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Abstrakt 

V dnešní době je kladen vysoký nárok na účinnost elektrických zařízení a to jak ze 

strany provozovatele, tak i legislativy. Nejlepší účinnosti dosahují synchronní 

motory s permanentními magnety umístěnými na povrchu rotoru (SMPM), se 

kterými lze i u malých motorů dosáhnout účinnosti nad 90%. Nicméně tyto motory 

jsou z důvodů použití magnetů ze vzácných zemin, např. NdFeB, drahé a jsou 

schopny provozu pouze s frekvenčním měničem. Z cenových důvodů jsou hledány 

levnější alternativy k SMPM motorům. Jedním z typů motorů, kterým lze SMPM 

nahradit je synchronní reluktanční motor s permanentními magnety (PMASR). 

Tento motor je cenově výhodnější, protože používá menší množství magnetů, při 

zachování podobných, mnohdy i lepších vlastností, nicméně neodpadá potřeba 

použití frekvenčního měniče. Navíc je zde možnost použití levnějších feritových 

magnetů a tím ještě výrazněji snížit cenu motoru. V této práci bude PMASR 

topologie popsána důkladněji včetně elektromagnetického návrhu metodou 

konečných prvků. Bude provedena i mechanická analýza zvoleného optimálního 

modelu. Výsledky dosažené metodou konečných prvků budou následně porovnány 

s analytickým modelem. Z navrženého modelu bude vyroben prototyp a naměřené 

výsledky budou porovnány s výpočty. 
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Abstract 

In these days a huge emphasis is put on efficiency of electric devices, both from the 

side of the owner as well as from the legislation. In the case of electric motors the 

best efficiency can be achieved with a surface mounted permanent magnet (SMPM) 

motor, which may be, even in the case of small machines, higher than 90%. 

Unfortunately, these motors are expensive, because rare earth magnets, such as 

neodymium magnets, are used, and use of the AC drive system is required. Because 

of its high price, engineers are trying to find a cheaper machine with parameters 

similar to SMPM solution. Permanent magnet assisted synchronous reluctance 

(PMASR) motor is one possible replacement for SMPM. This machine is cheaper, 

because smaller amount of magnets and still similar or even better characteristics 

could be achieved, but still the AC drive needs to be used. With PMASR topology it 

is possible to use low-cost ferrite magnets to replace expensive neodymium 

magnets, thus the machine will be cheaper. In this work, there will be PMASR 

topology explained more thoroughly, including the electromagnetic design 

process. Analytical analysis will be performed on a chosen optimal model. Results 

of the FE analysis will be evaluated with the analytical model. The prototype will 

be manufactured from the optimal designed model. The measured data from the 

prototype will be compared with the calculated data. 
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 2 

1 INTRODUCTION 

The first prototype of the synchronous reluctance motor (SRM), the predecessor of 

permanent magnet assisted synchronous reluctance motor (PMASR), as we know 

it today was developed by J.K. Kostko in 1923. But even Mr. Kostko thought that 

the motor would not be extensively used in the future, thanks to its bad efficiency 

and poor performance characteristics [1]. The academic research done on the SRM, 

the development of the power converters and the new control algorithms over the 

years had helped to reduce the SRM drawbacks and made it worthy competitor to 

the other types of motor. However, some disadvantages of the machine either had 

not been reduced or could not be reduced, such as the low torque density or low 

power factor [9]. 

The PMASR topology, which is the main topic of this thesis, can be considered 

the enhanced SRM topology. The PMASR geometry is similar to the geometry of 

SRM, but in addition, PMASR benefits from use of the permanent magnets (PM) 

inserted inside the rotor. The use of PM is twofold: the first PMs create the 

electromagnetic torque and the second PMs improve the power factor. Thus, both 

initial main drawbacks can be reduced by the use of PM. 

First, the reason why PMASR geometry was developed will be introduced to the 

readers. Later, basic PMASR functionality principles will be presented and the 

motor functionality will be explained by using equations and vector diagrams. 

After readers become familiar with the machine’s principle and behavior, further 

motor analysis could be done, for example, the analytical model with one and two 

barriers per pole.  

The FEA model scripts written to calculate three different geometry versions 

will be shown and the motor will be designed to achieve the desired torque. The 

presented analytical model will be then programmed in Matlab software and 

calculated results will be used to evaluate the results from FE software. 

Chosen FEA model mechanical strength towards the centrifugal force will be 

investigated in ANSYS software and results will be discussed in this work.  

According to the chosen FE model, the prototype will be manufactured and 

tested. The measured data will be finally compared with the calculated results and 

possible differences will be investigated and discussed in this thesis. 

This thesis should provide good background for the PMASR design process 

with the possible issues and solutions for problems that might occur. 

.  
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2 PERMANENT MAGNET ASSISTED 

SYNCHRONOUS RELUCTANCE MOTOR 

Basic principles of investigated motor will be presented. Motor will be described by using 

derivatives in d-q coordinates and from equations machine equivalent circuits will be created. 

Motor will be also analyzed and presented in a stable state along with a corresponding vector 

diagram. 

2.1 What is the PMASR 

In the family of all electric motors, the permanent magnet assisted synchronous 

reluctance (PMASR) motor is included in the branch of synchronous motors. The 

PMASR is more specifically located in the sub-branch of permanent magnet motors 

with PMs inserted inside the rotor structure (IPM). Beside the IPM motors in the 

same branch, we can find the surface mounted permanent magnet (SMPM) motors, 

whose have PM placed on their rotor surface. On Fig. 2-1, sketches of the IPM and 

the SMPM motors are shown. The gray areas are used for permanent magnets. 

 

The PMASR can be used in various applications in many industry branches, 

from the pump applications [3] through the house applications, such as the 

washing machines [4], to the ships drives [5]. This implies the need of wide range 

of rated powers, from hundreds of watts to hundreds of kilowatts and more. 

Before the motor will be described with the equations, it is essential to first 

show and describe the geometry itself. At Fig. 2-2 is the PMASR geometry sketch 

presented with the description of the rotor geometry. Rotating part ,,called the 

rotor” is placed inside the stationary part, ,,called the stator”. The rotor consists of 

iron sheets with areas of iron catted out, called the ,,flux barriers”, where the PMs 

are inserted. Inside the rotor is the shaft, the part which is rotating along with 

rotor and delivers the developed torque out of housing. 

Fig. 2-1: Sketch of the permanent magnet synchronous machines [2] 
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Fig. 2-2: Sketch of the PMASR geometry with description [6] 

2.2 Why PMASR? 

The SMPM motors, which the PMASR in some cases might replace, have a lot of 

electric advantages, such as the high power factor and the high torque density. 

However several issues might occur during their manufacturing process. The first 

one is that magnets are located on the rotor surface, where the speed, thus the 

centrifugal force is maximal. Because of the strong force, there is need to use high 

quality and expensive glue, to fix the magnets on the rotor surface. Besides the 

high cost of the glue, it has to be applied on the surface in the thin layer equally 

over the surface, which is difficult to do [12]. The second manufacturing problem is 

with the magnet eventual displacement, which is listed and described in literature 

[11].  

In the PMASR machine are problems with the magnets (mentioned above) 

limited, because magnets are inserted in the „pockets” created in the rotor iron. 

However, as it was said in the abstract, it is possible to use the low-cost ferrite 

magnets. Concluding this, the PMASR is technologically easier to design and 

cheaper to manufacture, thus the final cost is lower than the SMPM motor. 

2.3 Fundamental equations 

Section 2.1 states that the PMASR is synchronous reluctance machine (SRM) with 

magnets inside the flux barriers. This is the reason why the machine will be 

described in this chapter firstly as simple electromagnetic system, then as the SRM, 

and later the PMs will be considered. 

Let us first consider the simple electro-mechanical system with the 

stationary part (stator) and rotating part (rotor) sketched on Fig. 2-3 a). The rotor 

geometry is designed with the magnetic saliency. The rotor in its one axis is 

Flux barriers 

Permanent magnets 

Rotor 

Stator 

Shaft 
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designed thinner than in the other. The stator has a single coil placed in two slots 

on both sides of the stator [7].  

For sake of simplification, let us consider the relative permeability of the 

stator and the rotor iron to be 𝜇𝑟 → ∞. With this simplification, the magnetic 

reluctance consists only of the air gap reluctance, because the reluctance of iron 

results in zero. 

 
Fig. 2-3: a) Electromechanical system, b) SRM [7] 

As it is obvious from the Fig. 2-3 that the magnetic reluctance is different in 

both axes, because the air gap length is different. This relationship is shown in 

equation below [8]: 

𝑅𝑚 =
1

𝜇0 ∙ 𝜇𝑟

∙
𝑙

𝑆
 (1.1)  

Where μ0 is the permeability of vacuum, l is the air gap length and S is the 

surface area of the material where the reluctance is calculated. Because the rotor is 

rotating, therefore the reluctance, measured in coil is varying. It varies between 

the maximum, when the angle ϑ= 0° to its minimum, when ϑ= 90°. The two 

extreme situations imply that the reluctance, and also the inductance are varying 

with the cosine function. The expression for inductance is in following equation 

[7]: 

𝐿𝑎(𝜗) = 𝐿𝑎𝑚 ∙ cos 𝜗 (1.2)  

Where Lam is the maximal inductance measured in H and ϑ is the angle 

between the rotor and the stator coil axis. 

In the literature [8], where from the simple energy balance principle and 

considering the linear magnetic system, the author came up with an equation that 

can be used in our case for the torque calculation: 

𝑀𝑖𝑚 = −
𝜕𝑊𝑚

𝜕𝜗𝑚

=
𝜕𝑊𝑐𝑜

𝜕𝜗𝑚

 (1.3)  
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Where if the magnetic coenergy Wco is substituted by 𝑊𝑐𝑜 =
𝑖𝑎
2

2
∙ 𝐿𝑎(𝜗) , where 

ia is the current feeding the stator coil and if La is replaced with the formulation 1.2 

the final form comes up [6]: 

𝑀𝑖𝑚 = −
𝜕𝑊𝑚

𝜕𝜗𝑚

=
𝜕𝑊𝑐𝑜

𝜕𝜗𝑚

=

𝜕 (
𝑖2

2
∙ 𝐿𝑎(𝜗))

𝜕𝜗
=

𝜕 (
𝑖2

2
∙ 𝐿𝑎𝑚 ∙ cos 𝜗)

𝜕𝜗
= −

𝑖2 

2
∙ 𝐿𝑎𝑚 ∙ sin 𝜗 

(1.4)  

This equation (1.4) finally explains the basic principle of the synchronous 

reluctance motor. The motor develops the electromagnetic torque, because the 

inductance varies with the rotating rotor. The designer’s goal is to develop a 

machine with the maximum inductance saliency, which results into the maximum 

torque created by the motor. To achieve this goal, the rotors are developed with 

the flux barriers [2]. 

Even though the electric motor, which was used for explaining the principle, 

would work, its rotor would not start to rotate. The magnetic field created by 

stator coil is not rotating, but only pulsating from the one side to the other. 

Therefore the stator is not designed with one coil and therefore with the single 

phase winding, but with more coils and the multiple-phase winding instead as 

shown in Fig. 2-3 b) [7]. 

The PMs used in the PMASR technology do not suppress the presented SRM 

principle. Because the PM’s relative permeability is almost equal with relative 

permeability of the air, the inductance remains nearly the same. The PMs develop 

the new part of the torque. The magnets create the electromagnetic flux that 

interferes with the flux created by stator, therefore creating a stronger bond 

between these two parts, thus higher torque. This will be explained and proven by 

the mathematics in next chapter. 

