnets are oriented. 

 

Figure 2-2 PMASynRM cross section with three barriers. Definition used of d and q axis for reluctance 
motors. 

 

2.1.2 Torque production 

 

The PMASynRM is a hybrid between a RM and a pure PM motor. Therefore, the torque produced 

by the PM-assisted synchronous reluctance machine comes from two different sources. One part 

of the torque is produced due to the asymmetry of this machine and another from the interaction 

of the field that comes from the magnets and the field created by the three-phase system of 

currents of the stator [8]. In a PMASynRM, the PM flux is rather low. As a consequence, most of 

the torque comes from the high anisotropy rotor structure of the PMASynRM. The average 

electromagnetic torque produced by the electric motor can be written as: 
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Equation 2-1 [2] 

𝑇 =
3

2
𝑝(𝜆𝑑𝑖𝑞 − 𝜆𝑞𝑖𝑑) 

Where, 𝑝 is the number of pole pairs, 𝜆𝑑 is the flux linkage in the d-axis, 𝜆𝑞 is the flux linkage in 

the q-axis, 𝑖𝑑 is the d-axis component of the stator current, and 𝑖𝑞 is the q-axis component of the 

stator current. 

The flux linkages can be expressed as:  

Equation 2-2 [2] 

𝜆𝑑 = 𝐿𝑑𝑖𝑑  

Equation 2-3 [2] 

𝜆𝑞 = 𝐿𝑞𝑖𝑞 − 𝜆𝑚 

Where, 𝐿𝑑 is the inductance in the d-axis, 𝐿𝑞 is the inductance in the q-axis and 𝜆𝑚 is the flux 

linkage due to the magnetic field of the permanent magnets. 

Using Equation 2-1, Equation 2-2, and Equation 2-3 the average electromagnetic torque can be 

also expressed as: 

Equation 2-4 

𝑇 =
3

2

𝑝

2
[λm𝑖𝑑 + 𝑖𝑞𝑖𝑑(𝐿𝑑 − 𝐿𝑞)]  

Equation 2-4 shows clearly that the torque is produced by the magnets and the anisotropy of the 

rotor which is represented by the difference between the inductance in the d- and q- axis (Ld- Lq). 

Hence, the torque is increased either if λm increases (more magnets), or if the anisotropy of the 

rotor is increased, increasing the difference between the inductances in d- and q-axis.   
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2.1.3 Flux linkage and phasor diagram 

2.1.3.1 Flux linkage versus currents 

 

Flux linkage and current have a proportional relationship in Figure 2-3 A. The flux linkage 

increases in both axes when the stator current increases. As a consequence of the high 

permeability of the d-axis and the low permeability of the q-axis, there is a higher d-flux linkage 

which is linear for low current values, and it is limited when the iron gets saturated at higher 

currents. The q-axis flux linkage is lower, limited by the rotor flux barriers, and remains almost 

linear with the current [2].  

Figure 2-3 B presents the effect of introducing permanent magnets inside the rotor flux barriers. 

The polarity of the magnets is such that they counteract the q-axis flux of the SynRM at rated 

load, producing a negative flux linkage along the q-axis due to the field of the magnets.  

 

Figure 2-3 A) Flux linkage versus current in a SynRM. B) Flux linkage versus current in a PMASynRM. 
Modified from [2]. 

 

2.1.3.2 Phasor diagrams of a SynRM and a PMASynRM. 

 

The phasor diagrams of a SynRM and a PMASynRM are presented in Figure 2-4 A and B 

respectively, to see the effect of the magnets.  
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The synchronous reluctance motor is commonly current-controlled to achieve the maximum 

torque density [2]. The current is in the first quadrant where both d and q components of the 

current are positive. 

 

 

Figure 2-4 A) Phasor diagram for a SynRM B) Phasor diagram for a PMASynRM. Modified from [2] 

 

Figure 2-4 A, the voltage phasor leads the current by a large angle ϕ, hence a low power factor is 

achieved in SynRM motors. The low power factor increases by 30 to 40 % the volt-ampere ratings 

of the inverter in comparison to the nominal power of the motor [2]. In order to improve the low 

power factor of the SynRM, permanent magnets are inserted into the rotor flux barriers. The 

phasor diagram for a PMASynRM is presented in Figure 2-4 B.  

The flux linkage created by the permanent magnets added in the negative q-axis compensates 

the flux Lq Iq. The voltage phasor is rotated towards the current phasor, decreasing the angle 

between them (ϕ) and increasing the power factor (PF) of the machine. Hence, the VFD of a 

PMASynRM requires a lower rating power than a SynRM for the same output power.  

Furthermore, adding permanent magnets to the SynRM has more advantages than increasing 

the PF and the average torque. Part of the flux created by the magnets helps to saturate the ribs 

which has the effect of reducing the inductance in the q-axis (Lq). This reduction of Lq implies a 
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further increase of the torque and a further increase of the PF since the term Lq Iq is reduced and 

the ratio 
𝐿𝑑

𝐿𝑞
 increased (see  Equation 2-5) [2].  

Equation 2-5 

𝑃𝐹 = cos (𝜑) =

[
𝐿𝑑

𝐿𝑞
− 1]

[
𝐿𝑑

𝐿𝑞
+ 1]

 

However, to maintain the intrinsic fault tolerant capability, it is recommended to limit the 

addition of magnets. Permanent magnets can get demagnetized by fault currents. Hence, the 

back emf is normally low in PMASynRM. As a consequence, the short-circuit current is low as well 

as the corresponding electromagnetic braking torque [2]. 

 

2.1.4 Permanent Magnets material and demagnetization 

 

This section provides a brief explanation of the main characteristics of a magnet, the 

demagnetization of a magnet and the criteria for choosing the magnet material. 

Permanent magnet (PM) materials are considered hard materials due to their difficulty to 

magnetize and demagnetize [27].  

Figure 2-5 shows the main characteristics and magnetic parameters which define the behavior 

of a PM. This figure also shows the operational quadrants (II and IV) and the magnetizing 

quadrants (I and III). In a motor application, mostly quadrant II is used [26]. Figure 2-5 shows a 

typical hysteresis loop in both normal (recoil line) and intrinsic forms [28]. The working point of 

the PM depends on the magnetic circuit that the PM is placed in. The working point can be 

calculated using a “load line technique” (see Figure 2-7), which is further explained in [28]. The 

following relation can be written. 

Equation 2-6 

𝐵 = 𝜇0𝐻 + 𝐽 
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Where 𝐽 is defined as the magnetization. 

 

Figure 2-5 B-H curve and main magnetic parameters for a PM [26] 

The main characteristics of a PM material are: 

- Remanence Br – It is the value of flux density corresponding to zero external applied field, 

H =0. It corresponds to a “magnetic short circuit”, which would be obtained if the magnet 

was surrounded by an infinitely permeable material. 

- Bknee. It is the knee of the magnetic flux density. If the magnet operates below this point, 

the PM material is demagnetized. It corresponds to the magnetic field strength of Hknee.  

- Coercivity Hc – is the value of magnetizing force that must be applied to reduce the flux 

density to zero: i.e., the value of H when B is zero.   

- Intrinsic coercivity Hci – the value of magnetizing force that must be applied to reduce the 

intrinsic polarization to zero: i.e., the value of H when J=0.  

- Relative recoil permeability µrec – is the gradient of the B/H curve and the remanence 

point, relative to µ0. Typical value for µrec is in the range of 1-1.1. 

- Maximum magnetic energy per unit of volume, (BH)max. This value shows a relative 

measure of the energy of the PM. 

Several demagnetization curves of some common permanent magnets at 20⁰C are presented in 

Figure 2-6b. In this thesis, only NdFeB (Neodymium Iron Bore PM) and Ferrite PM are studied. 
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AlNiCo is not selected due to its low coercivity and SmCo is not selected due to its high fragility 

and higher price than NdFeB [30]. 

The characteristics of PM magnets (Br and Hc) change with the temperature as shown in Figure 

2-6a [29]. Figure 2-6a represents the variation of the temperature for a NdFeB PM. In the case of 

ferrite and NdFeB PM, the remanence decreases when the temperature increases. However, the 

coercivity of a ferrite magnet decrease when the temperature decreases contrary to NdFeB PMs. 

That makes ferrite PM more vulnerable to be demagnetized at low temperatures. The 

demagnetization test should be run for the highest working temperature for NdFeB magnets and 

the lowest working temperature for ferrite PM. The demagnetization process is described in 

Figure 2-7. 

 

Figure 2-6 a) Effect of the temperature in PM demagnetization curve for NdFeB PM. b) 
Demagnetization curves of common permanent magnets at 20⁰C. From [29] modified. 

 

Figure 2-7 Definition of demagnetization. Modified version of [5]. 
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Figure 2-7 shows the magnetic property of a magnet and two different load lines (in green). The 

intersection between the characteristics of the permanent magnet with the load line is the 

operating point of the permanent magnet. When the magnet is operating in any of the two 

operating points shown in Figure 2-7 (P1, P2), the magnetic field has been reduced below the 

“knee value” of the magnetic field (see Figure 2-7), and it is not possible to return to the initial 

magnetization Br. Then, it is stated that the PM has been demagnetized. A new value of the 

remanence is reached: Br1 for the operating point P1 and Br2 for the operating point P2 (see Figure 

2-7). 

The following variables have been selected to choose the most suitable PM material for the 

design of the PMASynRM [30]. All the parameters presented should be compared for the same 

temperature. 

- Maximum magnetic energy per unit of volume (BH)max. That gives the maximum energy 

product of a magnet. It is better when it is as high as possible. 

- Magnetic coercivity (Hc). This is an indicator of the difficulty of the PM to be 

demagnetized. It is better when it is as high as possible. 

- Remanent flux density of the magnet (Br). It is better when it is as high as possible. 

- Thermal properties. Thermal coefficient and maximum operation temperature. These 

characteristics point out the sensitivity of the magnets to variation in temperature and 

the suitability of the PM to work at a certain temperature. In electrical motors, this should 

be higher than 130⁰C. That is not a problem for the PM studied in this report, since Tmax 

Ferrite 300⁰C and Tmax NdFeB is 180 ⁰C [26]. 

The price of the PM should also be taken into account. To account for the price difference 

between ferrite magnets and NdFeB magnets, the price of NdFeB magnets is set to 

approximately ten times the price of ferrite magnets [40]. 

 

 



 

16 
 

2.2 Advantages and disadvantages of a PMASynRM in comparison to an IM 

 

Nowadays, one of the larger competitors of the IM in applications of medium power is the 

PMASynRM within other brushless synchronous AC machines [20]. A PMASynRM normally 

reaches a higher efficiency and power factor than an IM of the same size frame because the 

PMASynRM has PMs that help to magnetize the machine. This draws less current from the stator 

and in this way, is more efficient. A PMASynRM produces most of the losses in the stator and 

significantly lower losses in the rotor which makes it easier to cool the machine. On the contrary, 

an IM has around 20% of the losses in the rotor (rotor bar and end-ring losses see Figure 2-8). 

PMASynRM has a synchronous rotation speed while the IM does not. This property makes the 

speed and position control of PMASynRM easier. PMASynRM are ideal for variable speed 

application since they always need to be run by a VFD, due to the lack of starting torque. 