2.4 Mathematic definition of PMASR 

The mathematical definition will be provided not in the stationary reference frame, 

but in the d-q rotating frame instead. If the definition would be performed in the 

stationary reference frame, it would have to be transformed to the rotating frame 

at the end. Thus it seems eligible to use the d-q frame from the beginning. In 

addition, a 2-phase system (d-q frame) is used by AC drives, therefore the model, 

created later with use of 2-phase system, will be more useful. Simplified model of 

the SRAM, presented below will serve for the mathematical description. Green area 

inside the rotating part represents the permanent magnet. 
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Fig. 2-4: Simplified SRAM geometry [7] 

Equations for the stator voltage and the current in the d-q reference frame:  

𝑢𝑠 = √𝑢𝑑
2 + 𝑢𝑞

2 (1.5)  

𝑖𝑠 = √𝑖𝑑
2 + 𝑖𝑞

2 (1.6)  

For the voltages in the d and in q axes can be written: 

𝑢𝑑 = 𝑅𝑑 ∙ 𝑖𝑑 +
𝑑𝜓𝑑

𝑑𝑡
− 𝜔 ∙ 𝜓𝑞 (1.7)  

𝑢𝑞 = 𝑅𝑞 ∙ 𝑖𝑞 +
𝑑𝜓𝑞

𝑑𝑡
+ 𝜔 ∙ 𝜓𝑑 (1.8)  

Where ω is the electrical speed that can be calculated as mechanical speed 

times number of pole pairs: 

𝜔 = 𝑝 ∙ 𝜔𝑚𝑒𝑐ℎ (1.9)  

For the flux linkages in d and q axes [10]: 

𝜓𝑑 = 𝐿𝑑 ∙ 𝑖𝑑 (1.10)  

𝜓𝑞 = 𝐿𝑞 ∙ 𝑖𝑞 − 𝜓𝑃𝑀 (1.11)  

The torque equation presented for example in [8], where on the left side is 

torque developed by the motor, and on the right side is acceleration and the load 

torque, can be in the d-q frame written as: 

3

2
∙ 𝑝 ∙ (𝜓𝑑 ∙ 𝑖𝑞 − 𝜓𝑞 ∙ 𝑖𝑑) =

𝐽

𝑝
∙

𝑑𝜔

𝑑𝑡
+ 𝑚𝑚𝑒𝑐ℎ (1.12)  

Substituting the flux linkages in by expressions (1.10) and (1.11) and after 

few modifications: 

3

2
∙ 𝑝 ∙ [𝜓𝑃𝑀 ∙ 𝑖𝑑 + (𝐿𝑑 − 𝐿𝑞) ∙ 𝑖𝑑 ∙ 𝑖𝑞] =

𝐽

𝑝
∙

𝑑𝜔

𝑑𝑡
+ 𝑚𝑚𝑒𝑐ℎ (1.13)  
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In equation (1.13) is the mathematical proof, that the PM flux creates the 

magnetic torque, as noted in chapter 2. 

The equivalent circuits with the equations created from the combination of 

equations (1.7) with the (1.11) and the (1.8) with the (1.10) are presented below. 

𝑢𝑑 = 𝑅𝑑 ∙ 𝑖𝑑 +
𝑑𝜓𝑑

𝑑𝑡
− 𝜔 ∙ 𝐿𝑞 ∙ 𝑖𝑞 + 𝜔 ∙ 𝜓𝑃𝑀 (1.14)  

𝑢𝑞 = 𝑅𝑞 ∙ 𝑖𝑞 +
𝑑𝜓𝑞

𝑑𝑡
+ 𝜔 ∙ 𝐿𝑑 ∙ 𝑖𝑑 (1.15)  

a)  b)  
Fig. 2-5: The equivalent circuit for the d-axis (a) and the q-axis (b) voltages 

2.5 PMASR in stable state 

The stable state means that all the voltages, currents, and flux linkages are 

constants. All transient values are replaced in the equations with their magnitudes, 

thus the derivatives are equal to zero. For the vector diagram the voltages, the 

currents and the flux linkages will be written in complex forms with the d-axis 

values considered as real and the q-axis values considered as imaginal. The 

equations transform into: 

𝑈𝑠 = 𝑈𝑑 + 𝑗𝑈𝑞 (1.16)  

𝐼𝑠 = 𝐼𝑑 + 𝑗𝐼𝑞 (1.17)  

𝜓𝑠𝑚 = 𝜓𝑑𝑚 + 𝑗𝜓𝑞𝑚 (1.18)  

𝑈𝑑 = 𝑅𝑑 ∙ 𝐼𝑑 − 𝜔 ∙ 𝜓𝑞𝑚 (1.19)  

𝑈𝑞 = 𝑅𝑞 ∙ 𝐼𝑞 + 𝜔 ∙ 𝜓𝑑𝑚 (1.20)  

𝜓𝑑𝑚 = 𝐿𝑑 ∙ 𝐼𝑑 (1.21)  

𝜓𝑞𝑚 = 𝐿𝑞 ∙ 𝐼𝑞 − 𝜓𝑃𝑀,𝑚 (1.22)  
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Replacing the flux linkages in (1.19) and (1.20) with (1.21) and (1.22), the 

voltages in the d and the q axes become: 

𝑈𝑑 = 𝑅𝑑 ∙ 𝐼𝑑 − 𝜔 ∙ 𝐿𝑞 ∙ 𝐼𝑞 + 𝜔 ∙ 𝜓𝑃𝑀,𝑚 (1.23)  

𝑈𝑞 = 𝑅𝑞 ∙ 𝐼𝑞 + 𝜔 ∙ 𝐿𝑑 ∙ 𝐼𝑑 (1.24)  

With the use (1.23) and (1.24), the stator voltage in (1.16) can be expressed 

as: 

𝑈𝑠 = 𝑈𝑑 + 𝑗𝑈𝑞 = 𝑅𝑑 ∙ 𝐼𝑑 − 𝜔 ∙ 𝐿𝑞 ∙ 𝐼𝑞 + 𝜔 ∙ 𝜓𝑃𝑀,𝑚 + 𝑗(𝑅𝑞 ∙ 𝐼𝑞 + 𝜔 ∙ 𝐿𝑑 ∙ 𝐼𝑑) (1.25)  

After some manipulations: 

𝑈𝑠 = 𝑅𝑑 ∙ 𝐼𝑑 − 𝜔 ∙ 𝐿𝑞 ∙ 𝐼𝑞 + 𝜔 ∙ 𝜓𝑃𝑀,𝑚 + 𝑗 ∙ 𝑅𝑞 ∙ 𝐼𝑞 + 𝑗 ∙ 𝜔 ∙ 𝐿𝑑 ∙ 𝐼𝑑 (1.26)  

From the equation (1.26) the vector diagram is created and shown with the 

PMASR vector diagram below: 

 
Fig. 2-6: The vector diagrams of the PMASR (a) and the SRM (b) machines VD (b) 

  

a) b) 



 10 

3 ANALYTICAL MODEL OF PMASR 

In this chapter, an analytical model will be created. The analytical model will be at first created 

for one flux barrier per pole and then extended to two flux barriers per pole. With the created 

analytical model will be possible to calculate air gap flux-density and electromagnetic torque. 

3.1 Introduction 
At first, the reluctance network in the analytical model is presented, then 

investigated, and then simplified by the laws similar to ones commonly used in the 

electric circuits [2].  

The analytic model of the anisotropic machine, such as the PMASR, is 

presented in the literature [2], [9]. Firstly the geometry with one flux barrier per 

pole will be investigated and then the model will be extended to two flux barriers 

per pole. The purpose of the analytical model is to calculate the electromagnetic 

torque and evaluate the FEA results. 

3.2  Stator analytical model 
Stator slots in the analytical model are replaced with a conductive sheet placed on 

stator inner surface. The “conductor distribution” in conductive sheet is taken into 

account. Thus the current density is not linear [2]. Considered stator in 

comparison with original stator is shown in picture below. 

 
Fig. 3-1: The Stator replacement described with the conductor distribution [2] 

3.2.1 Electric loading 

Because the conductor distribution over the conductive sheet is non-linear, the 

current density is non-linear as well. The current density is considered when the 

current is flowing through the stator coils. The linear current distribution 

described above is called electrical loading and in literature ([2], [9]) is labeled Ks 

and calculated in the stator reference frame using the equation [9]: 

𝐾𝑠 (𝜗𝑠) = ∑ 𝐾𝑛

𝑛

∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑠 − 𝑝𝜗𝑚 − 𝛼𝑖
𝑒) = ∑ 𝐾𝑛

𝑛

∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑠 − 𝜔𝑚𝑒𝑡 − 𝛼𝑖
𝑒) (1.27)  

 

Θs Θs 
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Where [2]:   n harmonic order [-] 

   𝐾̅𝑛 Peak of the electric loading of the n-harmonic [A/m] 

   p number of pole pairs [-] 

   ϑs angle in stator reference frame in mech. degrees [°mech] 

   ϑm angular position of the rotor in mechanical degrees [°mech] 

   𝛼𝑖
𝑒

 Angle measured between the current vector and the d-axis in 

electrical degrees [°el] 

𝛼𝑖
𝑒 is explained in the figure below: 

 
Fig. 3-2: The current phase in the electrical degrees [2] 

The electric loading of each harmonic order can be calculated from the 

equation [9]: 

𝐾𝑛 =
3 ∙ 𝐼 ̅ ∙ 𝑘𝑤𝑛 ∙ 𝑁𝑠

𝜋 ∙ 𝐷
∙ sin (

𝑛 ∙ 𝜋

2
)  (1.28)  

Where [9]: kwn winding factor of the n-th harmonic order [-] 

  Ns number of conductors per phase [-] 

  D inner stator diameter [m] 

  𝐼 ̅ Peak value of current in each conductor 

3.2.2 Magnetic potential 

It is explained in the literature [9] that by integrating of the electric loading, which 

is spatial vector in distance equal half of the stator inner diameter over the whole 

conductive sheet, the stator magnetic potential can be calculated, thus: 

𝑈𝑚𝑠(𝜗𝑠) = ∫ 𝐾𝑠(𝜗𝑠) ∙
𝐷

2
∙ 𝑑𝜗𝑠 (1.29)  

For further calculations it is convenient to express the stator electrical 

loading in the rotor coordinates. The rotor is rotating at the same speed as the 

stator magnetic field vector, therefore the difference angle between the stator and 

the rotor magnetic field is caused only by the mechanical loading i.e. ϑm. Thus, the 

angular coordinate can be computed by [2]: 

𝑝𝜗𝑠 = 𝑝𝜗𝑟 + 𝑝𝜗𝑚 = 𝑝𝜗𝑟 + 𝜔𝑚𝑒𝑡 (1.30)  

Where: ωme is electrical speed (ωmech = p·ωme) 

 

s 



 12 

After substituting the electrical loading Ks in (1.29) with the equation (1.27) 

with considering the rotor coordinates, the stator magnetic potential can be 

expressed by [2]: 

𝑈𝑚𝑠(𝜗𝑟) = ∫
𝐷

2
∙ ∑ 𝐾𝑛

𝑛

∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑟 + 𝑛𝜔𝑚𝑒𝑡 − 𝜔𝑚𝑒𝑡 − 𝛼𝑖
𝑒) ∙ 𝑑𝜗𝑠 (1.31)  

After modifying the equation (1.31) and expressing it only for one pole final 

form becomes [2]: 

𝑈𝑚𝑠(𝜗𝑟) = −
𝐷

2𝑝
∙ ∑

𝐾𝑛

𝑛
𝑛

∙ 𝑐𝑜𝑠(𝑛𝑝𝜗𝑟 + (𝑛 − 1)𝜔𝑚𝑒𝑡 − 𝛼𝑖
𝑒) (1.32)  

3.3 Analytical model of rotor with one flux barrier per 

pole 

Analytical models consider some simplifications e.g. slotless stator in the previous 

chapter. In the rotor model, the infinite permeability, the constant thickness, and 

the length of flux barrier is considered. Also, the magnetic bridges at both ends of 

flux barrier are neglected. To keep the magnetic circuit as simple as possible, the 

geometry and the magnetic symmetries are considered [2].  

3.3.1 Magnetic potential 

On the figure below is linearized geometry of the PMASR with the one flux barrier 

per pole is shown. The angle ϑb expresses the half-pole angle of the flux barrier in 

mechanical degrees. 

 
Fig. 3-3: Rotor geometry with one flux barrier per pole with references [2] 

In the magnetic circuit, there are reluctances that need to be investigated. 

First is the reluctance of the air gap and the second is reluctance of the flux barrier 

itself.  

The flux barrier reluctance Rb1 can be expressed [2]: 

𝑅𝑏1 =
𝑡𝑏

𝜇0 ∙ 𝑙𝐹𝑒 ∙ 𝑙𝑏 
 (1.33)  

Where tb represents the flux barrier thickness, lFe is the stack length and lb is 

the flux barrier length.  

2ϑb 2ϑb 

ϑr 
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Permanent magnet is in flux barrier and its magnetic flux is calculated [2]: 

𝜙𝑃𝑀1 = 𝐵𝑃𝑀 ∙ 𝑙𝐹𝑒 ∙ ℎ𝑃𝑀1 = 𝜇0 ∙ 𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ 𝑙𝐹𝑒 ∙ ℎ𝑃𝑀1 (1.34)  

In the equation (1.34) BPM represents the residual flux density of the PM 

buried inside flux barrier, hPM1 is the PM height, µr is the PM relative permeability 

and HcPM is the PM coercive force. 

 
Fig. 3-4: Magnetic network of PMASR with one flux barrier per pole [2] 

Applying the second Kirchhoff’s law to the magnetic network presented 

above it results into this equation, which can be modified: 

𝑈𝑚𝑟 + 𝑈𝑚𝑎𝑔 − 𝑈𝑚𝑠 = 0 (1.35)  

𝑈𝑚𝑎𝑔 = 𝑈𝑚𝑠 − 𝑈𝑚𝑟 (1.36)  

The expression for the flux density can be written as [8]: 

𝐵 = 𝜇 ∙ 𝐻 (1.37)  

Where the magnetic coercivity can be expressed as the magnetic voltage over 

the length and modified for the network presented in Fig. 3-4 the equation results 

in [2]: 

𝐵𝑔(𝜗𝑟) = 𝜇0 ∙
𝑈𝑚𝑠 − 𝑈𝑚𝑟

𝑔
 (1.38)  

The rotor magnetic voltage can be calculated [2]: 

𝑈𝑚𝑟 = 𝑅𝑏1 ∙ (𝜙𝑃𝑀1 + 𝜙𝑔1) (1.39)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

Using the equations (1.33, 1.34) in (1.37) expression results in [2]: 

𝑈𝑚𝑟 =
𝑡𝑏

𝜇0 ∙ 𝑙𝐹𝑒 ∙ 𝑙𝑏
∙ [∫ (𝐵𝑔(𝜗𝑟) ∙

𝐷

2
∙ 𝑙𝐹𝑒) 𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏

𝜋
2𝑝

−𝜗𝑏

+ 𝜇0 ∙ 𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ 𝑙𝐹𝑒 ∙ ℎ𝑃𝑀1 ] (1.40)  

  

 

Rb1 

𝜙𝑃𝑀1 

Rg2 

Rg1 

Us2 

Us1 

Flux barrier with PM Air gap Stator 

+ 

+ 

𝜙𝑔2 

Umr Umag Ums 

𝜙𝑔1 
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Replacing the Bg by equation (1.38): 

𝑈𝑚𝑟 =
𝑡𝑏

𝜇0 ∙ 𝑙𝐹𝑒 ∙ 𝑙𝑏
∙ [∫ (𝜇0 ∙

𝑈𝑚𝑠 − 𝑈𝑚𝑟

𝑔
∙ 𝑙𝐹𝑒 ∙

𝐷

2
)

𝜋
2𝑝

+𝜗𝑏

𝜋
2𝑝

−𝜗𝑏

𝑑𝜗𝑟 + 𝜇0 ∙ 𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ 𝑙𝐹𝑒 ∙ ℎ𝑃𝑀1 ] (1.41)  

It is mentioned in the literature [2], that the rotor magnetic potential is 

constant over the rotor “island”, which is bordered by the flux barrier and the air 

gap and null elsewhere. By using this fact and using some manipulations the 

expression becomes:  

𝑈𝑚𝑟 =
𝐷

2𝑔
∙

𝑡𝑏

𝑙𝑏
∙ (∫ 𝑈𝑚𝑠

𝜋
2𝑝

+𝜗𝑏

𝜋
2𝑝

−𝜗𝑏

(𝜗𝑟)𝑑𝜗𝑟 − 2 ∙ 𝜗𝑏 ∙ 𝑈𝑚𝑟 +
2𝑔

𝐷
𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ ℎ𝑃𝑀1 ) (1.42)  

Taking out the constant rotor magnetic potential from the brackets and 

moving it on the left side 1.42 changes into [2]: 

𝑈𝑚𝑟 ∙ (1 +
𝐷

2𝑔
∙

𝑡𝑏

𝑙𝑏
∙ 2𝜗𝑏) =

𝐷

2𝑔
∙

𝑡𝑏

𝑙𝑏
∙ ( ∫ 𝑈𝑚𝑠

𝜋
2𝑝

+𝜗𝑏

𝜋
2𝑝

−𝜗𝑏

(𝜗𝑟)𝑑𝜗𝑟 +
2𝑔

𝐷
𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ ℎ𝑃𝑀1) (1.43)  

From the expression in brackets on the left side and expression before the 

brackets, coefficient can be defined [2]:  

𝑎 =

𝐷
2𝑔

∙
𝑡𝑏

𝑙𝑏

(1 +
𝐷

2𝑔
∙

𝑡𝑏

𝑙𝑏
∙ 2𝜗𝑏)

 (1.44)  

This constant can be calculated only from the rotor geometry parameters. 

The equation thus becomes [2]: 

𝑈𝑚𝑟 = 𝑎 ∙ ∫ 𝑈𝑚𝑠

𝜋
2𝑝

+𝜗𝑏

𝜋
2𝑝

−𝜗𝑏

(𝜗𝑟)𝑑𝜗𝑟 + 𝑎 ∙
2𝑔

𝐷
𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ ℎ𝑃𝑀1 (1.45)  

Using the equation (1.32) [2]: 

𝑈𝑚𝑟 = 𝑎 ∙ ∑ ∫ −
𝐾𝑛

𝑛

𝜋
2𝑝

+𝜗𝑏

𝜋
2𝑝

−𝜗𝑏

∙
𝐷

2𝑝
∙ 𝑐𝑜𝑠(𝑛𝑝𝜗𝑟 + (𝑛 − 1)𝜔𝑚𝑒𝑡 − 𝛼𝑖

𝑒)𝑑𝜗𝑟

𝑛

+ 𝑎 ∙
2𝑔

𝐷
𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ ℎ𝑃𝑀1 (1.46)  

𝑈𝑚𝑟 = 𝑎 ∙ ∑ −
𝐾𝑛

𝑛
∙

𝐷

2𝑝
∙

1

𝑛𝑝
[𝑠𝑖𝑛(𝑛𝑝𝜗𝑟 + (𝑛 − 1)𝜔𝑚𝑒𝑡 − 𝛼𝑖

𝑒)] 𝜋
2𝑝

−𝜗𝑏

𝜋
2𝑝

+𝜗𝑏

𝑛

 + 𝑎 ∙
2𝑔

𝐷
𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ ℎ𝑃𝑀1 (1.47)  

Both parts of the right side can be modified, the second part [2]: 

𝑎 ∙
2𝑔

𝐷
𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ ℎ𝑃𝑀1 =

𝐷
2𝑔

∙
𝑡𝑏

𝑙𝑏

(1 +
𝐷

2𝑔
∙

𝑡𝑏

𝑙𝑏
∙ 2𝜗𝑏)

∙
2𝑔

𝐷
∙

𝜇0

𝜇0
∙

𝑙𝐹𝑒

𝑙𝐹𝑒
∙ 𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ ℎ𝑃𝑀1 (1.48)  

=
1

(1 +
𝐷

2𝑔
∙

𝑡𝑏

𝑙𝑏
∙ 2𝜗𝑏)

∙
𝑡𝑏

𝜇0 ∙ 𝑙𝐹𝑒 ∙ 𝑙𝑏
∙ 𝜇0 ∙ 𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ ℎ𝑃𝑀1 = 𝑏 ∙ 𝑅𝑏1 ∙ 𝜙𝑃𝑀1 = 𝑘𝑃𝑀1 

(1.49)  

Where the kPM1 signifies the contribution of the PM [2] and new coefficient is 

defined: 

𝑏 =
1

(1 +
𝐷

2𝑔
∙

𝑡𝑏

𝑙𝑏
∙ 2𝜗𝑏)

 
(1.50)  
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The first part of the equation can be simplified by the using trigonometric 

identities and after few modifications results in [2]: 

𝑎 ∙ ∑ −
𝐾𝑛

𝑛
∙

𝐷

2𝑝
∙

1

𝑛𝑝
[𝑠𝑖𝑛(𝑛𝑝𝜗𝑟 + (𝑛 − 1)𝜔𝑚𝑒𝑡 − 𝛼𝑖

𝑒)] 𝜋
2𝑝

−𝜗𝑏

𝜋
2𝑝

+𝜗𝑏

=

𝑛

  (1.51)  

𝑎 ∙ ∑ −
𝐾𝑛

𝑛
∙

𝐷

2𝑝
∙

1

𝑛𝑝
∙ 𝑐𝑜𝑠 (

𝑛𝜋

2
+ (𝑛 − 1)𝜔𝑚𝑒𝑡 − 𝛼𝑖

𝑒) ∙ sin(𝑛𝑝𝜗𝑏)

𝑛

  (1.52)  

For the sake of further easier orientation, the new coefficient for the 

expression in brackets is set: 

𝜆𝑛 =
𝑛𝜋

2
+ (𝑛 − 1)𝜔𝑚𝑒𝑡 − 𝛼𝑖

𝑒  (1.53)  

Finally the original equation (1.47) gets into form: 

𝑈𝑚𝑟 = −𝑎 ∙ 𝐷 ∙ ∑
𝐾𝑛

(𝑛𝑝)2 ∙ cos 𝜆𝑛 ∙ sin(𝑛𝑝𝜗𝑏)

𝑛

 + 𝑘𝑃𝑀1 (1.54)  

3.3.2 Magnetic torque computation 
The magnetic torque can be calculated by the integrating Lorentz force over the air 

gap [2]:  

𝑀𝑎𝑔 =
𝐷

2
∙ ∫ 𝐵𝑔(𝜗𝑟) ∙ 𝐾𝑠(𝜗𝑟) ∙

𝐷 ∙ 𝑙𝐹𝑒

2
𝑑𝜗𝑟

2𝜋

0

 (1.55)  

𝑀𝑎𝑔 =
𝐷

2
∙ ∫ 𝜇0 ∙

𝑈𝑚𝑠 − 𝑈𝑚𝑟

𝑔
∙ 𝐾𝑠(𝜗𝑟) ∙

𝐷 ∙ 𝑙𝐹𝑒

2
𝑑𝜗𝑟

2𝜋

0

 (1.56)  

𝑀𝑎𝑔 =
𝜇0 ∙ 𝐷2 ∙ 𝑙𝐹𝑒

4 ∙ 𝑔
∙ [∫ 𝑈𝑚𝑠(𝜗𝑟) ∙ 𝐾𝑠(𝜗𝑟)𝑑𝜗𝑟 −

2𝜋

0

∫ 𝑈𝑚𝑟(𝜗𝑟) ∙ 𝐾𝑠(𝜗𝑟)𝑑𝜗𝑟

2𝜋

0

] (1.57)  

The first integral is equal to zero, because the Ums and Ks are perpendicular 

functions, therefore only the second integral remains in torque calculation [2]: 

𝑀𝑎𝑔 = −
𝜇0 ∙ 𝐷2 ∙ 𝑙𝐹𝑒

4 ∙ 𝑔
∙ ∫ 𝑈𝑚𝑟(𝜗𝑟) ∙ 𝐾𝑠(𝜗𝑟)𝑑𝜗𝑟

2𝜋

0

 (1.58)  

The integral is limited in interval from 0 to 2π, but the magnetic voltage is 

different from zero in intervals from π/2-ϑb to π/2+ϑb and 3π/2-ϑb to 3π/2+ϑb. It 

is assumed that the flux barriers are identical, thus using the symmetries, torque 

developed by one flux barrier can be calculated and multiplied by the number of 

poles. Hence the torque computation results in [2]: 

𝑀𝑎𝑔 = −
𝜇0 ∙ 𝐷2 ∙ 𝑙𝐹𝑒

4 ∙ 𝑔
∙ 𝑈𝑚𝑟 ∙ 2𝑝 ∫ 𝐾𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏

𝜋
2𝑝

−𝜗𝑏

 (1.59)  
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By substituting the relationships (1.54) and (1.27) and by defining the new 

constant torque calculation results in [2]: 

𝑀𝑎𝑔 = −𝑎 ∙ 𝑘𝑇 ∑
𝐾𝑛

(𝑛𝑝)2
∙ 𝐷 ∙ 𝑐𝑜𝑠 𝜆𝑛 ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏)

𝑛

∙ ∑
𝐾𝑚

𝑚
∙ 𝑠𝑖𝑛 𝜆𝑚 ∙ 𝑠𝑖𝑛(𝑚𝑝𝜗𝑏)

𝑚

 − 𝑘𝑃𝑀1

∙ 𝑘𝑇 ∑
𝐾𝑚

𝑚
∙ 𝑠𝑖𝑛 𝜆𝑚 ∙ 𝑠𝑖𝑛(𝑚𝑝𝜗𝑏)

𝑚

 

(1.60)  

The defined torque constant is [2]: 

𝑘𝑇 =
𝜇0 ∙ 𝐷2 ∙ 𝑙𝐹𝑒

𝑔
 (1.61)  

Let us note, that the torque equation (1.60) has two components, the first one 

represents the torque caused by the rotor anisotropy and the second one refers to 

the torque developed by PM flux [2]. 