 

 

Figure 2-8 Losses distribution in a three-phase IM [45] 

 

PMASynRM has a maximum number of pole-pairs about 4 poles, since d- and q-axis inductances 

decrease as a function of the pole-pair number [20]. The pole-pair number of PM motors does 

not have this limitation. 
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2.3 Parametric analysis method for designing the motor 

2.3.1 Geometric parameters 

 

The basic geometric parameters used to model and design the PMASynRM are shown in Figure 

2-9. 

 

Figure 2-9  a) Geometric parameters of the rotor used to define the motor design, b) barrier’s number. 
Figure from [47] modified. 

 

One of the most important parts that characterize a PMASynRM are the barriers. They are 

elongated holes made in the lamination sheets. Barriers are described in the model using the 

thickness of the barrier (Lma, Lmb), the distance from the barrier to the shaft (D0), and the 

distance between the side barriers of two different poles (Web) (see Figure 2-9a). In a 

PMASynRM flux barriers are employed to define the anisotropy of the rotor and to place the 

magnets. The iron paths in the rotor are the magnetic paths defined by the barriers and are 

referred as iron segments (see Figure 2-10a). The magnets are considered to have the same 

thickness of the barriers. They are described by their width (wma, wmb) and position inside the 

barrier defined by the parameter Inset. It is defined as the distance from the center of the barrier 

to the center of the magnet, being positive if the magnet is shifted closer to the bottom of the 

barrier or negative if the magnet is shifted closer to the air gap.  
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A PMASynRM is also characterized by the use of radial and tangential ribs, described in Figure 

2-10b and modeled with the parameters ´Post´ and ´bridge´ respectively (see Figure 2-9a). Both 

types of ribs – radial and tangential - increase the leakage flux in the machine. Thus they are kept 

to their minimum mechanical value which for this project is 1 and 1.5mm, respectively. 

Tangential ribs are essential in a TLA rotor to hold together the whole structure of the lamination. 

Radial ribs are only needed to strengthen the structure of the rotor when the machine is used 

for high speed applications. The design proposed in this project has a low rotational speed 

(<1800rpm). Therefore, radial ribs are not used in the designed PMASynRM (Post=0). However, 

the effect of radial ribs in the motor design is studied for future possible applications.  

Other general parameters are also defined in Figure 2-9 a as the radius of the shaft (RadSh) and 

the rotor (Rad1). Barriers are numbered as shown in Figure 2-9 b and the different parameters 

are labeled with this number for each barrier. 

 

 

Figure 2-10 Tangential and radial ribs in the rotor structure, A) Shows the additional q-axis flux 
required to saturate the ribs. B) Definition of two different ribs. [43] Modified. 

 

2.3.2 Rotor barrier insulation ratio 

 

The rotor barrier insulation ratio in the q-axis (𝐾𝑤𝑞), is used in this project as a design parameter. 

It is also employed in other design processes described in [1, 2, 3, and 4] for SynRM and LSPM. 
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Equation 2-7 

𝐾𝑤𝑞 =
𝑊𝑖𝑛𝑠

𝑊𝑖𝑟𝑜𝑛
 

Where, 𝑊𝑖𝑛𝑠  is the sum of the widths of the flux barrier layers (Air), and 𝑊𝑖𝑟𝑜𝑛 is the sum of the 

widths of iron segments (see Figure 2-11). 

 

 

Figure 2-11 Geometry of a PMASynRM machine and definition of Kwq. [9] 

 

𝐾𝑤𝑞 is zero when the rotor is completely made of iron, and 𝐾𝑤𝑞 is equal to 1 when there is the 

same amount of insulation (air) as iron.  

 

2.3.3 The saliency ratio and air gap length 

 

The saliency ratio (휀) is defined in Equation 2-8, neglecting the leakage inductance.  
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Equation 2-8 

 휀 =
𝐿𝑑

𝐿𝑞
=

𝐾𝑤𝑞 ∗ 𝑟1

𝑝 ∗ 𝛿
 

Where, r1 is the air gap radius, p is the number of pole-pairs and δ is the air gap length.  

Equation 2-8 shows that, in order to maximize the saliency ratio, the air gap should be as small 

as possible and the pole-pair number should not be high. [20] says that p should not be higher 

than 3. Equation 2-8 also shows that it is possible to keep the same saliency ratio and increase 

the length of the air gap if the rotor radius is also increased, making the motor larger. Equation 

2-5 shows that the power factor increases when 휀 increases [8, 9]. 

The air gap length has a great effect on the d-axis inductance Ld but only a small effect on the q-

axis inductance Lq [1, 2, and 7]. This is because the flux in the d-direction only crosses the air gap 

while the flux in the q-direction has to cross the flux barriers and the air gap. The air gap length 

in comparison with the air in the flux barriers is very small. Hence, when the air gap is reduced, 

the difference of inductances is increased and as a consequence, the reluctance torque also 

increases [9].  As a result of the increased reluctance torque, the line current needed for the same 

output power is decreased. Consequently, the power factor and efficiency of the machine 

increase.  

The air gap length should be fixed, considering mechanical limitations and that a small air gap 

increases the rotor surface losses caused by the time harmonics. 

Figure 2-12 shows the variation of Ld-Lq and Ld/Lq with Kwq. The data needed to draw this figure 

is presented in [5, 6] as the result of a finite-element study of a SynRM with 24 stator slots. Since 

Ld-Lq and Ld/Lq reach their maximums for different rotor insulation ratios, there is no common 

optimum to maximize the torque and the PF at the same time. As a tradeoff, insulation ratios 

between 0.3 and 0.6 are considered during the parametric design optimization procedure [1, 2]. 
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Figure 2-12 a) Ld - Lq, Ld and Lq as a function of the rotor insulation ratio (Kwq), b) Ld / Lq as a function of 
the rotor insulation ratio (Kwq). Calculated from data in [5, 6]. 

 

2.3.4 Motor design parameters and considered rules during the parametric analysis. 

 

The design parameters with the major effect on the efficiency of a PMASynRM in [8, 9, 10, 11, 

12, 18, 23 and 25], together with the fixed parameters and design rules considered are shown in  

Table 2-1. 
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Table 2-1 Design parameters considered for the design of the PMASynRM 

Studied parameters Fixed parameters and design rules 

Length of the air gap. Number of poles (4 poles) 

Distance between the side barriers of two different 
poles (web parameter, see Figure 2-9) 

Angle between the sides and the bottom of the 
barriers is fixed to α=135 degrees [31] 

Rotor insulation ratio in q- axis All the stator parameters are fixed 

The position and amount of magnets The shaft diameter is fixed 

Electrical steel material (M530-50A vs M470-50A) Tangential ribs (1.5mm) 

Number of flux barriers. Radial ribs (not considered) 

Distance of the first flux-barrier measured from the 
shaft 

Uniform distribution of the end parts of the 
barriers along the rotor circumference 

Width of the sides of the flux barriers. 
The width of the iron segments is kept 
constant, to use better the magnetic material. 
[9] 

Shape of the edge of the barriers. 

Even distribution of the total amount of air 
between the rotor flux-barriers in both q- and 
d-axis. This uniformity decreases the cost of the 
magnets. 

 
The rotor barrier insulation ratio in the d-axis 
(see Equation A-16) should be equal or smaller 
than in the q-axis.[9] 

 Minimum thickness of the magnets 4mm. 

 

Magnets' manufacture price increases when the slimness of the magnets is increased. Thinner 

magnets are easier to demagnetize, more brittle, difficult to manufacture, and place into the 

machine flux-barriers. Furthermore the air beside magnets, due to manufacture tolerances, have 

a larger effect in thinner magnets increasing the leakage flux. For all these reasons, the minimum 

thickness of the magnets is considered as 4 mm.  

2.4 Analytical design procedure. 

 

An analytical rotor design procedure can be found in [9] and is presented in details in appendix 

A. The following rules are used: 

- The width of the rotor iron segments is kept constant. 
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- Constant flux density along the iron segments, so that the width of the rotor iron 

segments should be proportional to the average value of the d-MMF component along 

the iron segment.  

- The angle between the center of the barriers and the side of the barrier is kept constant 

to 135 degrees. 

- The flux in the q-axis should be minimized. 

- Uniform rotor-slot pitch 

The saturation and stator slot effect are neglected. A completely sinusoidal MMF wave form is 

considered. The input parameters to this theoretical design procedure are: air gap diameter, 

insulation ratio in d- and q-axis, number of barriers, and number of poles. 

Using these assumptions, input parameters and the equations presented in appendix A, the 

output design variables are calculated in the following order: 

1. The end point angles of the rotor barriers (𝛼𝑘) are calculated using Equation A-2, 

Equation A-3 and Equation A-4. 

2. The iron segments in d- and q axis (𝑆𝑘) are defined solving the system of Equation A-5 to 

Equation A-9. 

3. The barrier width in q-axis (𝑊𝑘𝑞) is defined solving the system of Equation A-10 to 

Equation A-15. 

4. The barrier width in d-axis (𝑊𝑘𝑑) is defined solving the system of Equation A-16 to 

Equation A-18. 

This theoretical design procedure is used in section 3.7 and the resulting design is compared with 

the design from the parametric analysis design procedure. 

 

2.5 Torque ripple reduction techniques 

 

SynRM and PMASynRM usually have a high torque ripple. The torque ripple is mainly produced 

by the interaction between spatial magneto motive force (MMF) harmonics of the stator and the 
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rotor anisotropy [2]. The torque ripple is not normally a problem in pump applications since the 

high inertia of the propeller and the pumping water mitigates the torque ripple. Thus minimizing 

the torque ripple is not the focus of the design. However, a motor with less torque ripple has a 

smoother behavior which extends the life of the different mechanical components such as the 

bearings. Therefore, some torque ripple reducing techniques that could be applied to the 

designed PMASynRM are presented below. 

- The position of the magnets. 

o To reduce the torque ripple the magnets should be placed in the innermost flux 

barriers. It also protects the magnets from demagnetization [22]. 

- The positions of the end barriers in the air gap. 

o By changing the end positions of the barriers, it is possible to reduce the torque 

ripple. [9] 

- Rotor step-skewing  

o The rotor is split into two or more parts; each of them is skewed with respect to 

the others [23].  

- Choosing the suitable number of flux barriers with respect to the number of stator slots 

[24]. 

- Position of the barriers. 

o Placing the barriers closer to the shaft, reduces the torque ripple and keeps the 

average torque almost constant [1].  

- Alternatively shifting the flux barriers [23]. 

- Asymmetry of the flux-barrier geometry [2]. 

- Use two different kinds of lamination sheets (“R and J”) is enough to reduce the torque 

ripple (see Figure 2-13) [23].  

- Use different flux barrier design in each pole pair [23] (see Figure 2-13 “Machaon”). 
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Figure 2-13 R and J lamination types of the "R and J" motor and Machaon rotor [23] 
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3 Parametric optimization study with SPEED 

3.1 Introduction 

A parametric analysis of the PMASynRM is carried out employing the analytical program SPEED.  

The best design is selected according to the following target variables - efficiency without 

considering the VFD and PF - also taking into account the price of the magnets as a secondary 

target. The torque ripple is evaluated in the final design but is not used as discrimination criteria 

during the design process. 

Firstly, the effects of different parameters are studied in a motor design with only one barrier 

which is the simplest rotor geometry for a PMASynRM. Secondly, a multi-barrier parametric 

analysis is performed for different numbers of barriers and for different insulation ratios (Kwq). 

The number of rotor barriers defines the position of the barrier endings. The rotor-slot pitch 

angle (𝛼𝑚) is defined in appendix A and it is calculated for different numbers of barriers in Table 

3-1.  

Table 3-1 Values of 𝛼𝑚 for different number of rotor flux-barriers 

  Number of barriers 

  1 2 3 4 

𝛼𝑚 [degrees] 22.5 15 11.25 9 

 

The optimum insulation ratio can vary when magnets are inserted into the rotor flux-barriers 

[22]. For this reason in order to find the optimum insulation ratio, different geometries with 

different number of barriers and values of Kwq are studied for the following two cases: ferrite 

PMASynRM and NdFeB PMASynRM.  

Once the best insulation ratio and number of barriers are selected, a sensitivity analysis of the 

following parameters is carried out: 

- Distance of the first barrier from the shaft. 

- Non-uniform distribution of the barriers. 

- Width of the barriers in the d-axis. 
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- Shape of the edges of the barriers. 

- Different magnet positions. 

- Rib. 

All the motor designs have an output power of 11kW at 1500rpm. 

 

3.2 Materials 

 

The electrical steel material used for the lamination sheets is M530-50A (see Figure B-4). The 

influence of a different electrical steel material, M470-50A (see Figure B-5), is studied. The losses 

per kg of both materials are very close (see Figure 3-1a). At 1.6T for M530-50A the losses are 5.16 

W/kg, while for M470-50A, they are 4.78 W/kg, and the B-H curves of both materials are similar 

as well as for M700-50A (see Figure 3-1b). Nevertheless, M700-50A could not be considered in 

SPEED since the datasheet offered by the manufacture company SURA, does not provide 

measurements of iron losses at three different frequencies. The lamination stacking factor is 

considered to be 0.97 for the whole parametric analysis and all lamination materials. 

 

Figure 3-1 a) Iron losses for different non-oriented electrical steel materials. b) B-H curves for different 
non-oriented electrical steel materials. 

 

The ferrite magnet material used is AC-12 (see Figure B-6), and for the NdFeB magnet N42-UH 

(see Figure B-7). 
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3.3 Limitations of the simulation software and applied considerations. 

 

SPEED has some limitations.  

- Magnets are added in all the barriers to simulate PMASynRM. The consequence is that a 

back emf greater than zero is created by the magnets in an open circuit test. However, 

this limitation can be overcome by placing small NdFeB magnets (with a length of 3mm) 

in each barrier.  

- All the magnets used in one motor design must be made of the same material. 

- The number of barriers is limited by the program to a maximum value of four. 

On the other hand, since SPEED is an analytical program, it enables the user to make a fast 

parametric study. For the motor designs studied, the following considerations were applied: 

- Iron losses: An adjustment factor of the losses is set to 2. This number comes from the 

experience of the company based on previously built and tested motors. 

- Friction and bearing losses: The friction losses at 1500 rpm are considered the same as 

the friction losses of an IM rotating at the same speed. 

- Losses in the magnets due to eddy currents can be calculated with SPEED defining the 

conductivity of the magnets material and the number of harmonics considered in the 

calculation. These types of losses are important in fractional slot motors with permanent 

magnets on the surface of the rotor where the eddy current losses could be quite high. 

However, in PMASynRM, all the magnets are buried into the rotor and protected from 

the harmonic components of the flux in the air gap. Therefore, the eddy losses in the 

magnets are assumed to be zero.  

 

3.4 Control method 

 

SPEED has different methods to control the machine. A purely sinusoidal three-phase system of 

voltages with line voltage of 400V (50Hz) is selected. The output power is set by controlling the 
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angle (delta) between the input voltage (Vph1) and the internal voltage (Eq1) shown in the phasor 

diagram in Figure 3-2. The diagram corresponds to a motor with only one barrier and NdFeB 

magnets in the bottom of the barrier presented in Figure 3-2. 

 

Figure 3-2 Phasor diagram of a 1 barrier PMASynRM 

 

The output power of the motor is fixed equal to 11 kW by varying the angle delta defined in 

Figure 3-2 . 

 

3.5 One Barrier Analysis 

 

A parameter analysis considering only one barrier is performed in this section to determine how 

different parameters affect the output power and efficiency of the machine.  
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Figure 3-3 Geometry of 1 barrier PMASynRM design. 

 

Figure 3-3 shows the initial geometry of the one barrier PMASynRM design to be investigated in 

the following sections. The motor is a one-barrier motor design where the end parts of the barrier 

are placed uniformly around the rotor circumference with a value of 𝛼𝑚 = 22.5𝑑𝑒𝑔𝑟𝑒𝑒𝑠, and 

the width of the sides and bottom of the barriers are fixed to 11.45mm. The magnet geometrical 

parameters are set to wma=14mm.  

 

3.5.1 Effect of the air gap length 

 

The effect of air gap length is studied in the motor design described in Figure 3-3 using ferrite 

magnets in the bottom of the barriers and an insulation ratio of Kwq =0.6. Only the air gap length 

is varied from 1.5mm down to 0.4 mm. The results are summarized in Table 3-2. 

Table 3-2 Influence of air gap length 

  Air gap 1.5 Air gap 1.0 Air gap 0.5 Air gap 0.4 

Trel [Nm] 69.84 70.82 72.04 72.53 

Irms [A] 29.10 24.33 20.50 20.01 

Eta [%] 85.25 88.12 90.22 90.50 

PF 0.64 0.74 0.86 0.88 

Eq1 [V] 12.50 12.71 12.94 12.99 

Lq [mH] 5.17 5.92 8.02 9.02 

Ld [mH] 32.87 46.94 87.03 106.42 

Ld / Lq 6.36 7.93 10.86 11.79 

Ld - Lq [mH] 27.70 41.02 79.01 97.40 
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The best length of the air gap is around 0.4 mm where an efficiency of 90.5% is reached. However, 

a length of 0.4mm is below the mechanical minimum of 0.5mm for this size of motors. Thus, a 

length of 0.5 mm is selected for the rest of the analysis and design process. The following is also 

verified in Table 3-2: 

- The reluctance torque (Trel) increases with the increase in the different between the 

inductances in d and q- axis with reduced air gap, as stated during the literature review. 

- The current decreases and efficiency increase when the air gap is reduced and the out-

put power is kept constant to 11 kW. 

- The back emf created by the magnets in the air gap changes, increasing when the air gap 

is reduced. The increase in the back emf per phase (Eq1) value is only 0.49V. This change 

is small because there are only magnets in the bottom of the barrier, and these magnets 

are ferrite magnets.  

 

3.5.2 Length of the magnets in the middle of pole 

 

In this section, the influence of the length of the magnet in the bottom of the barrier (wma) is 

investigated for a 1-barrier PMASynRM motor design with Kwq =0.3, web=8 mm, D0=50mm and 

Lma=11.4 mm. Two different types of magnets are tested: ferrite magnets with a low Br (0.4 T) 

and NdFeB magnets with a high Br (1.25 T). The length of the magnets’ wma is varied from the 

minimum value that SPEED allows to simulate until the length of the bottom of the barrier (14.5 

mm), keeping all the other parameters constant. Figure 3-4 shows the two extreme cases 

investigated for the case of NdFeB magnets.  
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Figure 3-4 One barrier motor design with Kwq = 0.3, a) minimum amount of NdFeB magnets 
investigated, b) maximum length of the magnets investigated. 

 

The results are presented in Table 3-3. 

 

Table 3-3 Influence of the length of the magnets for ferrite and NdFeB magnets 

 Ferrite NdFeB 

Length 8mm 9mm 10mm 13mm 14.5mm 3mm 6mm 9mm 11.5mm 14.5mm 

Wmag [kg] 0.63 0.71 0.79 1.02 1.14 0.37 0.75 1.12 1.43 1.81 

Eta [%] 89.75 89.81 89.87 90.05 90.13 90 90.64 91.13 91.48 91.79 

PF 0.82 0.83 0.83 0.85 0.85 0.84 0.89 0.93 0.96 0.99 

Magnet price 0.63 0.71 0.79 1.02 1.14 3.74 7.49 11.23 14.35 18.09 

 

The efficiency increases for both types of PM (see Figure 3-5): by 0.38% for ferrite magnets and 

1.79% for NdFeB magnets. The PF increases by 4% for ferrite and 18% for NdFeB, when the 

amount of magnet is increased. Approximately the same efficiency is achieved with the minimum 

amount of NdFeB as with the maximum length of ferrite magnets. It would be preferable to fill 

the bottom of the barrier with a ferrite magnet (case of wma=14.5 mm) than to use a small 3mm 

length NdFeB magnet. It is cheaper to use 1.14 kg of ferrite magnets than 0.37 kg of NdFeB 

magnets.  



 

33 
 

 

Figure 3-5 a) Variation of the efficiency when the weight of ferrite PM is increased. b) Variation of the 
efficiency when the weight of NdFeB magnets is increased. 

 

3.5.3 Length of the magnets in the sides 

 

The effect of placing magnets only in the sides of the flux barriers is studied. Figure 3-6 shows 

the two extreme cases for the case of NdFeB PM. The results of placing magnets only in the sides 

of the flux barriers are shown in Table 3-4. These results are compared with the results obtained 

from placing magnets only in the bottom of the flux barriers.  

 

Figure 3-6 One barrier motor design with Kwq = 0.3 a) minimum amount of NdFeB magnets 
investigated 3 mm , b) maximum length of the magnets investigated 14.5 mm . 

Table 3-4 Effect of placing magnets only in the sides of the flux barriers for ferrite and NdFeB PM. 

 Ferrite NdFeB 

 Length  8mm 9mm 10mm 13mm 14.5mm 3mm   6mm 9mm 11.5mm 14.5mm 

Eta [%] 89.75 89.81 89.87 90.05 90.13 90 90.64 91.13 91.48 91.78 

PF 0.82 0.83 0.83 0.85 0.85 0.84 0.89 0.93 0.96 0.99 

Magnet price 0.63 0.71 0.79 1.02 1.14 3.74 7.49 11.23 14.35 18.09 
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The results obtained by placing magnets only in the sides of the flux barriers are the same as the 

results obtained by placing magnets only in the bottom of the flux barriers.  Therefore, placing 

the magnets in the sides of the barriers has the same effect on the target variables as placing the 

magnets in the bottom of the barriers. However, the demagnetization analysis using FLUX that is 

presented later in the report shows that the bottom magnets are better. 

 

3.5.4 Distance from the shaft to the bottom of the barrier. 

 

The influence of the distance from the shaft to the bottom of the barrier is studied (D0). In this 

section D0 is varied from 50mm to 94mm (see Figure 3-7). A one barrier motor design with web=8 

mm, wma=14.5 and Lma and Lmb =11.4, ferrite magnets is used.  

 

Figure 3-7 One barrier studied motor design. a) Minimum distance D0=50mm, b) maximum distance 
D0=94 mm 

 Results of the parametric analysis are shown in Figure 3-8.  

 

Figure 3-8 Influence of the distance from the shaft to the bottom of the barrier (D0) in the efficiency. 
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The efficiency does not change in the results from SPEED when the bottom magnets are placed 

closer to the air gap. 

 

3.5.5 Placement of the magnet in the side branches of the barrier 

 

The influence of the position of the magnet inside the side branches of a barrier is studied. This 

analysis is performed by varying the parameter inset shown in Figure 2-9. The motor design 

employed to perform this analysis is a one barrier rotor and the following described geometric 

parameters: web=8mm, wma=0mm, wmb= 10mm, Lma=Lmb=11.4mm, and D0=50mm. The two 

extreme cases are shown in Figure 3-9. The results from the parametric analysis are shown in 

Table 3-5. 