3.4 Analytical model of rotor with two flux barriers per 

pole 

The magnetic network presented in chapter 3.3 will be extended to the two flux 

barriers per pole and the electromagnetic torque will be derived again. 

 
 

Fig. 3-5: Magnetic network of PMASR with two flux barriers per pole [2] 

Both magnetic fluxes developed due the PMs buried in flux barriers can be 

calculated similar to the equation (1.34), thus: 

Where: 

hPM1, hPM2 PM height of outer (1) and inner (2) flux barrier respectively. 

𝜙𝑃𝑀1 = 𝐵𝑃𝑀 ∙ 𝑙𝐹𝑒 ∙ ℎ𝑃𝑀1 = 𝜇0 ∙ 𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ 𝑙𝐹𝑒 ∙ ℎ𝑃𝑀1 (1.62)  

𝜙𝑃𝑀2 = 𝐵𝑃𝑀 ∙ 𝑙𝐹𝑒 ∙ ℎ𝑃𝑀2 = 𝜇0 ∙ 𝜇𝑟 ∙ 𝐻𝑐𝑃𝑀 ∙ 𝑙𝐹𝑒 ∙ ℎ𝑃𝑀2 (1.63)  

First flux barrier with PM Air gap Stator Second flux barrier with PM 

Rb1 

𝜙𝑃𝑀1 

Rg2 
Us2 

Us1 

Umr1 

Umag Ums 

𝜙𝑔1 

+ 

+ 

𝜙𝑔3 Rg3 

Rg1 

𝜙𝑃𝑀2 

+ 

Us3 

𝜙𝑔2 

𝜙𝑏2 

Umr2 

Rb2 
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In the designing process, it is intended to use only one type of the PM in both 

flux barriers, therefore both equations differ only in the PM heights. Remaining 

variables are listed and noted below the equation (1.34). 

3.4.1 Rotor magnetic potential 

Both variables that will be used in this subchapter (the electric loading and the 

stator magnetic potential) are defined in previous chapters in the equations (1.27) 

and (1.32). In this subchapter will be dealt with the total rotor magnetic potential 

[2]. 

3.4.1.1 Top flux barrier magnetic voltage 

For magnetic voltage on the top flux barrier, the equation can be written [2]: 

𝑈𝑚𝑟1 = 𝑅𝑏1 ∙ (𝜙𝑔1 + 𝜙𝑃𝑀1) + 𝑈𝑚𝑟2 (1.64)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

𝑈𝑚𝑟1 = 𝑅𝑏1 ∙ ∫ (𝐵𝑔(𝜗𝑟) ∙
𝐷

2
∙ 𝑙𝐹𝑒) 𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+ 𝑅𝑏1 ∙ 𝜙𝑃𝑀1 + 𝑈𝑚𝑟2 (1.65)  

𝑈𝑚𝑟1 = 𝑅𝑏1 ∙ ∫ (𝜇0 ∙
𝑈𝑚𝑠(𝜗𝑟) − 𝑈𝑚𝑟1(𝜗𝑟) 

𝑔
∙

𝐷

2
∙ 𝑙𝐹𝑒) 𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+ 𝑅𝑏1 ∙ 𝜙𝑃𝑀1 + 𝑈𝑚𝑟2 (1.66)  

𝑈𝑚𝑟1 =
𝑡𝑏1

𝜇0 ∙ 𝑙𝐹𝑒 ∙ 𝑙𝑏1
∙ ∫ (𝜇0 ∙

𝑈𝑚𝑠(𝜗𝑟) − 𝑈𝑚𝑟1(𝜗𝑟) 

𝑔
∙

𝐷

2
∙ 𝑙𝐹𝑒) 𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+ 𝑅𝑏1 ∙ 𝜙𝑃𝑀1 + 𝑈𝑚𝑟2 (1.67)  

𝑈𝑚𝑟1 =
𝐷 ∙ 𝑡𝑏1

2 ∙ 𝑔 ∙ 𝑙𝑏1
∙ [∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟 − ∫ 𝑈𝑚𝑟1(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

] + 𝑅𝑏1 ∙ 𝜙𝑃𝑀1 + 𝑈𝑚𝑟2 (1.68)  

𝑈𝑚𝑟1 =
𝐷 ∙ 𝑡𝑏1

2 ∙ 𝑔 ∙ 𝑙𝑏1
∙ [∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟 − 2 ∙ 𝜗𝑏1 ∙ 𝑈𝑚𝑟1

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

] + 𝑅𝑏1 ∙ 𝜙𝑃𝑀1 + 𝑈𝑚𝑟2 (1.69)  

𝑈𝑚𝑟1 ∙ (1 +
𝐷 ∙ 𝑡𝑏1

2 ∙ 𝑔 ∙ 𝑙𝑏1
∙ 2𝜗𝑏1) =

𝐷 ∙ 𝑡𝑏1

2 ∙ 𝑔 ∙ 𝑙𝑏1
∙ ∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+ 𝑅𝑏1 ∙ 𝜙𝑃𝑀1 + 𝑈𝑚𝑟2 (1.70)  

𝑈𝑚𝑟1 =

𝐷 ∙ 𝑡𝑏1
2 ∙ 𝑔 ∙ 𝑙𝑏1

(1 +
𝐷 ∙ 𝑡𝑏1

2 ∙ 𝑔 ∙ 𝑙𝑏1
∙ 2𝜗𝑏1)

∙ ∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+
1

(1 +
𝐷 ∙ 𝑡𝑏1

2 ∙ 𝑔 ∙ 𝑙𝑏1
∙ 2𝜗𝑏1)

∙ 𝑅𝑏1 ∙ 𝜙𝑃𝑀1

+
1

(1 +
𝐷 ∙ 𝑡𝑏1

2 ∙ 𝑔 ∙ 𝑙𝑏1
∙ 2𝜗𝑏1)

∙ 𝑈𝑚𝑟2 

(1.71)  

Where the fractions can be replaced by slightly modified defined coefficients 

a in (1.44) and b in (1.50) and then the second part modified (ϑb -> ϑb1) as shown 

in eq. (1.48, 1.49), thus the first flux barrier magnetic voltage can be calculated [2]: 

𝑈𝑚𝑟1 = 𝑎 ∙ ∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+ 𝑘𝑃𝑀1 + 𝑏 ∙ 𝑈𝑚𝑟2 (1.72)  
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3.4.1.2 Bottom flux barrier magnetic voltage 

Magnetic voltage on bottom flux barrier can be calculated [2]: 

𝑈𝑚𝑟2 = 𝑅𝑏2 ∙ (𝜙𝑏2 + 𝜙𝑃𝑀2) (1.73)  

𝑈𝑚𝑟2 = 𝑅𝑏2 ∙ [
𝑈𝑚𝑟1 − 𝑈𝑚𝑟2

𝑅𝑏1

+ ∫ 𝐵𝑔(𝜗𝑟)
𝐷

2
𝑙𝐹𝑒𝑑𝜗𝑟

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

+ ∫ 𝐵𝑔(𝜗𝑟)
𝐷

2
𝑙𝐹𝑒𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

+ 𝑅𝑏2 ∙ 𝜙𝑃𝑀2] (1.74)  

𝑈𝑚𝑟2 = 𝑅𝑏2 ∙ [
𝑈𝑚𝑟1(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟)

𝑅𝑏1

− 𝜙𝑃𝑀1 + ∫ 𝐵𝑔(𝜗𝑟)
𝐷

2
𝑙𝐹𝑒𝑑𝜗𝑟

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝−𝜗𝑏2

+ ∫ 𝐵𝑔(𝜗𝑟)
𝐷

2
𝑙𝐹𝑒𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝+𝜗𝑏1

+ 𝜙𝑃𝑀2] (1.75)  

𝑈𝑚𝑟2 = 𝑅𝑏2 ∙ [
𝑈𝑚𝑟1(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟)

𝑅𝑏1
− 𝜙𝑃𝑀1 + ∫ 𝜇0

𝑈𝑚𝑠(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟)

𝑔

𝐷

2
𝑙𝐹𝑒𝑑𝜗𝑟

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

+ ∫ 𝜇0

𝑈𝑚𝑠(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟)

𝑔

𝐷

2
𝑙𝐹𝑒𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

] + 𝑅𝑏2 ∙ 𝜙𝑃𝑀2 

(1.76)  

𝑈𝑚𝑟2 = 𝑅𝑏2 ∙ [
𝑈𝑚𝑟1(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟)

𝑡𝑏1

𝜇0𝑙𝐹𝑒𝑙𝑏1

+ ∫ 𝜇0

𝑈𝑚𝑠(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟)

𝑔

𝐷

2
𝑙𝐹𝑒𝑑𝜗𝑟

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

+ ∫ 𝜇0

𝑈𝑚𝑠(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟)

𝑔

𝐷

2
𝑙𝐹𝑒𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

] + 𝑅𝑏2 ∙ (𝜙𝑃𝑀2 − 𝜙𝑃𝑀1) 

(1.77)  

𝑈𝑚𝑟2 =
𝑡𝑏2

𝜇0𝑙𝐹𝑒𝑙𝑏2
∙ [(𝑈𝑚𝑟1(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟))

𝜇0 ∙ 𝑙𝐹𝑒 ∙ 𝑙𝑏1

𝑡𝑏1
+ ∫

𝜇0𝐷𝑙𝐹𝑒

2𝑔
(𝑈𝑚𝑠(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟))𝑑𝜗𝑟

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

+ ∫
𝜇0𝐷𝑙𝐹𝑒

2𝑔
(𝑈𝑚𝑠(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟))𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

] + 𝑅𝑏2 ∙ (𝜙𝑃𝑀2 − 𝜙𝑃𝑀1) 

(1.78)  

𝑈𝑚𝑟2 =
𝑡𝑏2

𝑙𝑏2
∙ [(𝑈𝑚𝑟1(𝜗𝑟) − 𝑈𝑚𝑟2(𝜗𝑟))

𝑙𝑏1

𝑡𝑏1
+

𝐷

2𝑔
∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

−
𝐷

2𝑔
∫ 𝑈𝑚𝑟2(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

+
𝐷

2𝑔
∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

−
𝐷

2𝑔
∫ 𝑈𝑚𝑟2(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

] + 𝑅𝑏2 ∙ (𝜙𝑃𝑀2 − 𝜙𝑃𝑀1) 

(1.79)  

Substituting the first flux barrier magnetic voltage by the expression 1.72 [2]: 