 

Figure 3-9 Position of the NdFeB PMs in the side barriers, a) inset=9mm b) inset=-12mm 

 

Table 3-5 Influence of the position of the magnets inside the side branches of the barrier. 

Inset [mm] -12 -6.75 -1.5 3.75 9 

Eta [%] 91.28 91.28 91.28 91.28 91.28 

 

The position of the magnets inside the side branches of the barrier does not change the efficiency 

of the machine. 
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3.5.6 Shape of the edges of the flux barriers 

 

There are three different shapes that are investigated for the ending of the flux barriers: bridged, 

squared and rounded (see Figure 3-10).  

 

Figure 3-10 Shape of the edges of the flux barriers. 

The motor geometry employed to perform this analysis is the same as shown in Figure 3-7a) with 

ferrite and NdFeB magnets. All the parameters are kept constant and only the material of the 

magnets and shape of the endings of the barrier are varied. The results from the parametric 

analysis are shown in the Table 3-6. 

Table 3-6 Effect of the endings of the flux barriers. 

Ferrite NdFeB 

Shape Bridged Squared Rounded Shape Bridged Squared Rounded 

Eta [%] 90.13 90.15 90.06 Eta [%] 91.78 91.79 91.76 

PF 0.85 0.85 0.85 PF 0.99 0.99 0.99 

 

The effect of the endings of the flux barriers is small and there is not a significant difference 

between using one shape or another. The PF does not vary and the efficiency change between 

the best and the worst alternative less than 0.1%. However, it is still possible to conclude that 

the squared ending gives a higher efficiency than the bridged and rounded topologies for both 

Ferrite and NdFeB magnets, reaching a maximum efficiency of 90.15% for ferrite magnets and 

91.79% for NdFeB magnets. Therefore the squared shape is selected for further studies in the 

following sections. 
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3.5.7 Web between two consecutive barriers around the rotor 

 

In this section, the influence of the end part position of the barrier in the air gap is discussed. The 

value ‘web’ (see Figure 2-9) is varied from 1 mm up to 24 mm (see Figure 3-11). The motor design 

employed to perform this analysis is a one-barrier rotor and the following described geometric 

parameters, wma=3 mm (NdFeB magnets), wmb= 0 mm, Lma=Lmb=11.4 mm, and D0=50 mm. 

The results from the parametric analysis are shown in Table 3-7. 

 

Figure 3-11 Geometry of a one barrier rotor for different web values, a) web=1mm b) web=24mm 

 

Table 3-7 Influence of the end part position of the barrier in the air gap. 

Web [mm] 1 6.75 12.5 18.25 24 

Eta [%] 89.94 90.00 90.08 91.17 90.26 

PF 0.84 0.84 0.85 0.85 0.86 

 

The size of the web changes the efficiency and power factor. There is an optimum value, 

18.25mm, where the maximum efficiency and PF are reached increasing in a 1.23% and 2% in 

comparison with the lowest value. In this study, the size of the magnet has been kept constant. 

However, when the web is increased, the size of the bottom of the flux barrier is reduced, limiting 

the size of the magnets that can fit inside the flux barrier. It has been shown before that the 

efficiency of the machine increases almost linearly with the weight of the magnets if the machine 

does not become saturated. This fact could reduce the maximum efficiency of this specific rotor 

geometry. Thus, a solution compromising between the available space for PM and the length of 

the web should be reached. 
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3.5.8 Electrical steel material 

 

There are different types and qualities of non-oriented electrical steel that can be used in the 

rotor and stator lamination. It is studied if it is worth the investment to change from the M530-

50A, to a better material, M470-50A, with fewer losses per kilogram. Two different analyses are 

performed. In the first analysis, the lamination materials of both, stator and rotor, are changed 

from M530-50A to M470-50A. In the second analysis, the lamination material of the stator is 

fixed to M530-50A and the lamination material of the rotor is changed to M470-50A. Both 

analysis are tested for ferrite and NdFeB PM. The motor employed to perform this analysis is the 

same as shown in Figure 3-7a). The results from the parametric analysis are shown in the Table 

3-8 and Table 3-9. 

Table 3-8 Lamination material of the stator and rotor are M470-50A. 

 Ferrite NdFeB 

Electrical steel material M530-50A M470-50A M530-50A M470-50A 

Wmag [kg] 1.14 1.14 1.80 1.80 

Eta [%] 92.62 92.63 93.92 93.93 

PF 0.88 0.88 1.06 1.06 

 

Table 3-9 Lamination material for the stator is M530-50A and for the rotor M470-50A. 

 Ferrite NdFeB 

Electrical steel material M530-50A M470-50A M530-50A M470-50A 

Wmag [kg] 1.14 1.14 1.80 1.80 

Eta [%] 92.62 92.62 93.92 93.92 

PF 0.88 0.88 1.06 1.06 

 

The different lamination materials do not affect the PF in any of the cases. The efficiency only 

changes by 0.01% in the case where both rotor and stator lamination materials are changed. If 

only the lamination material of the rotor is changed, the results are practically the same. This is 

because most of the iron losses are in the stator. The efficiency does not change significantly 

because the losses between these two different material expressed in W/kg at 1.6 T do not differ 

significantly from each other (see Figure 3-1).  
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The use of M470-50A does not offer a considerable improvement, though being more expensive. 

Therefore, M530-50A is selected for the lamination of the rotor and stator. 

  

3.5.9 Rotor insulation ratio study 

 

This section studies how the rotor insulation ratio influences the efficiency and PF of the motor. 

The motor employed to perform this analysis is shown in Figure 3-3. The motor is studied for 

three different values of rotor insulation ratio (Kwq = 0.3, 0.4, 0.6) for a SynRM, a ferrite 

PMASynRM, and a NdFeB PMASynRM. The value of Kwq =1.2 is also calculated for the case of 

SynRM and ferrite to show the maximum achievable efficiency and PF. The results from the 

parametric analysis are shown in the Table 3-10. 

Table 3-10 Kwq sensitivity analysis for 1 barrier 

 SynRM Ferrite PMASynRM NdFeB PMASynRM 

Kwq 0.3 0.4 0.6 1.2 0.3 0.4 0.6 1.2 0.3 0.4 0.6 

Wmag [kg] 0.38 0.47 0.61 0.89 0.95 1.18 1.54 2.24 1.50 1.86 2.44 

Eta [%] 89.35 89.36 89.42 89.49 89.19 89.35 89.49 89.69 91.73 91.77 91.75 

PF 0.82 0.82 0.82 0.83 0.81 0.82 0.83 0.84 0.98 0.99 0.99 

 

Table 3-10 shows that the optimum insulation ratio is different depending on the magnetic field 

created by the magnets. The optimum for a SynRM or for ferrite PMASynRM is an insulation ratio 

of 1.2, while the best efficiency for NdFeB PMASynRM is a rotor insulation ratio of 0.4. The change 

in the efficiency between the highest and the lowest value is: 0.14% for SynRM, 0.5% for Ferrite 

PMASynRM and 0.04% for NdFeB PMASynRM. The increase in efficiency when the ferrite 

magnets are introduced is 0.2% while the increase in efficiency when NdFeB magnets are 

introduced is 2.26%.   

The changes in the PF are more significant than in the efficiency. The change in the PF between 

the highest and the lowest PF for each type of motor is: 1.22% for SynRM, 3.7% for ferrite 

PMASynRM, and 1% for NdFeB PMASynRM. The increase in the PF of the SynRM when magnets 
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are used could increase up to 20% if NdFeB PMs are used. Therefore the effect of adding PM and 

the change of Kwq are considered significant for values of the PF and the efficiency. 

3.5.10 One barrier analysis conclusion 

 

The conclusions of the parametric analysis are highlighted in Table 3-11. 

Table 3-11 One Flux-Barrier Analysis Procedure Conclusions 

One Barrier Analysis 

Design parameter  Conclusion 
Air gap 0.5 mm 

Length of the magnets bottom flux-barrier 
magnets 

Efficiency increases with the weight of the magnets 

Length of the side flux-barrier magnets Efficiency increases when more magnets are used 

Distance between the bottom of the barrier 
and the shaft (D0) 

SPEED is not sensible to this parameter D0, and this parameter 
should be studied in FLUX. 

Placement of the PM in the side flux-barriers No effects 

Shape of the edges of the flux-barriers The best shape is the squared shape 

Distance between two consecutive barriers 
(Web) 

There is an optimum value. It has a considerable effect on the 
efficiency 

Electrical steel material (M530-50A vs M470-
50A) 

Do not highly vary performance of the machine 

Rotor insulation ratio and type of magnets Both have a considerable effect on the efficiency 

 

3.6 Multi-flux-barrier parameter study 

 

A PMASynRM motor normally has several flux barriers in order to divide the flux uniformly in the 

rotor, being able to reach a higher average torque [9]. In this section a multi-barrier parametric 

study is performed. 
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3.6.1 Number of barriers and Kwq parametric analysis. 

 

In this section, a parametric analysis of the number of barriers and the insulation ratio in the q-

axis is performed for both ferrite and NdFeB PM. The number of barriers is varied from 1 to 4 

barriers and Kwq from 0.3 to 0.6. 

 

Figure 3-12 Three barriers a) SynRM with Kwq =0.3 b) SynRM with Kwq =0.6 

The distance D0 is considered 60mm for all the cases within this study. The magnets are only 

filling the bottom of the barriers. Figure 3-12 shows the two extreme cases tested for the case of 

three barriers.  

The best motor designs achieved after the sensitivity analysis are presented in Table 3-12 for 

each type of PM material and for the different number of barriers studied. The best motor 

designs are highlighted. 

Table 3-12 Best designs for one, two, three and four barrier PMASynRM. 

    One barrier Two barriers Three barriers Four barriers 

Ferrite 

Kwq Kwq = 1.2 Kwq =0.3 Kwq = 0.3/0.4 Kwq =0.3 

Efficiency  89.69 92.55 92.67/92.57 92.47 

Power [kW] 11 11 11 11 

PF 0.83 0.86 0.87/0.86 0.85 

Magnet price 2.2 1.2 1.2/1.7 1.1 

NdFeB 

Kwq Kwq =0.4 Kwq =0.3 Kwq =0.3/0.4 Kwq =0.3 

Efficiency 91.77 93.67 93.79/93.77 93.43 

Power [kW] 11 11 11 11 

PF 0.99 0.99 1/1 0.95 

Magnet price 18.6 17.4 19.1/23.6 18.9 
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The following conclusions can be drawn from Table 3-12: 

- Higher efficiency and power factor are reached for the case with three barriers. The best 

design for both ferrite and NdFeB magnets is a design with three barriers and an 

insulation ratio of 0.3.  

- One percent higher efficiency is obtained with NdFeB magnets at a cost 16 times higher 

than in the ferrite case.  

- The used of PM affects the power factor more than the efficiency of the machine, and 

can be increased up to 1 by using NdFeB PM. 

- An insulation ratio of 0.3 gives a thickness of the magnets lower than 4 mm. Therefore, 

due to the constraint in the magnet thickness the next best solution is considered three 

barriers and Kwq =0.4.  

The motor design with 3 barriers and Kwq =0.4 is selected for further design optimization. 