𝑈𝑚𝑟2 =
𝑡𝑏2

𝑙𝑏2

[(𝑎 ∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝+𝜗𝑏1

𝜋
2𝑝−𝜗𝑏1

+ 𝑘𝑃𝑀1 + 𝑏𝑈𝑚𝑟2 − 𝑈𝑚𝑟2(𝜗𝑟))
𝑙𝑏1

𝑡𝑏1

+
𝐷

2𝑔
∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝−𝜗𝑏1

𝜋
2𝑝−𝜗𝑏2

−
𝐷

2𝑔
∫ 𝑈𝑚𝑟2(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝−𝜗𝑏1

𝜋
2𝑝−𝜗𝑏2

+
𝐷

2𝑔
∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝+𝜗𝑏2

𝜋
2𝑝+𝜗𝑏1

−
𝐷

2𝑔
∫ 𝑈𝑚𝑟2(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝+𝜗𝑏2

𝜋
2𝑝+𝜗𝑏1

]

+ 𝑅𝑏2(𝜙𝑃𝑀2 − 𝜙𝑃𝑀1) 

(1.80)  
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After few modifications and assuming, that the rotor magnetic voltage Umr2 

over the second magnetic “island” is same and constant on both sides, the equation 

results in [2]: 

𝑈𝑚𝑟2 [1 −
𝑙𝑏1

𝑡𝑏1

(𝑏 − 1) +
𝐷

𝑔
(𝜗𝑏2 − 𝜗𝑏1)]

= 𝑎
𝑡𝑏2

𝑙𝑏2

𝑙𝑏1

𝑡𝑏1
∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+
𝐷

2𝑔
[∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

+ ∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

]

+
𝑡𝑏2

𝑙𝑏2

𝑙𝑏1

𝑡𝑏1
𝑘𝑃𝑀1 + 𝑅𝑏2 ∙ (𝜙𝑃𝑀2 − 𝜙𝑃𝑀1) 

(1.81)  

To simplify the equation, coefficients c, d and kPM2 are defined [2]: 

𝑐 =
𝑎 ∙

𝑡𝑏2

𝑙𝑏2
∙

𝑙𝑏1

𝑡𝑏1

1 −
𝑙𝑏1

𝑡𝑏1
(𝑏 − 1) +

𝐷
𝑔

(𝜗𝑏2 − 𝜗𝑏1)
 (1.82)  

𝑑 =

𝐷
2𝑔

∙
𝑡𝑏2

𝑙𝑏2

1 −
𝑙𝑏1

𝑡𝑏1
∙

𝑡𝑏2

𝑙𝑏2
∙ (𝑏 − 1) +

𝐷
𝑔

∙
𝑡𝑏2

𝑙𝑏2
∙  (𝜗𝑏2 − 𝜗𝑏1)

 (1.83)  

𝑘𝑃𝑀2 =

𝑡𝑏2

𝑙𝑏2

𝑙𝑏1

𝑡𝑏1
𝑘𝑃𝑀1 + 𝑅𝑏2 ∙ (𝜙𝑃𝑀2 − 𝜙𝑃𝑀1)

1 −
𝑙𝑏1

𝑡𝑏1
∙

𝑡𝑏2

𝑙𝑏2
∙ (𝑏 − 1) +

𝐷
𝑔

∙
𝑡𝑏2

𝑙𝑏2
∙ (𝜗𝑏2 − 𝜗𝑏1)

 (1.84)  

Hence the equation (1.81) becomes [2]: 

𝑈𝑚𝑟2 = 𝑐 ∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+ 𝑑 [∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

+ ∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟  

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

] + 𝑘𝑃𝑀2 (1.85)  

At this point it is possible to express the magnetic voltage with the electric 

loading, thus the equation becomes [2]: 

𝑈𝑚𝑟2 = 𝑐 ∑ −
𝐾𝑛

(𝑛𝑝)2 𝑐𝑜𝑠 𝜆𝑛 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1)

𝑛

+ 𝑑 [∑ −
𝐾𝑛

(𝑛𝑝)2 𝑐𝑜𝑠 𝜆𝑛 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏2)

𝑛

+ ∑
𝐾𝑛

(𝑛𝑝)2 𝑐𝑜𝑠 𝜆𝑛 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1)

𝑛

] + 𝑘𝑃𝑀2 

(1.86)  

𝑈𝑚𝑟2 = − ∑
𝐾𝑛

(𝑛𝑝)2 𝐷 𝑐𝑜𝑠 𝜆𝑛 [𝑐 ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1) + 𝑑 ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏2) − 𝑑 ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1)] + 𝑘𝑃𝑀2

𝑛

 (1.87)  

𝑈𝑚𝑟2 = − ∑
𝐾𝑛

(𝑛𝑝)2 𝐷 𝑐𝑜𝑠 𝜆𝑛 [(𝑐 − 𝑑) ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1) + 𝑑 ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏2)] + 𝑘𝑃𝑀2

𝑛

 (1.88)  

With this equation, we can express also the magnetic voltage of the first flux 

barrier obtained above in (1.72) [2]: 

𝑈𝑚𝑟1 = 𝑎 ∙ ∫ 𝑈𝑚𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+ 𝑘𝑃𝑀1 + 𝑏 ∙ 𝑈𝑚𝑟2 (1.89)  

𝑈𝑚𝑟1 = 𝑎 ∑ −
𝐾𝑛

(𝑛𝑝)2 𝐷 𝑐𝑜𝑠 𝜆𝑛 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1)

𝑛

+ 𝑘𝑃𝑀1

− 𝑏 ∑
𝐾𝑛

(𝑛𝑝)2 𝐷 𝑐𝑜𝑠 𝜆𝑛 [(𝑐 − 𝑑) ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1) + 𝑑 ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏2)] + 𝑏 ∙ 𝑘𝑃𝑀2

𝑛

 
(1.90)  

𝑈𝑚𝑟1 = − ∑
𝐾𝑛

(𝑛𝑝)2 𝐷 𝑐𝑜𝑠 𝜆𝑛

𝑛

[𝑎 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1) + 𝑏(𝑐 − 𝑑) ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1) + 𝑏𝑑 ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏2)] + 𝑘𝑃𝑀1

+ 𝑏𝑘𝑃𝑀2 

(1.91)  
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It is convenient to replace long expressions in brackets with coefficients, 

because equation (1.91) and (1.88) will be used in the torque calculation. [2]: 

𝛼1 = 𝑎 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1) + 𝑏(𝑐 − 𝑑) ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1) + 𝑏𝑑 ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏2) (1.92)  

𝛼2 = (𝑐 − 𝑑) ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏1) + 𝑑 ∙ 𝑠𝑖𝑛(𝑛𝑝𝜗𝑏2) (1.93)  

Hence the equations (1.88) and (1.91) results in [2]: 

𝑈𝑚𝑟2 = − ∑
𝐾𝑛

(𝑛𝑝)2 𝐷𝛼2 𝑐𝑜𝑠 𝜆𝑛 + 𝑘𝑃𝑀2

𝑛

 (1.94)  

𝑈𝑚𝑟1 = − ∑
𝐾𝑛

(𝑛𝑝)2 𝐷𝛼1 𝑐𝑜𝑠 𝜆𝑛

𝑛

+ 𝑘𝑃𝑀1 + 𝑏𝑘𝑃𝑀2 (1.95)  

3.4.2 Torque calculation 

Similarly to the torque calculation in chapter 3.3.2, can be the electromagnetic 

torque calculated [2]: 

𝑀𝑎𝑔 =
𝐷

2
∙ ∫ 𝐵𝑔(𝜗𝑟) ∙ 𝐾𝑠(𝜗𝑟) ∙

𝐷 ∙ 𝑙𝐹𝑒

2
𝑑𝜗𝑟

2𝜋

0

 (1.96)  

𝑀𝑎𝑔 =
𝜇0 ∙ 𝐷2 ∙ 𝑙𝐹𝑒

4 ∙ 𝑔
∙ ∫ − 𝑈𝑚𝑟(𝜗𝑟) ∙ 𝐾𝑠(𝜗𝑟)𝑑𝜗𝑟

2𝜋

0

 (1.97)  

Substituting the torque constant from (1.61) and the magnetic rotor voltage 

[2]: 

𝑀𝑎𝑔 =
𝑘𝑇

2
(−2𝑝) ∙ [∫ 𝑈𝑚𝑟2 ∙ 𝐾𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

+ ∫ 𝑈𝑚𝑟1 ∙ 𝐾𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

+ ∫ 𝑈𝑚𝑟2 ∙ 𝐾𝑠(𝜗𝑟)𝑑𝜗𝑟

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

] 

(1.98)  

By using the similar modification technique like in case of the rotor with one 

flux barrier per pole and by substituting expressions for the magnetic voltages [2]: 

𝑀𝑎𝑔 =
𝑘𝑇 ∙ 𝑝

2
[∑

𝐾𝑛

(𝑛𝑝)2
𝐷𝛼2 cos 𝜆𝑛

𝑛

∙ ∑ 𝐾𝑚 (𝛼2 ∫ 𝑠𝑖𝑛(𝜆𝑚)𝑑𝜗𝑟

𝜋
2𝑝+𝜗𝑏2

𝜋
2𝑝+𝜗𝑏1

+ 𝛼1 ∫ 𝑠𝑖𝑛(𝜆𝑚)𝑑𝜗𝑟

𝜋
2𝑝+𝜗𝑏1

𝜋
2𝑝−𝜗𝑏1

+ 𝛼2 ∫ 𝑠𝑖𝑛(𝜆𝑚)𝑑𝜗𝑟

𝜋
2𝑝−𝜗𝑏1

𝜋
2𝑝−𝜗𝑏2

)

𝑚

+ ∑ 𝐾𝑚 (𝑘𝑃𝑀2 ∫ 𝑠𝑖𝑛(𝜆𝑚)𝑑𝜗𝑟

𝜋
2𝑝+𝜗𝑏2

𝜋
2𝑝+𝜗𝑏1

+ 𝑘𝑃𝑀1 ∫ 𝑠𝑖𝑛(𝜆𝑚)𝑑𝜗𝑟

𝜋
2𝑝+𝜗𝑏1

𝜋
2𝑝−𝜗𝑏1𝑚

+ 𝑘𝑃𝑀2 ∫ 𝑠𝑖𝑛(𝜆𝑚)𝑑𝜗𝑟

𝜋
2𝑝−𝜗𝑏1

𝜋
2𝑝−𝜗𝑏2

)] 

(1.99)  

Where the kT is defined in (1.61), λn in (1.53) and λm can be calculated very 

similarly to (1.53) by [2]: 

𝜆𝑚 =
𝑚𝜋

2
+ (𝑚 − 1)𝜔𝑚𝑒𝑡 − 𝛼𝑖

𝑒 = [°𝑚𝑒𝑐ℎ] (1.100)  
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The integrals in (1.99) can be further modified [2]: 

∫ 𝑠𝑖𝑛(𝜆𝑚)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏1

=
1

𝑚𝑝
[𝑐𝑜𝑠(𝜆𝑚 + 𝑚𝑝𝜗𝑏1) − 𝑐𝑜𝑠(𝜆𝑚 − 𝑚𝑝𝜗𝑏1)] =

2

𝑚𝑝
∙ 𝑠𝑖𝑛𝜆𝑚 ∙ 𝑠𝑖𝑛(𝑚𝑝𝜗𝑏1) (1.101)  

∫ 𝑠𝑖𝑛(𝜆𝑚)𝑑𝜗𝑟

𝜋
2𝑝

+𝜗𝑏2

𝜋
2𝑝

+𝜗𝑏1

=
2

𝑚𝑝
∙ 𝑠𝑖𝑛𝜆𝑚 ∙ 𝑠𝑖𝑛(𝑚𝑝𝜗𝑏1) 

(1.102)  

∫ 𝑠𝑖𝑛(𝜆𝑚)𝑑𝜗𝑟

𝜋
2𝑝

−𝜗𝑏1

𝜋
2𝑝

−𝜗𝑏2

= −
2

𝑚𝑝
∙ 𝑠𝑖𝑛𝜆𝑚 ∙ 𝑠𝑖𝑛(𝑚𝑝𝜗𝑏2) 

(1.103)  

Thus, the final form of (1.96) becomes [2]: 

𝑀𝑎𝑔 = 𝑘𝑇 ∙ ∑
𝐾𝑛

(𝑛𝑝)2
𝐷𝛼2 cos 𝜆𝑛 [ 𝛼2 ∑

𝐾𝑚

𝑚
∙ 𝑠𝑖𝑛𝜆𝑚 ∙ 𝑠𝑖𝑛(𝑚𝑝𝜗𝑏2) + (𝛼1 − 𝛼2) ∑

𝐾𝑚

𝑚
∙ 𝑠𝑖𝑛𝜆𝑚 ∙ 𝑠𝑖𝑛(𝑚𝑝𝜗𝑏1)

𝑚𝑚

]

𝑛

− 𝑘𝑇 [(𝑘𝑃𝑀1 + (𝑏 − 1)𝑘𝑃𝑀2) ∑
𝐾𝑚

𝑚
∙ 𝑠𝑖𝑛𝜆𝑚 ∙ 𝑠𝑖𝑛(𝑚𝑝𝜗𝑏1)

𝑚

+ 𝑘𝑃𝑀2 ∑
𝐾𝑚

𝑚
∙ 𝑠𝑖𝑛𝜆𝑚 ∙ 𝑠𝑖𝑛(𝑚𝑝𝜗𝑏2)

𝑚

] 

(1.104)  
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4 FEA MODEL 

PMASR models for FEA software will be presented in chapter 4. Some FEM basic information will 

be given as well. FEA models are created with scripts and are calculated in 2D FEA software 

named FEMAG. Scripts will not be described detail by detail, but only cursorily. Sets of parameters 

and theirs influence on geometry will be described hereafter. 

4.1 Introduction 

For complicated geometries, which the PMASR geometry surely is, the fastest way 

to design and optimize certain geometry is using the finite element analysis. It is 

obvious from the third chapter that to obtain the analytical model takes a lot of 

mathematical modifications. Even though the optimization would be faster after 

that, there are still few neglects that need to be remembered [13], e.g. not 

considering the iron saturation, or the constant magnetic voltage over the rotor 

“island” [2]. The finite element method takes into account all these facts.  

4.2 Finite element method 

The finite element method is a method based on dividing surface into a known 

amount of small elements, thus finite element method. In the finite elements are 

the unknown functions which need to be obtained. The function is approximated 

by the simple interpolating functions with coefficients. The solution of FEM is 

found when the coefficients of these functions are obtained. The FEM itself consists 

of these steps [13]: 

1. Partition of the domain: Dividing the domain (surface) into elements. 

2. Choice of the interpolating functions: The simple functions with 

coefficients are chosen. 

3. Formulation of the system to resolve the problem: The system of 

equations, representing the solution either Garlekin’s method 

(differentials) or Rayleight-Ritz (integrals) method is created. 

4. Solution. 

For the magnetic field problems, usually 2D analysis is used. The reason is 

that 3D analysis requires larger processing power and long computation time to 

solve the problem [13].  

4.3 Software 

Because the PMASR prototype is designed with and for Baumüller Company, its 

software will be used. The company uses software called FEMAG. The FEMAG was 

originally developed from 1982 to 1997 at the Institute for Electrical Machines at 

the ETH Zurich. The FEMAG has various versions, DC, AC, ME, TH. The DC version 
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was developed to analyze the static magnetic fields and is used for the motors, 

transformers, relays, etc. The AC version is used to calculate planar, quasi-

stationary magnetic field and the eddy currents. The ME and TH versions were 

developed for mechanical and thermal calculations. For our calculations the DC 

version will be used [14]. FEMAG layout is shown on the picture below. 

 
Fig. 4-1: FEMAG layout 

The software can be either controlled by the keyboard and mouse and 

models can be created manually, or as it will be used in this thesis, via script file. 

The software is very simple, but serves the motor calculating purpose very well. 

4.4 Scripts 

The scripts are pieces of code that control the program. The script files for the 

FEMAG are written in the LUA scripting language, which was developed at the 

University of Rio de Janeiro in Brazil in 1993. The script is written in the classical 

.txt file. The script file is called from the .fsl file, where all the script parameters and 

their values are located. Both files are easily editable, for example, in the simple 

„Notepad” software. The third file is where the FEMAG exports calculation result. 

The file type is .BCH and can be also opened in „Notepad” software, like the files 

above. The examples of all three files are shown on the images below: 

 
Fig. 4-2: Script file example 
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Fig. 4-3: .fsl file example 

 
Fig. 4-4.BCH file example 

For the PMASR designing purpose, three scripts were written. Thus three 

types of geometries are possible to create. All three scripts have their sets of 

parameters that affect the geometry in a certain way. On pictures below 

geometries that can be generated with parameters are shown. The scripts will be 

referred as the SRAM1, the SRAM2 and the SRAM3. 
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Fig. 4-6: SRAM2 geometry with the script parameters 

Fig. 4-5: SRAM1 geometry with the script parameters 
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The geometries presented above were created as they are listed in this thesis. 

The first one was created simply from the SRM geometry adding only the magnets 

into the flux barriers. Similar PMASR geometry can be found in paper [16]. The 

next two were created after literature research. The SRAM2 geometry is inspired 

by paper [17]. The last script was created to investigate and prove facts listed in 

[18]. All three scripts (geometries) will be tested and advantages and 

disadvantages will be presented hereafter. 

  

Fig. 4-7: SRAM3 geometry with the script parameters 
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5 MOTOR DESIGN 

In this chapter PMASR design process will be described. All three geometries will be compared 

with ferrite permanent magnets. Optimal solution considering the chosen objectives will be found. 

Attention will be paid also to non-electric characteristics, such as mechanical strength. All the PA 

optimization results are presented in attachments, only important calculation results are 

included in this chapter. 

5.1 Introduction 

The SRAM design process starts with Baumüller’s goal to find a low-cost 

alternative to its original SMPM motor, for the financial reasons and reasons listed 

in chapter 2.2. Because the goal is to replace motor we need to keep the original 

diameter dimensions and parameters which are listed in table below: 
Table 1 - SMPM motor specifications 

Rated output torque 6.7 Nm 

Rated line-to-line voltage 400 V 

Nominal speed 2450 rpm 

Stator outer/inner diameter 135 mm 

Number of slots/poles 12/10 

The starting point where the design will start will be the stator, which will be 

used the same as in the original machine. It is known, that for different types of 

motor, different slot design and different types of winding are needed. Stator will 

need to be optimized as well. But for the first few steps the original stator will be 

used. Hence the first design attempt of PMASR machine will be with combination 

of slots and poles 12/10.  

All calculations will be done in the FEMAG software, using finite element 

analysis. Models will be fed with constant current, terminal voltage will be 

calculated with FEA. 

After the optimal model is found, FEA calculations will be compared with 

analytical model. 

5.2 SRAM1 geometry, Q=12, 2p=10 

Every geometry will developed over time. There are few objectives that help to 

evaluate if the certain change of parameter lead to better or worse results. 

Parametric analysis (PA) will be done on every geometry to discover new solutions 

with better characteristics. As objectives average torque Mavg, torque ripple MPP, 

terminal line voltage U1, power factor cosφ, efficiency η and total harmonic 

distortion of line-line voltage THDLL will be used. Also inductances in d and q axis 
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Ld and Lq with calculated saliency ξ and area of permanent magnets APM will be 

presented. 

5.2.1 SRAM1 12/10 combination with one flux barrier per 

pole geometry 

The initial geometry has only one flux barrier with magnet per pole. The first PA 

will be on two parameters d_bx1 and d_by1, which affects flux barrier shape and 

placement inside the rotor. 

In table (Tab. (A1)) in attachments comparison of initial and optimal d_bx1 

and d_by1 values is shown. Changes of parameters d_bx1 and d_by1 boundaries 

were set from 0 to 10 with step equals to 5. 

It is obvious, that combination Q= 12, 2p= 10 and one flux barrier per pole 

gives unsatisfactory results (Mavg= 4.7 Nm). Initial model was optimized and except 

THDLL and PM area all objectives improved. Flux barrier was moved closer to the 

rotor surface. 

Considering the poor power factor was decided, that the combination of two 

flux barriers per pole with the same slots per pole and phase should be 

investigated. The theory was, that with higher amount of PM inside, the power 

factor would be higher. 

5.2.2 SRAM1 12/10 combination with two flux barriers 

per pole geometry 
In the first PA were parameters d_bx1 and d_by1 were changed again in the same 

interval as in the first PA. Results are in the table in attachments (Tab. (A2)). 

Adopting the second flux barrier caused the power factor to be lowered. The 

second flux barrier has positive effect on THDLL which is significantly lower. Initial 

model was again improved and the optimized model has better characteristics. 

Both barriers were shifted closer to the rotor surface. 

In the second PA, parameters a_bar and q_bar were optimized. Those 

parameters affect flux barriers distribution and thickness. Both parameters were 

changed from 0.8 to 1.2 with step 0.2. When parameter a_bar is higher than 1, all 

barriers are slightly shifted closer to rotors outer diameter. If parameter q_bar is 

smaller than 1, second (outer) flux barrier is thinner. In attachments (Tab. (A3)) 

are results presented in the table. 

Even the parameters a_bar and q_bar did not significantly improve the 

objectives in the model. Optimal model has a thinner outer barrier but the 

placement remained the same. Even though the script allows creating more than 

two flux barriers per pole, the pole area is not wide enough to try that. It is clear 

from the results that the combination 12/10 is far from being ideal for PMASR. 
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 After calculations, the search for new slot per pole combination started. In 

literature [19] the author calculated combination 12/10 with NdFeB magnets with 

satisfactory results. That was proven by one calculation on optimal two flux 

barrier geometry with NdFeB magnets. Results of ferrite and NdFeB PMASR 

versions are in the table below. 
Table 2 – Ferrite and NdFeB PMASR 12/10 versions with two flux barriers per pole 

comparison 

Model   Ferrite NdFeB 

 Symbol Unit   

Average torque Mavg [Nm] 4.047 9.189 

Torque ripple MPP [%] 15.23 9.01 

Terminal voltage U1 [V] 165.92 190.92 

Total harmonic distortion THDLL [%] 17.53 9.98 

Power factor cos φ [-] 0.48 0.915 

Efficiency η [%] 91.34 95.74 

Direct axis inductance Ld [mH] 34.92 27.77 

Quadrature axis ind. Lq [mH] 16.97 15.7 

Magnetic saliency ξ [-] 2.1 1.8 

PM area APM [mm2] 587.4 587.4 

 In paper [10] the author also investigated three combinations for ferrite 

versions of PMASR, 27/6, 27/4 and 24/4. When achieving the same torque, the 

27/6 (q= 1.5) combination had the shortest stack length. Let us note that all 

investigated combinations have slots per pole per phase number higher than 1, 

while first calculations done in this paper had this number lower than 1. For 

PMASR motor the number q has to be higher than 1, which was also proven in [19]. 

In this paper the author proposed various slots per pole combinations and 

compared them. None of those proposed combinations were nearly as good as the 

combination with q= 1.5, even though skewing and various ripple reducing 

techniques were applied on the other combinations. Thus the next combination of 

slots and poles will be 27/6. 

5.3 SRAM1 geometry, Q=27, 2p= 6 

Model development will again start with one flux barrier per pole and the first PA 

will be the same as in 12/10 model. 

With 27/6 model it will be possible to create more space for permanent 

magnets, which is in case of ferrite magnets very important.  

After the very first calculation it was obvious that desired torque would be 

achieved, thus it was decided after conversation with the project manager, that air 
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gap will be lengthened to 0.5 mm. This lengthening should reduce THDLL, thus the 

hysteresis rotor losses.  

5.3.1 SRAM1 27/6 combination with one flux barrier per 

pole geometry 

The first PA was performed with parameters d_bx1 and d_by1 in interval from -7.5 

to 2.5 with step equals to 5. Results are shown in the table in attachments (Tab. 

(A4)) 

With 27/6 it was possible to achieve the desired torque with the same stator 

current as in the 12/10 combination. However the number of stator coil turns 

needed to be increased. Initial geometry was created by placing the permanent 

magnet as close to rotor surface as possible, which had good influence in 12/10 

model. The initial model was found to be ideal. 

5.3.2 SRAM1 27/6 combination with two flux barriers per 

pole geometry 

The first calculations of 27/6 combination showed promising results. Calculated 

geometry achieved desired specifications and is incomparable with 12/10 optimal 

model. Torque ripple and total harmonic distortion has decreased significantly and 

both power factor and efficiency increased. 