 

3.6.2 D0 sensitivity analysis 

 

This analysis is performed in FLUX due to the inability of SPEED to compute variations in the 

distance from the bottom of the first barrier to the center of the shaft. The three barriers motor 

design with Kwq =0.4 is modelled in FLUX with a parametrized geometry (see Figure 3-13). 

 

Figure 3-13 Three barriers PMASynRM (D0=60mm) modeled in FLUX. 

The model in FLUX is simulated for different values of the distance between the bottom of the 

first barrier and the shaft (D0/2). The parameter D0 is studied for three different cases: D0=52mm 
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(Var_1), D0=60mm (Var_2) and D0=68.6mm (Var_3). The different motor design variants are 

shown in Figure 3-14. In all motor designs in this section, magnets are defined as air, in order to 

isolate the variable that is being analyzed. Results are presented in Table 3-13. 

 

D0_52 (Var_1) 

 

 

D0_60(Var_2) 

 

 

D0_68.6(Var_3) 

 

 

 

Figure 3-14 Different geometry topologies for the three barriers improved design. 

 

Table 3-13 Results from the D0 sensitivity analysis 

  Var _1 Var _2 Var _3 

Efficiency (%) 91.63 91.79 92.16 

PF 0.6 0.61 0.63 

Torque ripple (%) 35.5 30.3 29.3 

 

Table 3-13 shows that the efficiency and power factor increase when the distance between the 

barriers and the shaft is increased and the width of the iron segments is kept constant. The 

highest efficiency is reached for the case where the distance D0 is 68.6 mm. The efficiency and 

PF for this case are 92.16% and 0.63 respectively. Therefore, Var_3 is selected for further analysis.  

The torque ripple is calculated according to Equation 3-1. Table 3-13 shows high values for the 

torque ripple in all the variants being higher for Var_1. The torque ripple in Var_3 is 29.3%. This 

is studied in the next section. 
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Equation 3-1 

𝑅𝑖𝑝𝑝𝑙𝑒 𝑡𝑜𝑟𝑞𝑢𝑒 (%) =
𝑀𝑎𝑥. Torque – Min. torque

Mean value of the torque
∙ 100 

3.6.3 Torque ripple reduction study 

 

A torque ripple reduction study is performed for Var_3 (see Figure 3-14). To perform this study, 

the position of the end barriers is slightly modified to reduce the torque ripple and avoiding 

reducing the efficiency and power factor of the machine. This technique was described in section 

2.5. 

Var_3 and the proposed motor design with less torque ripple are presented in Figure 3-15. 

Results are presented in Table 3-14. 

 

Figure 3-15 a) Var_3 (Torque ripple: 29.3%), b) Low torque ripple motor design (Torque ripple: 14%) 

 

Table 3-14 Results from the torque ripple reduction study. 

  Var _3 Low Torque Ripple 

Efficiency (%) 92.16 91.99 

PF 0.63 0.62 

Torque ripple (%) 29.3 14 

 

Table 3-14 shows that the torque ripple is effectively reduced by 47.78%, while the target 

variables, efficiency and the PF, are reduced by 0.17% and 1.6% respectively. Since the target 
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variables are reduced, Var_3 is selected to continue with the design optimization procedure. The 

following parameter sensitivity analysis is performed using SPEED. 

 

3.6.4 Side flux-barriers width analysis 

 

The width of the side barriers varies from the minimum allowable 4 mm (magnet width constrain) 

up to 5 mm.  

Width sizes of 4, 4.4, 4.7 and 5 mm are studied for three different types of designs (SynRM, Ferrite 

PMASynRM and NdFeB PMASynRM). The rotor geometry of these designs is the same as the 

rotor geometry of Var_3. Magnets are only placed in the bottom of the middle barriers. Figure 

3-16  represents the two extreme cases of 4 and 5 mm studied. The results from the analysis are 

presented in Table 3-15 

 

Figure 3-16 Three barrier PMASynRM design a) width of the side barriers 4 mm b) width of the side 
barriers 5mm 

Table 3-15 Results for the sensitivity analysis of the width of the side barriers. 

  Width of the side barriers (mm) 

  4 4.4 4.7 5 

SynRM 
Efficiency (%) 92.56 92.5 92.4 92.37 

PF 0.86 0.86 0.85 0.84 

Ferrite 
Efficiency (%) 92.9 92.85 92.81 92.76 

PF 0.89 0.89 0.88 0.88 

NdFeB 
Efficiency (%) 93.81 93.82 93.81 93.82 

PF 0.99 0.99 0.99 0.99 
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Table 3-15 shows that the optimum width of the side barriers for the optimized design is 4 mm 

for the SynRM and the ferrite PMASynRM. For these designs, a clear optimum can be seen where 

the higher efficiency and PF are reached. For the NdFeB PMASynRM, the different widths of the 

side barriers do not change the efficiency and PF significantly. A width of 4 mm is selected as the 

optimum to continue with further studies. 

 

3.6.5 Shape of the edges of the barriers 

 

There are three different shapes that are investigated for the endings of the flux barriers: bridged, 

squared and rounded. All the three different shapes investigated are shown in the Figure 3-10. 

Their effect is studied for a ferrite and a NdFeB motor designs. Both designs use the motor 

geometry selected in the previous section (Var_3 with a width of the side barriers of 4mm) and 

magnets are only placed in the bottom of all the barriers. Results are shown in Table 3-16. 

 

Table 3-16 Results for different edge barriers shapes for ferrite and NdFeB PM 

 Ferrite NdFeB 

Shape Bridged Squared Rounded Bridged Squared Rounded 

Eta [%] 92.9 92.95 92.93 93.8 93.81 93.8 

PF  0.9 0.9 0.9 0.99 0.99 0.99 

 

From Table 3-16, the same conclusions are drawn as the study performed for one barrier in 

section 3.5.6. The effect of the endings of the flux barriers is minimal. The PF does not vary and 

the efficiency change between the best and the worst alternatives is less than 0.05%. However, 

it is still possible to conclude that the squared ending gives a higher efficiency than the bridged 

and rounded topologies for both ferrite and NdFeB motor designs. A maximum efficiency of 

92.95% for ferrite magnets and 93.81% for NdFeB magnets is reached. The squared shape is 

selected for further studies in the following sections. 
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3.6.6 Placement of the magnets 

 

The optimized geometry selected in the previous section is studied for different magnet material 

and different magnet position. Only the size, material and placement of the magnets is varied. 

Eight different topologies are studied (see Figure 3-17), variant 1 to 3 for ferrite magnets and 

variant 4 to 8 for NdFeB magnets. 

 

 

V1 

 

V2 

 

V3 

 

V4 

 

V5 

 

V6 

 

V7 

 

V8 

 

Figure 3-17 Different magnet topologies for the three barrier design selected in the previous section. 
Variant 1-3 have ferrite magnets and variants 4-8 have NdFeB magnets. 

 

The results are shown in Table 3-17. 
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Table 3-17 SPEEDs results for the eight different designs presented in Figure 3-17 

  V1 V2 V3 V4 V5 V6 V7 V8 

Wmag [kg] 2.14 3.00 1.45 3.38 4.83 2.29 2.73 2.37 

Eta [%] 93.02 93.19 92.80 93.65 93.07 93.86 93.86 93.23 

PF 0.91 0.92 0.88 0.96 0.88 1.00 1.00 0.93 

Irms [A] 18.84 18.46 19.34 17.63 19.24 16.90 16.84 18.42 

Ld-Lq [mH] 83.14 82.34 83.58 83.07 82.30 83.59 83.51 84.76 

Ld/Lq 10.24 9.52 11.16 10.30 9.60 11.21 11.09 13.06 

Magnet price 2.14 3.00 1.45 33.83 48.25 22.94 27.30 23.67 

 

Table 3-17 shows that in general higher efficiencies and PFs are reached when NdFeB magnets 

are used. However, higher efficiency and PF is reached with 3 kg of ferrite magnets (V2) than with 

4.83 kg of NdFeB magnets (V5). This is because the iron in variant 5 is oversaturated which creates 

more iron losses. If V2 and V3 are compared, where saturation is not reached, a higher amount 

of magnets in V2 helps to magnetize the rotor and decrease the current that should be drawn 

from the power supply which creates less joule losses in the stator and a higher PF and efficiency. 

Reaching V2 an efficiency 0.4% higher than in V3. 

The best motors, where the highest efficiency and PF are reached, are V2 for ferrite magnets and 

V6 for NdFeB magnets. V6 is selected over V7 because of the lower magnet cost. The efficiency 

and PF reached by V2 are 93.19% and 0.92 (PF), while for V6 are 93.86%, and 1 (PF). 

The V2, and V6 does not have the highest saliency ratio (Ld / Lq) or the highest difference between 

inductances in the d- and q-axis. It is a compromise between the amount of magnets and saliency 

of the rotor. 

3.6.7 Radial ribs effect for V2 and V6. 

 

Motors V2 and V6 are studied for two different cases: one radial rib of 1 mm in the first barrier 

and two radial ribs, one in the first barrier and another in the second barrier (see Figure 3-18). 

The results from the analysis are presented in Table 3-18.  
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 1 rib 2 ribs 

Ferrite magnets 

  

NdFeB magnets 

  

 

Figure 3-18 Different geometry topologies for a three-flux-barrier PMASynRM enforced mechanically 
with radial ribs of 1mm. 

 

Table 3-18 SPEEDs results for the different designs presented in Figure 3-18. 

  V2 V6 

  No ribs 1 rib 2 ribs No ribs 1 rib 2 ribs 

Eta [%] 93.19 93.17 93.13 93.86 93.85 93.84 

PF 0.92 0.92 0.92 1.00 1.00 1.00 

Eq1 [V] 57.02 55.18 52.52 130.55 128.64 125.10 

Magnet type Ferrite Ferrite Ferrite NdFeB NdFeB NdFeB 

 

Table 3-18 shows the negative effect of introducing radial ribs on the efficiency and PF. However, 

since radial ribs are only of 1mm the effect is small.  The efficiency is decreased by 0.03% per rib 

in V2 and 0.01% per rib for V6. Introducing ribs have a larger effect on V2 since it also reduce the 

amount of ferrite in the design, slightly decreasing the back emf from 57V when no ribs are used 

to 52V when two ribs are introduced. Furthermore, the magnets are divided into two parts which 

increases the number of magnets and the magnet price might increase. 
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Since the performance of the motor is reduced when ribs are used and they are not considered 

needed for low speed applications, radial ribs are not used in the motor design. 

3.6.8 Multi-flux barrier best designs. 

 

Table 3-19 shows the different steps followed during the multi-flux barrier design procedure, 

highlighting the design parameters studied, the selected most convenient designs, and the 

efficiency of these motors for ferrite and NdFeB PM material. 