Again, two flux barriers per pole geometry were adopted and the same parametric 

analysis, within the same interval and step was done. Results of PA optimizing the 

d_bx1 and d_by1 parameters are presented in the table in attachments (Tab. (A5)). 

The optimal model from the first PA has lower torque ripple, THDLL and 

magnet area. In addition both efficiency and power factor increased, while almost 

the same average torque was achieved. Flux barriers with this combination d_bx1 

and d_by1 are closer to the rotor surface than they were before the analysis. 

The second PA was focused on parameters a_bar and q_bar, interval was set 

from 0.8 to 1.2 for both variables. Step was set to 0.2 and results are shown in the 

table in attachments (Tab. (A6)). 

With this q_bar/a_bar combination, the flux barriers have the same thickness, 

but are placed slightly closer to the rotor surface. This PA results in decreasing the 

torque ripple, other objectives changed very slightly. Low terminal voltage allowed 

us to increase the number of turns in the stator coil, and lower the stator current. 

Results with original optimal model are presented in the table below. 
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Table 3 - Results of the number of turns and stator current modification on 27/6 

combination with two flux barriers per pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter NC/IS [-/A] 26/5.2 30/4.4 

Average torque Mavg [Nm] 7.255 7.247 

Torque ripple MPP [%] 2.95 3.14 

Terminal voltage U1 [V] 170.04 186.73 

Total harmonic distortion THDLL [%] 2.8 3.1 

Power factor cos φ [-] 0.714 0.764 

Efficiency η [%] 94.08 94.4 

Direct axis inductance Ld [mH] 51.5 71.61 

Quadrature axis ind. Lq [mH] 8.84 12.04 

Magnetic saliency ξ [-] 5.8 5.9 

PM area APM [mm2] 876.5 876.5 

Modifications resulted in slightly increasing efficiency and power factor and 

the THDLL, torque ripple and magnetic saliency. 

5.3.3 SRAM1 27/6 combination with three flux barriers 

per pole geometry 

The pole area in 27/6 is broader, thus the three flux barriers per pole combination 

can be created and calculated. The first PA will modify the flux barrier shape and 

position through parameters d_bx1 and d_by1. Results are presented in 

attachments (Tab. (A7)). 

It is clear from the results, that combination with three flux barriers per pole 

is worse than previous combinations. With the same stator current developed 

torque is much lower with higher torque ripple and THDLL. More parametric 

analysis will not be performed. 

Both optimal models with one and two flux barriers per pole are very good. 

But after all the calculations, Baumüller Company requested to design an 8-pole 

motor. Since the 27/6 combination with q equals to 1.5 had such a good 

characteristics, the similar motor with the same q will be designed. For the 8-pole 

machine with q= 1.5 the number of slots will be 36. 

5.4 SRAM1 geometry, Q=36, 2p= 8 

SRAM1 geometry will be changed, to satisfy the customer request, to an 8-pole 

machine. This combination is better for calculations. Since two poles are always 

simulated, in 27/6 combination was necessary to generate one third of the 
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machine, in 36/8 motor it is reduced to one quarter. Thus the number of the 

elements in the model should be theoretically reduced by (8.33%). This will result 

in faster calculations, and number of steps will be reduced as well from 120 to 90, 

considering the step equals to 1°.  

5.4.1 SRAM1 36/8 combination with one flux barrier per 

pole geometry 

The process presented in 27/6 combination will be performed again with the same 

structure. Thus at first one flux barrier per pole combination will be used and 

d_bx1 and d_by1 analysis will be done. Interval of the PA was chosen for both 

variables from -5 to 0 with step 2.5. Results are presented in the table below in 

attachments (Tab. (A8)) 

In optimized geometry almost all objectives improved, only magnetic 

saliency got worse and PM area increased. 

Compare to 27/6 one flux barrier per pole version optimized 36/8 geometry 

has slightly higher torque ripple (3.5 vs 2.34 %), lower efficiency (93.1 vs 94.17 %) 

and lower power factor (0.735 vs 0.75). Higher torque was achieved 

(8.1 vs 7.37 Nm). Other objectives remained very similar. 

5.4.2 SRAM1 36/8 combination with two flux barriers per 

pole geometry 

Similarly, on the two flux barriers per pole geometry two analyses will be done. 

The first one is to find optimal combination of d_bx1 and d_by1 in interval from 0 

to 10 with step 5. PA results are the table in attachments (Tab. (A9)). 

Optimal geometry has lower average torque, torque ripple, power factor and 

efficiency. Reduced was torque ripple and THDLL and also PM area. 

PA for a_bar and q_bar variables were both analyzed with step 0.2 from 0.8 to 1.2. 

Initial and optimal model is shown in table (Tab. (A10)). 

Analogously to identical PA done on 27/6 combination, the torque ripple and 

PM area decreased. Compare to the 27/6 combination, lower torque ripple was 

achieved with higher terminal voltage. 

5.4.3 SRAM1 36/8 combination with three flux barriers 

per pole geometry 

Even though with 36/8 combination pole area reduced, the three flux barriers per 

pole combination will be investigated. Compared to the two flux barrier 

combination, the interval for d_bx1 and d_by1 needed to be reduced, because the 

pole area is smaller. Borders were chosen from 0 to 5 with step 2.5.  
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The results are presented in the table in attachments (Tab. (A11)). The first 

d_bx1 and d_by1 combination optimal solution for the three flux barriers per pole 

geometry was found. Despite the relatively high average torque, efficiency and 

power factor, the torque ripple and THDLL is found to be the biggest disadvantage. 

Thus, like in 27/6 SRAM1 version, the three flux barriers are not ideal and two flux 

barriers version was chosen for further stator optimization. 

In stator optimization the stator tooth width (w_tooth), stator slot opening 

(w_so) and stator slot opening height (h_so) were optimized. A sketch of two stator 

slots with description is on the figure below. 

 
 

Fig. 5-1 - Stator slots with script parameters description 

 Optimized parameters were changed as they are presented in table below. 

Table 4 - Results of the stator PA done on 36/8 combination with two flux barriers per pole 

 Symbol Unit Range Step Optimal 

Stator tooth width w_tooth mm 1 ÷ 6 1 3 

Stator slot opening width w_so mm 1 ÷ 4 0.5 2.5 

Stator slot opening height h_so mm 0.25 ÷ 1.75 0.25 1 

Optimal parameter values were the same as the initial parameter, thus the 

objectives did not changed and the optimal model remained the same. 

After the meeting with the technology department where the manufacture 

process was discussed a modification has been brought up. When the 27/6 model 

was designed, the air gap was lengthened to 0.5 mm to improve the torque ripple 

and THDLL. For the sake of the efficiency and the power factor, the air gap length 

was set back to the original value of 0.3 mm. The motor needed to be recalculated. 

In the table below are listed three motor versions. The first one is the optimized 

version with the air gap length 0.5 mm, the second one is the same stator turns and 

current but with the air gap length 0.3 mm. In the third column are listed 

w_tooth 

w_so 
h_so 
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objectives achieved with the optimized 36/8 model, modified number of stator coil 

turns and current to develop desired torque 6.7 Nm.  

Table 5 – Final air gap modification and number of turns/current optimization on 36/8 

combination  

Model   
Init. 0.5 mm 

air gap 

Init. 0.3 mm 

air gap 

Optim. 

0.3 mm air 

gap 

 Symbol Unit    

Average torque Mavg [Nm] 7.957 8.489 6.779 

Torque ripple MPP [%] 2.8 3.03 3.18 

Terminal voltage U1 [V] 183.71 208.06 176.93 

Total harmonic 

distortion 
THDLL [%] 2.3 5.2 4.9 

Power factor cos φ [-] 0.729 0.739 0.763 

Efficiency η [%] 93.15 93.69 94.14 

Direct axis inductance Ld [mH] 44.98 55.07 51.41 

Quadrature axis ind. Lq [mH] 7.86 10.31 8.69 

Magnetic saliency ξ [-] 5.7 5.3 5.9 

PM area APM [mm2] 787.6 787.6 787.6 

Both efficiency and power factor were improved, with significant THDLL rise. 

SRAM1 model is thus optimized by parametric analyses and the next SRAM version 

will be calculated and then compared with SRAM1. After selecting the best version 

the optimization by artificial intelligence will be performed. 

5.5 SRAM2 geometry, QS = 36, 2p= 8 

The SRAM1 design development has shown some design keys. For example, three 

flux barriers geometry results in high torque ripple and the number of slots per 

pole per phase is optimal when q= 1.5. Thus the requested 8 pole motor with 

q= 1.5 will be considered. 

5.5.1 SRAM2 36/8 combination with two flux barriers per 

pole geometry 

Since the SRAM2 geometry does not allow to generate geometry with only one flux 

barrier and three flux barriers geometry results in the highest torque ripple, only 

two flux barriers per pole geometry will be investigated. 

After the initial geometry was set with the optimized stator from the SRAM1 

model, the optimization process could start.  
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The first two parameters which were chosen to be optimized were g2_bar 

and g4_bar. Those two parameters affect the distance between two magnets, 

between outer magnet and rotor surface respectively. Parameter g2_bar was 

changed in the interval from 1.1 to 2.1 with step 0.25 when g4_bar parameter had 

its boundaries set from 0.8 to 1.6 with step 0.2. Results from this PA are presented 

in the table in attachments (Tab. (A13)): 

 Optimized geometry had magnets shifted closer to each other and both 

magnets are moved closer to the rotor surface. This geometry change resulted in 

higher average torque with higher ripple, but total harmonic distortion decreased 

by 2%. Slight decrease is noted in the power factor. 

The second PA affects the width of flux barriers top ends, by parameters 

d2_bar and d4_bar, where the first parameter is connected with the bottom and the 

second flux barrier. Both parameters were changed with step equals to 0.2 and 

boundaries were set to 1.4 ÷ 2.2 mm, 0.6 ÷ 1.4 mm respectively. Results of 

optimization are in the table in attachments (Tab. (A14)) 

 Optimization of those parameters increased average torque and decreased 

the torque ripple and total harmonic distortion. Other objectives values remained 

almost the same. The optimized bottom flux barrier top end was after PA wider, 

whereas the top flux barrier top end resulted to be thinner. 

 The next parameters that were intended to be optimized are parameters 

controlling the bottom horizontal shift of flux barriers g7_bar and g8_bar. The 

interval for optimization was chosen the same for both parameters and it is from -

0.25 mm to 0.25 mm. Parameters were changed with step 0.25 mm, where 

negative value means that the bottom end is shifted further from the rotor surface. 

The initial values were found to be optimal, thus the values of parameters 

remained g7_bar= 0.25 and g8_bar= 0.  

Since the optimal bottom end placement is found, the next PA will focus on 

the top end placement. The placement is controlled by parameters h1_bar and 

h2_bar whose optimal values will be investigated. Both parameters had their 

optimization boundaries set to 1.5 mm and 2.5 mm and were changed with step 

0.25 mm. The results are shown in the table in attachments (Tab. (A15)) 

The flux barriers top ends placement affect torque ripple. The optimized 

parameters have lowered the torque ripple by 4%. The other objectives values 

remained almost the same. 

The last parameters that could improve the geometry are the flux barriers 

radiuses. All radiuses can be adjusted by parameters a1-a4_bar, where a1 and a3 

bar parameters control inner radiuses. Optimization boundaries and steps with 

each parameter was changed are listed in the table below. 
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Table 6 – Optimization parameters for flux barriers radiuses 

 Symbol Unit Range Step 

First flux barrier outer radius a1_bar mm 1 ÷ 1.8 0.2 

First flux barrier inner radius a2_bar mm 0.7 ÷ 1.5 0.2 

Second flux barrier outer radius a3_bar mm 0.5 ÷ 1.3 0.2 

Second flux barrier inner radius a4_bar mm 0.1 ÷ 0.9 0.2 

Optimized parameters with calculated objectives are shown in the table in 

attachments (Tab. (A15)). 

Only the second flux barrier inner radius was optimized, the other three were 

optimal in the initial model. The change improved torque ripple slightly, THDLL and 

magnetic saliency increased lightly. 

All rotor parameters that could have significant effect on either average 

torque or torque ripple have been optimized. Thus the optimization of the stator 

parameters remains. The parameters that will be optimized are the same as in 

SRAM1 optimization process, plus two more parameters will be investigated. 