 

Table 3-19 Multi Flux-Barrier Design 

Multi Flux-Barrier design 

Step of the 
design 

process 
Design parameter Best designs Efficiency 

1 
Number of barriers (1 to 4 

barriers) and Kwq study 
3 barriers 
(Kwq =0.4) 

92.56(Ferrite) / 
93.7(NdFeB) 

2 D0 analysis 
Var_3 

(D0=68.6mm) 
92.81 

(Ferrite)/93.81(NdFeB) 

3 
Side Flux-barriers width 

analysis 
4 mm 

92.9(Ferrite) / 
93.81(NdFeB) 

4 
Shape of the edges of the 

flux-barriers 
Squared 

92.95(Ferrite) / 
93.81(NdFeB) 

5 Placement of the magnets V2 and V6 
93.19(Ferrite) / 
93.86(NdFeB) 

6 Radial ribs study No ribs 
93.19(Ferrite) / 
93.86(NdFeB) 

 

The purpose of this project is to design a PMASynRM that achieves an efficiency of 91.4%. Both 

V2 and V6 (ferrite and NdFeB) reach this minimum requirement with efficiencies of 93.19% and 

93.86%, respectively. Considering the performance of the machine - the NdFeB design is a better 

solution with a higher general performance of the machine. However, there is a significant 

difference in the magnet price. The cost of magnets for the NdFeB design is 7.6 times higher than 

for the ferrite PM design which makes the ferrite solution a more attractive design to build a 

prototype from. Therefore, the ferrite magnet design is selected over V6. 
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3.7 Comparison of the final motor design (V2) from the parameter sensitivity analysis with 

the motor design calculated from the analytical procedure. 

 

In this section, the final motor design from the parameter sensitivity analysis (V2) is compared 

with a motor design calculated using the analytical procedure (V2.A) described in the appendix 

A. The input and output parameters for the analytical procedure are shown in Table 3-20.  

 

Table 3-20 Input and output parameters for the analytical design procedure. 

Input parameters  Output parameter. Motor design (V2.A) 

number of barriers 3    Parameter [mm] 

number of poles 4  

Iron segments (Sk) 

S1 7.3 

Kwq 0.4  S2 13.5 

Kwd 0.4  S3 10.4 

Air gap diameter [mm] 141.5  S4 4.2 

   

Barrier width in the q-axis (W1h) 

W11 6.7 

   W12 4.8 

   W13 2.7 

   

Barrier width in the d-axis (Wkd) 

W1d 5.7 

   W2d 4.1 

   W3d 2.3 

 

Table 3-20 shows that the third barrier of V2.A has a width lower than 4mm. Thus, ferrite magnets 

should be placed in all the barriers except for the third barrier. Due to SPEED limitations, small 

magnets of 3mm are also placed in the top barriers. 

Figure 3-19 shows the geometry of the two different motor designs V2 and V2.A and Table 3-21 

shows the simulation results for both motor designs. 
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V2 

 

Analytical motor design (V2.A) 

 

 

Figure 3-19 Final parametric motor design and analytical motor design. 

 

Table 3-21 Results for V2 and V2.A 

  V2 V2.A 

Efficiency (%) 93.2 92.3 

PF 0.92 0.84 

 

Table 3-21 shows that V2 reaches 1% higher efficiency and 10% higher PF than V2.A. Therefore 

the parametric sensitivity analysis has given a better motor design than the analytical procedure 

and the motor design V2 is proposed to build a prototype. 
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4 Proposed rotor design 

 

The proposed rotor design (V2) is a three barrier ferrite PMASynRM with 3kg of ferrite PM and 

an insulation ratio of Kwq =0.4. The side barrier width is 4mm for all the barriers and the distance 

between the bottom of the first barrier and the shaft is 68.6mm. The squared edges of the 

barriers are uniformly-distributed along the rotor circumference. 

Ferrite magnets have a lower remanence and coercivity than NdFeB magnets which makes them 

vulnerable to suffering from demagnetization during operation. Therefore, a demagnetization 

FEM study is carried out for the ferrite magnet design. 

The characteristics of the proposed design for a frequency of 50Hz and without considering 

demagnetization are presented in Figure 4-1. Figure 4-1 shows the variation of the efficiency, line 

current and power factor for different power outputs and for a constant speed of 1500rpm and 

a line voltage of 400V (50Hz). 

 

Figure 4-1 Motor Characteristics (for design V2). 
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Figure 4-1 shows that PF and efficiency reach their maximum for different output powers. 

Therefore, is not possible to choose an operation point that maximizes both efficiency and PF. 

However, efficiency and PF do not have a large variation close to the nominal power 11 kW. 

Figure 4-1 also shows that efficiencies above 91% are reached between 5kW and 17kW, which 

makes this machine ideal to work in applications where the load changes during operation. 

The current increases with the power since the motor is fed with a constant voltage. For a high 

power output, the machine is saturated. Saturation of the machine increases the losses as well 

as the joule losses depending on the square of the current.  

According to FLUX and Equation 3-1, the simulated torque ripple of the ferrite PMASynRM 

selected is 16%, when the machine is running in nominal conditions. This level of torque ripple is 

considered in this project acceptable for the purpose of the designed motor in pump applications. 

 

4.1 FEM – Demagnetization analysis 

4.1.1 Introduction 

 

In this section, a finite element analysis study of the ferrite PMASynRM selected, V2, is 

performed. First, the PMASynRM geometry, mesh, and different materials involved in the design 

are defined (see Figure 4-3), and the FEM model is simulated.  Secondly, it is checked that the 

nominal working point does not damage the magnetic property of the magnets, i.e. the magnets 

do not get demagnetized during the normal nominal operation point of the machine. Then, the 

current is increased, overloading the machine until the magnets are demagnetized.  

The characteristics of all permanent magnets vary with temperature as shown in section 2.1.4 in 

the literature review. Ferrite magnets are particularly susceptible to changes in temperature [42]. 

The demagnetization analysis is performed for the worst temperature case. For water pump 

applications, it is considered that the minimum temperature at which the motor works is at 0 

degrees Celsius (273.15 K).  
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Demagnetization is tracked with FLUX by using a macro where the magnet property Br (see Figure 

2-7) is modified when the magnet is demagnetized during the solving process. When the 

magnetic field goes below the knee value, the demagnetization of the PM is produced and when 

the flux density moves up again, a new recoil line is followed corresponding to a lower value of 

the remanence flux density. This action is performed automatically for each node at each time 

step during the solving process [33].  

 

4.1.2 Ferrite magnet design analysis 

 

The magnetic characteristics of the ferrite magnet AC-12 are shown in Figure 4-2.  

 

Figure 4-2 B-H curve for different temperatures for AC-12 ferrite magnet, modified from [40] to show 
Hknee and Bknee. 
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The magnet manufacturer (ARNOX) does not provide the magnetic characteristics of the selected 

magnet material (AC-12) at 0⁰C (273.15K). Thus, it is assumed that Hknee and Bknee change linearly 

with the temperature using Hknee and Bknee at 20⁰C and -40⁰C. Values are shown in Table 4-1. 

Table 4-1 Values of Hknee and Bknee for ferrite PM (AC-12) 

  Hknee [kA/m] Bknee [T] 

20⁰C 278.5 0.02 

0⁰C 262.6 0.06 

-40⁰C 230.8 0.14 

 

The knee magnetic flux density (Bknee) for a ferrite magnet temperature of 0⁰C is Bknee =0.06T, and 

the corresponding magnetic field is Hknee = 262.6 kA/m.  

The following procedure is done to check demagnetization in the PM. The design is solved taking 

into account demagnetization in every single step of the solving process using a macro in FLUX. 

Once the solver is finished, the magnitude of flux density in the magnets is plotted, as well as, 

the flux density in the surface of the magnet, most vulnerable area to be demagnetized. This is 

done for the simulation step where the flux density in the magnets is the lowest. After that, 

magnets which could have significant demagnetized areas are identified. For these magnets, it is 

checked that the flux density on the most affected surface, in the direction that the magnets was 

originally oriented (see Figure 4-3a) is not lower than Bknee at 0⁰C.  It is considered that the design 

suffers from demagnetization when more than 1.25mm of the surface of the most affected 

magnet is demagnetized. Figure 4-3 b) shows how the magnets are named. 
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Figure 4-3 a) Permanent magnet orientation Br =0.4 T b) name of the magnets 

 

4.1.2.1 Nominal current (FULL-LOAD) 

 

The demagnetization study is performed for full-load conditions where the output power is 11 

kW, and the nominal line current is 18.58 A. The magnetic flux density in the magnets and the 

direction of the magnetic field along the surface of the magnets for these conditions is shown in 

Figure 4-4. 

 

Figure 4-4 Magnetic flux density for the nominal current of 18.58 A. 
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The minimum value of the magnitude of the magnetic flux density is 0.12 T which is above 

Bknee=0.06 T. However, some magnetic flux arrows are not aligned in the magnetization direction 

of the magnets. Therefore, it is checked in Figure 4-5 that the component in the magnetization 

direction of the magnet is not lower than Bknee for the magnet with the lowest magnetic flux 

density.  

Demagnetization is studied for the worst case which occurs for the magnet with the lowest 

magnetic flux density. From Figure 4-4 it can be concluded that the lowest magnetic flux density 

is reached in the surface of the side magnets 1R and 1L. Due to the symmetry of the rotor and a 

similar flux density of magnets 1R and 1L, only the upper surface of the magnet 1L is selected to 

calculate how much it gets demagnetized. Since magnets are oriented in the direction of the 

normal component to the surface of the magnet, the magnitude and the normal component of 

the magnetic flux density are plotted in Figure 4-5 for a path along the surface of the magnet. 

The path is shown in Figure 4-5. It is checked that the flux normal component is higher than Bknee. 

 

Figure 4-5  Magnitude and normal component of the magnetic flux density in magnet 1L for the 
nominal current. 

 

The normal component for the plotted path shown in Figure 4-5 is above Bknee =0.06 T throughout 

most of the length of the magnet. Only 0.38 mm of the upper-right corner of the magnet is 
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demagnetized. Therefore, only a small part of the corners of the magnets may be demagnetized. 

It is considered that the magnets are not significantly demagnetized for the nominal current. 

 

4.1.2.2 Overloaded conditions 

 

A demagnetization study is carried out for different overload conditions. The motor design is 

tested at 1.35, 1.6, 2.2 and 2.7 times the nominal current (18.6 A). Demagnetization is studied 

following the same method used for full-load conditions.  

 

4.1.2.2.1 25 Amperes 

 

The demagnetization study is performed for overload conditions where the line current is 25 A 

(1.35 times the nominal current).  

 

Figure 4-6 Magnetic flux density for a line current of 25A. 

 

Figure 4-6 shows that the minimum value of the magnitude of the magnetic flux density is 0.009T, 

below Bknee =0.06T, thus some demagnetization occurs. The lowest magnetic flux density is 

reached on the surface of magnets 1R and 1L. Looking at the arrows and isovalues of the 

magnetic flux density, demagnetization is only produced in the corners of the magnets. As 
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studied for the nominal current case, demagnetization is checked in Figure 4-7 for the worst case 

(upper surface of magnet 1L).  

 

Figure 4-7 Magnitude and normal component of the magnetic flux density in magnet 1L for a line 
current of 25A. 

The normal component for the plotted path shown in Figure 4-7 is above Bknee =0.06T in most of 

the length of the magnet. Only 0.79mm of the upper-right corner of the magnet is demagnetized. 

Therefore, it is considered that the magnets are not significantly demagnetized for a line current 

of 25A. 

4.1.2.2.2 30 Amperes 

 

The demagnetization study is performed for overload conditions where the line current is 30 A 

(1.6 times the nominal current). The magnetic flux density in the magnets for these conditions is 

shown in Figure 4-8. 
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Figure 4-8 Magnetic flux density for a line current of 30A. 

 

In the same way as studied for the nominal current case the worst case is reached on the upper 

surface of the magnet 1L. In Figure 4-9, it is studied how much the selected magnet get 

demagnetized.  

 

Figure 4-9 Magnitude and normal component of the magnetic flux density in the magnet for a line 
current of 30A. 

 

The normal component for the plotted path shown in Figure 4-9 is above Bknee =0.06 T in most of 

the length of the magnet. However, 1.25mm of the upper-right corner of the magnet 1L is 
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demagnetized. Therefore, it is considered that the demagnetization is significant and the current 

limit has been reached. 

 

4.1.2.2.3 40 Amperes 

 

The demagnetization study is performed for overload conditions where the line current is 40 A 

(2.2 times the nominal current). The magnetic flux density in the magnets for these conditions is 

shown in Figure 4-8. 

 

Figure 4-10 Magnetic flux density for a line current of 40A. 

 

From  Figure 4-10 it can be concluded that magnets 1L and 1R are demagnetized, since the value 

of the magnetic flux density is below Bknee =0.06T in most of the magnet. The next magnet with 

the lowest flux density is magnet 1 followed by magnets 2R and 2L. Demagnetization is studied 

in Figure 4-11b) for the upper-surface of magnet 1, and in Figure 4-11a) for the upper-surface of 

magnet 2L due to the similar flux density as 2R. 
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Figure 4-11 Magnitude and normal component of the magnetic flux density in the magnet for a line 
current of 40A. a) Magnet 2L.b) Magnet 1. 

Figure 4-11 shows that, in both cases, about 3mm of the surface of the magnets are partially 

demagnetized, since the normal component of the magnetic flux density is lower than 

Bknee=0.06T.  

4.1.2.2.4 50 Amperes 

 

The demagnetization study is performed for overload conditions where the line current is 50 A 

(2.7 times the nominal current).  

 

Figure 4-12 Magnetic flux density for a line current of 50A. 
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Figure 4-12 shows the magnitude of the magnetic flux density in the magnets as well as the 

direction of this magnetic field along the surface of the magnets. It can be concluded from Figure 

4-12 that all the magnets in the first barrier as well as the magnets in the side barriers of the 

second barrier are demagnetized. The next magnets that present the lowest magnetic flux 

density are magnets 2 and 3. The demagnetization on the surface of these magnets is studied in 

Figure 4-13. 

 

Figure 4-13 Magnitude and normal component of the magnetic flux density in the magnet for a line 
current of 50A. a) Central magnet of the second barrier (magnet 2), b) Magnet of the third barrier 

(magnet 3). 

Figure 4-13a) shows that the magnet 2 gets partially demagnetized in both edges about 3mm. 

Figure 4-13b) shows that magnet 3 does not get demagnetized for a current of 50 A. Therefore, 

for a current 2.7 times the nominal current only the magnet of the third barrier is not 

demagnetized. 

Table 4-2 shows the demagnetized magnets for the different current levels. 

Table 4-2 Summary of the demagnetized magnets for the different current levels. 

  Demagnetized Magnets    

Current levels [A] 1L 1R 2L 2R 1 2 3 Demagnetization of the PMASynRM 

18.58 NO NO NO NO NO NO NO NO 

25 NO NO NO NO NO NO NO NO 

30 YES YES NO NO NO NO NO Demagnetization starts to be large 

40 YES YES YES YES YES NO NO YES 

50 YES YES YES YES YES YES NO YES 
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4.1.2.3 Demagnetization conclusions 

 

It is concluded from this analysis that ferrite magnets are sensitive to overload conditions and 

the current should be kept below 1.6 times the nominal current to prevent significant 

demagnetization of the magnets. Therefore, the maximum input current should be limited in the 

control drive that is feeding the machine by using current control circuit breakers.  

Table 4-3 shows a summary of the demagnetization study. In this table, it is presented which 

magnets are partially demagnetized and how much, for different current levels, going from 

nominal current up to 2.6 times the nominal current. 

Table 4-3 Demagnetization study conclusions 

Current level 
[A] 

Studied magnets which get partially 
demagnetized 

Partially demagnetization 
area 

Demagnetization of the 
PMASynRM 

18.58 
1L and 1R 

0.38mm of the outer corners' 
surfaces No 

2L and 2R corners' surface <0.38mm  

25 
1L and 1R 

0.79mm of the outer corners' 
surfaces No 

2L and 2R corners' surface <0.79mm  

30 
1L and 1R 

1.25mm of the outer corners' 
surfaces Demagnetization starts to be large 

2L and 2R corners' surface <1.25mm  

40 

1L and 1R A large part of the magnets 

Yes 
1 

3mm of the upper corners' 
surfaces 

2L and 2R 
3mm of the outer corner's 

surface 

50 

1, 1L, 1R, 2L and 2R A large part of the magnets 

Yes 
2 

3mm of the upper corners' 
surfaces 

 

Demagnetization can be reduced by using stronger magnets like NdFeB magnets, varying the field 

created by the stator by varying the stator winding design or by changing the geometry of the 

rotor leaving space for thicker magnets.  

A demagnetization study of the rotor where ferrite and NdFeB magnets are used in the same 

motor design could help to increase the maximum allowable current. For example, using NdFeB 

magnets in the sides of the barriers and ferrite magnet in the central part of the barriers could 
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help to increase the maximum allowable line current without increasing in a large amount the 

magnet cost.  

4.2 Thermal problem 

The selected ferrite PMASynRM design (V2) capability of dissipating the losses produced during 

operation at a full load of 11kW is investigated. To perform this thermal study of V2, a FEM model 

of the ferrite PMASynRM is defined and simulated at full-load in FLUX. The losses are compared 

with measurements of the losses of an existent IM (see Table 4-4) that uses the same stator also 

loaded at 11kW. The FEM model is presented in Figure 4-14; the simulated results are presented 

in Table 4-5. 

FLUX does not consider stray losses; thus, the same stray losses as the IM are considered for the 

PMASynRM. (Pstray=105W) 

 

Figure 4-14 Ferrite PMASynRM design (FEM model). 

 

Table 4-4 Measurements IM (11 kW) 
Performance summary. 

  
IM 

Pshaft [W] 11000 

Line current [A] 22.54 

PF 0.8 

Stator Iron Losses  + Stray losses [W] 433 

Rotor losses 271 

Stator Cu losses (RI^2) [W] 809 

Friction losses [W] 44 

Total losses[W] 1557 

Table 4-5 Simulation results for a ferrite 
PMASynRM 

  Ferrite PMASynRM 

Pshaft [W] 11000 

Line current [A] 18.58 

PF 0.929 

Stator Iron Losses +Stray losses [W] 216.73 

Rotor Losses [W] 26.28 

Stator Cu losses (RI^2) [W] 673.27 

Friction losses [W] 44 

Total losses[W] 960.28 
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Table 4-4 and Table 4-5 display that both rotor and stator losses are lower in the ferrite 

PMASynRM than in the IM case. Furthermore, 93% of the losses in the PMASynRM are in the 

stator which is easier to cool away than the rotor. Only 3% of the total losses of V2 are in the 

rotor. This can be explained because the PMASynRM design does not have a squirrel cage that 

produces joule losses in the rotor bars and end-rings. Additionally, ferrite magnets contribute to 

the magnetization of the machine increasing the power factor by 16% and decreasing the stator 

line current by 18%. The lower stator current reduces the stator’s copper losses in a 17%. 

Therefore, it is concluded that the losses in the new rotor design can be dissipated as they are 

both rotor and stator losses lower than in the IM case with the same stator and cooling surface. 

 

4.3 Comparison of the PMASynRM with an IM and a LSPM 

 

In this section the simulation results of the ferrite PMASynRM design and the measured values 

of an IM and a LSPM motor of the same power (11 kW) are compared with the measured values 

of the built prototype. The prototype is the designed PMASynRM that uses ferrite magnets while 

the LSPM uses NdFeB magnets. All the motors have four poles and use exactly the same stator. 

To compare these motor designs between each other, PF and efficiency are presented in Table 

4-6 for the same output power. 

Table 4-6 Comparison between an IM, a NdFeB LSPM and the designed ferrite PMASynRM. 

 Measured results Simulation results 

  IM LSPM PMASynRM prototype PMASynRM designed 

Pshaft [W] 11000 11000 11000 11000 

PF 0.76 0.96 0.92 0.92 

Efficiency [%] 88 91.8 92.6 93.19 

 

Table 4-6 shows that both the measured values of the prototype and the simulation results agree 

really accurately with less than 0.6% difference in the efficiency and the same PF. The prototype 

and the LSPM have similar characteristics. The LSPM has a PF 0.04 higher than the prototype. 
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Additionally the PMASynRM needs to be fed by a VFD since it does not have any starting torque, 

while the LSPM does not need VFD if it is going to work in a fixed speed application. On the other 

hand, the prototype reaches a 0.8% higher efficiency using ferrite magnets which are around 10 

times cheaper than NdFeB magnets used by the LSPM. Furthermore, the PMASynRM does not 

have any squirrel cage, making the design cheaper to manufacture. 

Figure 4-15 shows the simulated efficiency, the measured real efficiency of the prototype and 

the absolute deviation between them, when the motor is fed at 400V and 50Hz. There is a good 

agreement between the two curves having a correlation coefficient of 0.9996 and a maximum 

absolute deviation of 15% at 149W.  Both the prototype and the LSPM have better performance 

than the IM, reaching a higher PF and efficiency. Therefore, the ferrite PMASynRM is considered, 

technically, as a good alternative to an IM of the same power and a cheaper alternative to the 

LSPM motor if only the price of the motor is taken into account.  

 

 

Figure 4-15 Simulated and measured efficiency of V2 fed at 400V and 50Hz. 
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5 Conclusion and Future Work 

 

In this report, an 11kW 4-pole PMASynRM for pump applications has been designed. The shaft, 

stator geometry and the three-phase winding configuration were given since the stator and shaft 

of an existing IM were used. The design fulfills the goal of this study reaching a theoretical 

efficiency of 93.19%, higher than the required 91.4% at the nominal point. This efficiency can be 

further improved up to 93.86% if NdFeB PM are used. The use of NdFeB magnets also improves 

the PF and makes the motor design more resistant to possible demagnetization during overload 

conditions. The efficiency of the motor design is above 91% between 5kW and 17kW which 

makes the motor ideal for applications where the load varies during operation.  

The current in the proposed motor design should be kept below 1.6 p.u. (30A) in order to avoid 

large demagnetization of the magnets. 

A rough thermal study of the proposed design was performed by comparing the theoretical losses 

of the PMASynRM designed with the losses of an existing IM of the same power and with the 

same stator. The conclusion was that the losses can be cooled away without overheating locally. 

The test result of the prototype built from the motor design proposed in this study agrees with 

the simulation results. The difference between the measured values and the simulation results 

is lower than 0.6% in efficiency and the PF is the same. The measured results of the prototype 

were also compared with the measured results of an IM and a LSPM concluding that the designed 

motor is a high performance alternative, reaching a higher efficiency than those two motors.  

By further comparing and analyzing the simulation results with the measurements from the 

prototype would help to adjust the simulation models even more and increase the understanding 

of the electrical machine. 

A demagnetization study of the rotor using NdFeB magnets and ferrite magnets within the same 

motor design could help to increase the maximum allowable line current without increasing 

considerably the magnet cost.   
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In this project the stator was given and thus not optimized. An optimization of the stator and 

rotor at the same time, taking into account demagnetization, could further improve the design. 

Furthermore, investigating potential electrical faults in a PMASynRM under different operating 

conditions would help to improve the reliability of the design. This can be performed together 

with the study of different control methods, determining which are the most convenient to 

improve the performance.  

A mechanical and thermal FEM model of the design could help to check possible weak structural 

points or overheated spots of the design. That would also anticipate potential future problems. 

Finally, in order to prepare the design for commercialization, an economic optimization of the 

design for serial production, together with a study of how to introduce the design in the product 

line and a life cycle analysis would be required.  
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Appendix 

A. Analytical design procedure of the rotor flux-barriers 

A.1 Scope 

 

A SynRM rotor design procedure is presented in [9]. The main ideas, principles and equations are 

described in this section. The main goal of this primary design procedure is to find an optimum 

rotor design. The input parameters are insulation ratio in q- and d- axis, number of barriers (𝑛𝑏), 

number of poles-pair (p), and the stator and air gap diameter. The output of this procedure is a 

theoretical rotor design. 

 

A.2 Hypothesis and designed parameters 

 

The effect of the stator slots and saturation are neglected, considering a completely sinusoidal 

MMF wave form.  

The width of the iron segments is preferably kept the same along the iron paths in the rotor to 

reach an equal flux density along the iron segments. Thus, the magnetic material is employed 

better since all the magnetic material gets saturated at the same time. This rule is followed in 

this design procedure. 

The width of the iron segments is proportional to the average MMF in the d-axis along the iron 

segments (see Figure A-1). This is formulated as an iron segment dimensioning rule in [9].  As an 

example, segments k-th and h-th can be written in Equation A-1. 

Equation A-1 

𝑆𝑘

𝑆ℎ
=

𝑓𝑑𝑘

𝑓𝑑ℎ
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Figure A-1 K-th iron segment and its MMF in the air gap [9] 

  

 With this assumption, a theoretical design is developed. The following output parameters are 

calculated with this theoretical method: 

- End point angles of the barriers (𝛼𝑘) 

- Width of the iron paths in q- and d-axis. (𝑆𝑘) 

- Width of the rotor flux-barriers in q- and d-axis. (𝑊𝑘𝑞 𝑎𝑛𝑑 𝑊𝑘𝑑) 

All these geometrical parameters are defined in Figure A-2. 
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Figure A-2 Parameter definition for the theoretical rotor design procedure. [9] (Modified) 

 

The equations needed to calculate those parameters are described in the following sections. 

 

A.3. End point angles (𝜶𝒌) 

 

The rotor slot pitch angle (𝛼𝑚) related with the end points angles is considered constant and it 

is as shown in Equation A-2 and Equation A-3. 
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Equation A-2 

𝛼1 =
𝛼𝑚

2
 

Equation A-3 

𝛼𝑘+1 = 𝛼𝑘 + 𝛼𝑚                                  𝑓𝑜𝑟 𝑘 = 2 … 𝑛𝑏 + 1 

In order to place the end points of the barriers, [9] recommends to use, an extra point is created 

for the last segment (𝑆𝑛𝑏+1), point B * in Figure A-2.  

The parameter 𝛽 can be used as an extra design parameter. Torque ripple is varied by trying 

different values of 𝛽 until the optimum is achieved [9]. As mentioned before, due to the high 

inertia of the propeller and the pumped water, torque ripple is not the most important parameter 

to focus on. In this study, a symmetrically and uniform distribution of the end point angles is 

considered. According to this assumption,  𝛽 =
𝛼𝑚

2
. 𝛼𝑚 is defined in Equation A-4.  

Equation A-4 

𝜶𝒎 =

𝝅
𝟐𝒑

− 𝜷

𝒏𝒃 +
𝟏
𝟐

= (𝑰𝒇 𝜷 =
𝜶𝒎

𝟐
) =

𝝅
𝟐𝒑

𝒏𝒃 + 𝟏
 

Where, p is the pole-pair number,  𝒏𝒃 is the number of barriers, 𝛼𝑚 is the slot pitch angle and 𝛽 

is the floating angle. 

 

A.4. Iron segments width (𝑺𝒌) 

 

In order to calculate the width of the iron segments, it is assumed that the average of d-axis MMF 

along the iron segment is directed into the related iron segment. Equation A-1 is applied. 
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Figure A-3 a) p.u. MMF distribution over segments due to applied d-axis MMF b) p.u. MMF distribution 
over segments due to applied q-axis MMF [9] 

 

The average d-axis MMF can be calculated integrating the MMF along the iron segment and 

dividing it by the rotor slot pitch 𝛼𝑚. These is done in the following equations which can be 

derived from Figure A-3a. 

Equation A-5 

𝑓𝑑𝑘 =

∫ cos(𝑝𝛼) 𝑑𝛼 
2𝑘−1

2 𝛼𝑚

2𝑘−3
2 𝛼𝑚

𝛼𝑚
=

sin (
𝑝(2𝑘 − 1)

2 𝛼𝑚) − sin(
𝑝(2𝑘 − 3)

2 𝛼𝑚)

𝑝𝛼𝑚
    𝑘 = 1, … , 𝑛𝑏 

Equation A-6 

𝑓𝑑𝑛𝑏+1 =

∫ cos(𝑝𝛼) 𝑑𝛼 

𝜋
2𝑝

2𝑛𝑏−1
2 𝛼𝑚

𝛼𝑚 + 𝛽
=

1 − sin (
𝑝(2𝑛𝑏 − 1)

2 𝛼𝑚)

𝑝(𝛼𝑚 + 𝛽)
     

 

Once the average values of the MMF are calculated, it is possible to apply Equation A-1. The 

width of the first iron segment is 2𝑆1 (see Figure A-2). 
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Equation A-7 

2𝑆1

𝑆2
=

𝑓𝑑1

𝑓𝑑2
 

Equation A-8 

𝑆𝑘

𝑆𝑘+1
=

𝑓𝑑𝑘

𝑓𝑑𝑘+1
    𝑘 = 2, … , 𝑛𝑏 

Now, there are 𝒏𝒃 equations and 𝒏𝒃 + 𝟏 unknown. The definition of the insulation ratio in the 

q-axis is needed to solve the problem. 

Equation A-9 

𝐾𝑤𝑞 =
𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑑𝑡ℎ 𝑎𝑙𝑜𝑛𝑔 𝑡ℎ𝑒 𝑞 − 𝑎𝑥𝑖𝑠

𝑡𝑜𝑡𝑎𝑙 𝑖𝑟𝑜𝑛 𝑤𝑖𝑑𝑡ℎ 𝑎𝑙𝑜𝑛𝑔 𝑡ℎ𝑒 𝑞 − 𝑎𝑥𝑖𝑠
=

𝑙𝑎

𝑙𝑦
=

(
𝐷𝑟𝑜𝑡𝑜𝑟

2 −
𝐷𝑠ℎ𝑎𝑓𝑡

2 ) − ∑ 𝑆𝑘
𝑛𝑏+1
𝑘=1

∑ 𝑆𝑘
𝑛𝑏+1
𝑘=1

 

With Equation A-7, Equation A-8 and Equation A-9, the width of the iron segments along the q-

axis can be calculated. 

 

A.5. Barrier width in q-axis (𝑾𝒌𝒒) 

 

To minimize the flux in the q –axis direction, the following equations for the barrier width in q-

axis should be verified: 

Equation A-10 

𝑊𝑘𝑞

𝑊(𝑘 + 1)𝑞
= (

∆𝑓𝑘

∆𝑓𝑘+1
)

2

     𝑘 = 1, … , 𝑛𝑏 − 1 

The average MMFs increment over each barrier can be calculated using Equation A-11.  

Equation A-11 

∆𝑓𝑘−1 = 𝑓𝑞𝑘 − 𝑓𝑞𝑘−1       𝑘 = 2, … , 𝑛𝑏 
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The average MMF in the q-axis over each iron segment is calculated in a similar way as has been 

done for the d-axis. It is derived from Figure A-3b. 

Equation A-12 

𝑓𝑞1 = 0 

Equation A-13 

𝑓𝑞𝑘 =

∫ sin(𝑝𝛼) 𝑑𝛼 
2𝑘−1

2 𝛼𝑚

2𝑘−3
2 𝛼𝑚

𝛼𝑚
=

cos (
𝑝(2𝑘 − 3)

2 𝛼𝑚) − cos(
𝑝(2𝑘 − 1)

2 𝛼𝑚)

𝑝𝛼𝑚
    𝑘 = 2, … , 𝑛𝑏 

Equation A-14 

𝑓𝑞𝑛𝑏+1 =

∫ sin(𝑝𝛼) 𝑑𝛼 

𝜋
2𝑝

2𝑛𝑏−1
2 𝛼𝑚

𝛼𝑚 + 𝛽
=

cos (
𝑝(2𝑛𝑏 − 1)

2 𝛼𝑚)

𝑝(𝛼𝑚 + 𝛽)
 

Now there are 𝒏𝒃 equations and 𝒏𝒃 + 𝟏 unknown. Equation A-15 is the 𝒏𝒃 + 𝟏 equation used to 

calculate the barrier widths in the q-axis (𝑊1𝑘). 

Equation A-15 

∑ 𝑊𝑘𝑞 = 𝑙𝑎 =

𝐷𝑟𝑜𝑡𝑜𝑟

2
−

𝐷𝑠ℎ𝑎𝑓𝑡

2

1 +
1

𝑘𝑤𝑞

𝑛𝑏

𝑘=1

 

 

A.6. Barrier width in the d-axis (𝑾𝒌𝒅) 

 

The total amount of air in the d-axis must be equal or lower than in the q-axis for machines with 

four poles. 

The insulation ratio in the d-axis can be defined using Equation A-16. 

Equation A-16 

𝐾𝑤𝑑 =
𝑡𝑜𝑡𝑎𝑙 𝑎𝑖𝑟 𝑎𝑙𝑜𝑛𝑔 𝑙𝑑

𝑡𝑜𝑡𝑎𝑙 𝑖𝑟𝑜𝑛 𝑎𝑙𝑜𝑛𝑔 𝑙𝑑
=

∑ 𝑊𝑘𝑑
𝑛𝑏
𝑘=1

𝑙𝑑 − ∑ 𝑊𝑘𝑑
𝑛𝑏
𝑘=1
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Where, ld is defined in Equation A-17 (see Figure A-2). 

Equation A-17 

𝑙𝑑 = (
𝐷𝑟𝑜𝑡𝑜𝑟

2
) sin (

𝜋

2𝑝
−

3𝛼𝑚

4
) 

It is assumed that the width of the barriers in q- and d-axis should be proportional (see Equation 

A-18). 

Equation A-18 

𝑊𝑘𝑑

𝑊(𝑘 + 1)𝑑
=

𝑊𝑘𝑞

𝑊(𝑘 + 1)𝑞
    𝑘 = 1, … , 𝑛𝑏 − 1 

Now, there are 𝒏𝒃 equations and 𝒏𝒃 + 𝟏 unknown. Equation A-16 is the 𝒏𝒃 + 𝟏 equation used 

to calculate the barrier widths in the d-axis (𝑊𝑘𝑑) and unknowns in the system of equations. 
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B. Materials 

 

Figure B-4 M530-50A datasheet from SURA [41] 
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Figure B-5 M470-50A data sheet from SURA [41] 
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Figure B-6 Ferrite PM. Arnox AC-12 [40] 

 

 

Figure B-7 NdFeB magnets. Arnox N42UH [40] 
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