 

Fig. 5-2 - Stator slots with script parameters description 

Table 7 - Results of the stator PA done on 36/8 combination with two flux barriers per pole 

 Symbol Unit Range Step Optimal 

Stator tooth width w_tooth mm 2 ÷ 4 0.5 3.5 

Stator slot opening width w_so mm 1 ÷ 4 0.5 2.5 

Stator slot opening height h_so mm 0.25 ÷ 1.75 0.25 1 

Inner slot corner radius r_s1 mm 1 ÷ 2 0.25 1.5 

Slot head height h_shead mm 1 ÷ 3 0.25 2 

 

 

w_tooth 

r_s1 

h_shead 

w_so h_so 
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Table 8 - Results of the stator PA done on SRAM2 36/8 combination with two flux barriers 

per pole 

Model   Initial Optimal 

 Symbol Unit   

Average torque Mavg [Nm] 6.597 6.755 

Torque ripple MPP [%] 8.0 7.7 

Terminal voltage U1 [V] 169.8 174.44 

Total harmonic 

distortion 
THDLL [%] 8.2 6.9 

Power factor cos φ [-] 0.750 0.748 

Efficiency η [%] 94.24 93.9 

Direct axis inductance Ld [mH] 52.21 53.65 

Quadrature axis ind. Lq [mH] 10.97 11.12 

Magnetic saliency ξ [-] 4.8 4.8 

PM area APM [mm2] 864 864 

Thanks to the PA, the average torque increased and torque ripple decreased. 

Because the stator tooth width increased, the current density increased as well. 

That causes the copper losses to increase and efficiency to decrease. 

5.6  SRAM3 geometry, QS = 36, 2p= 8 

Similarly to the SRAM2 geometry, the SRAM3 geometry will be developed as an 8-

pole machine with 36 stator slots, thus the number of slots per pole per phase 

remains q= 1.5.  

Initial geometry was chosen, and is ready to be optimized. The first two 

parameters are bottom and top width of the first (bottom) flux barrier. Widths are 

controlled by parameters b1_bar and b2_bar. Boundaries were set to 15 ÷20 mm 

and 10÷18 mm respectively. Both parameters were changed with step 1 mm. 

Results are presented in attachments (Tab. (A16)). 

Optimized bottom flux barrier has a wider bottom, but thinner sides. Average 

torque value remained the same, while the torque ripple lowered significantly. All 

the other objectives changed only slightly, beside the voltage, which rose by 5 V.  

The second PA is focused on the bottom width of the second flux barrier. This 

width is controlled by b3_bar parameter. Step for the operation was set to 1mm 

and parameter was changed from 7 to 15. The initial value of b3_bar parameter 

was found optimal, thus the values of the objectives remained the same. 

Next PA is focused on thickness and placement of iron ribs, created in the 

bottom flux barrier’s sides. The ribs are created symmetrically along the q-axis. 

The placement is controlled by parameter d1_bar, while the thickness is set by 
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parameter d2_bar. The first parameter was changed with step 5 mm and from 5 to 

10 mm, measured from the bottom of the flux barrier. Thickness value was 

changed from 0.5 to 1.5 mm with step 0.5 mm (Tab. (A17)). 

Optimization decreased the torque ripple, while average torque remained 

almost the same or improved slightly. 

All PA done on the rotor from this point had not improved the model, thus 

stator optimization begun. The same set of stator PA like in SRAM2 optimization 

was performed. The optimal stator for SRAM2 geometry was found to be optimal 

also for the SRAM3 geometry. Because the demanded torque was not achieved 

with the initial stator current, it needs to be increased. The initial and optimized 

setup for reaching the average torque of 6.7 Nm is shown in the table below. 

Table 9 - Results of the stator SRAM3 PA done on 36/8 combination 

 Model   Initial Optimal 

 Symbol Unit   

Optimized parameter IS [A] 4.5 5 

Average torque Mavg [Nm] 5.933 6.718 

Torque ripple MPP [%] 4.34 4.55 

Terminal voltage U1 [V] 182.59 191.75 

Total harmonic 

distortion 
THDLL [%] 8.5 9.1 

Power factor cos φ [-] 0.633 0.616 

Efficiency η [%] 92.73 92.41 

Direct axis inductance Ld [mH] 51.83 48.94 

Quadrature axis ind. Lq [mH] 19.84 19.29 

Magnetic saliency ξ [-] 2.6 2.5 

PM area APM [mm2] 495.6 495.6 

With SRAM3 geometry it is possible to achieve demanded torque, but with 

lower efficiency and mainly with poor power factor and high total harmonic 

distortion. In the next chapter all three geometries will be compared to see which 

one is the best for the wanted parameters. 
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5.7 Comparison of the geometries 

All optimal SRAM geometries can be found in the table below. Let us note, that the 

stack length of all three machines is the same, also the number of turns is the same. 

Table 10 – Comparison of optimized geometries 

Model   SRAM1 SRAM2 SRAM3 

 Symbol Unit    

Feeding current IS [A] 4.4 4.4 5 

Average torque Mavg [Nm] 6.779 6.755 6.718 

Torque ripple MPP [%] 3.18 7.7 4.6 

Terminal voltage U1 [V] 176.93 174.44 191.75 

Total harmonic 

distortion 
THDLL [%] 4.9 6.9 9.1 

Power factor cos φ [-] 0.763 0.748 0.616 

Efficiency η [%] 94.14 93.9 92.41 

Direct axis 

inductance 
Ld [mH] 51.41 53.65 48.94 

Quadrature axis ind. Lq [mH] 8.69 11.12 19.29 

Magnetic saliency ξ [-] 5.9 4.8 2.5 

PM area APM [mm2] 787.6 864 492.8 

 All models have been calculated to develop similar average torque. The 

SRAM3 geometry in comparison is the least suitable because of the high THDLL and 

relatively low power factor. The efficiency is also the lowest of all three models. 

 SRAM1 geometry compared to the SRAM2 model has about 58.7% lower 

torque ripple, lower THDLL by 2%. Efficiency and power factor are also higher in 

SRAM1. SRAM1 also achieved the demanded torque with smaller amount of PM 

used.  

In the previous calculations M330-35A steel has been used for the rotor and 

stator iron sheet material. Because the SRAM machine calculations were done to 

develop cheaper machine than SMPM motor, all three versions will be recalculated 

for cheaper steel M470-50A.  

B-H curves for both materials are presented on figure below. Data were used 

from datasheets. 



 40 

 
Fig. 5-3: M470-50A and M330-35A B-H curves comparison 

The B-H curves comparison is showing, that with the same magnetic field 

strength it is possible to achieve higher mag. flux-density using the M470-50A 

steel. Higher flux-density means higher torque, the supplying current needs to be 

lowered. Results of all three models with M470-50A steel are presented in the 

table below. 

 Table 11 - Results of the optimized geometries for M470-50A iron 

Model   SRAM1 SRAM2 SRAM3 

 Symbol Unit    

Average torque Mavg [Nm] 6.797 6.745 6.756 

Torque ripple MPP [%] 3.7 7.4 4.9 

Terminal voltage U1 [V] 194.91 177.26 193.74 

Total harmonic 

distortion 
THDLL [%] 3.8 6.1 8.7 

Power factor cos φ [-] 0.764 0.751 0.619 

Efficiency η [%] 93.2 93.5 91.25 

Direct axis 

inductance 
Ld [mH] 62.35 55.74 49.96 

Quadrature axis ind. Lq [mH] 10.02 11.03 19.5 

Magnetic saliency ξ [-] 6.2 5.1 2.6 

PM area APM [mm2] 787.6 864 492.8 
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The change of the material had a different impact on models. All three models 

have the same power factor with M470-50A iron compare to M330-35A. In all 

three models efficiency the THDLL decreased slightly. Overall improvement has 

shown only SRAM2 model.  

All six models were discussed at Baumüller and considering the mechanical 

strength the SRAM2 with M330-35A iron was model chosen. SRAM2 model has 

relatively high torque ripple and the highest PM area of all three models.  

Unfortunately, the FEA calculation in FEMAG does not include the coil 

overlaps and consider the copper fill factor equals to kp,Cu= 0.4. After the discussion 

with the supervisor in Baumüller the coil overlap was estimated to be lb= 68 mm. 

Because the stator area is relatively small, the manufacture ability for copper fill 

factor is set kp,Cu= 0.35. Thus some of the recalculated objectives are: 

Table 12 Recalculated objectives for new copper fill factor and considering the coil overlap 

Model   Original Recalculated 

 Symbol Unit   

Terminal voltage U1 [V] 177.26 181.52 

Power factor cos φ [-] 0.751 0.746 

Efficiency η [%] 93.2 91 
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6 MECHANICAL ANALYSIS 

In this chapter the mechanical strength of the chosen model will be investigated. The calculation 

will be performed in ANSYS software using FEM. Results of the analysis will be presented on a 

sketch of the simulated part of iron sheet. 

6.1 Introduction 

Because the SRAM2 geometry was chosen to be investigated further, the 

mechanical analysis will be performed just on this model. The mechanical analysis 

will be done with ANSYS software using the FEA. The software was founded in 

1970 and the company develops markets and supports engineering simulation 

software [20].  

The advantage of this software is that the materials library is big, so a lot of 

commonly used materials are preset. The only material that needed to be added 

was the magnet material. 

6.2 Static structural analysis 

The analysis that will be performed in the ANSYS software is the “Static structural” 

analysis. In this analysis it is possible to investigate rotor’s strength towards the 

centrifugal force during in the nominal point. It is expected that the weakest places 

in the geometry will be probably the island above the second (outer) magnet. 

 3D mechanical analysis will be performed on one sheet. Using the geometric 

symmetries it is possible to analyze only two poles. Therefore smaller mesh 

elements can be generated while the same computing power remains and more 

accurate result will be gained. 

 
 Fig. 6-1 Sketch of the investigated system in Static structural analysis [28]  
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6.3 Setup 

All parts needed for the analysis were created in the software Solidworks. The 

analysis itself needs some input information that needs to be provided to get the 

correct result. The structure of the input info, thus the whole analysis, is on the 

picture below. 

 
Fig. 6-2 Analysis structure 

After the material initialization the materials are assigned with the parts. The 

magnets bonds are chosen to be “Frictionless”. The back of the plate and the sides 

of the sheet are “locked” so they cannot move in axes they would not move in real 

situations. Results of the static structure analysis are presented on sketch below. 

 

 

 

 
Fig. 6-3 Estimated areas with the highest equivalent stress (Sketch from [28]) 

 

  

 

Areas where the highest equivalent stress σmax is estimated 
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6.4 Mechanical analysis summary 

Areas, where the highest equivalent stress was calculated are highlighted. 

The highest calculated stress was σmax= 9.0825 MPa and the weakest places in the 

geometry are ribs around the magnets. Iron sheets are made of M330-35A 

electrical steel, which has yield strength σsteel= 315 N/mm2 [29]. The yield strength 

unit N/mm2 corresponds with the yield strength MPa unit. The calculated value 

can be then directly compared with the value from the datasheet. It is obvious, that 

the designed geometry is strong enough to sustain the centrifugal force in the 

nominal point (9.0825 MPa ≪ 315 MPa).  

After mechanical analysis thermal analysis would be usually performed. 

Because the previous design was more time consuming, than it was originally 

assumed the thermal analysis will be skipped. Thermal analysis was performed for 

the SRAM1 6-pole version before the requirement for the 8-pole machine was 

received. No sign of overheat was found, thus it was expected to be the same for 

this model. 
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7 FEA AND ANALYTICAL MODEL COMPARISON 

This chapter presents both the FEA and analytical model and with their advantages and 

disadvantages. Comparison of the calculated FEA and analytic model torque behavior will be 

presented hereafter. Differences and improvements will be discussed. 

7.1 Introduction 

At first it is important to sum up vital facts about both calculations that could affect 

the results. 

 Firstly the FE analysis will be discussed. Because the FEA was used before 

the analytical model was programmed, the scripts were heavily improved over the 

months. The biggest problems appeared in mesh generation. After nearly a month 

of performing calculations, crucial bugs in mesh generation were found. 

Considering only SRAM2 script two areas in iron ribs in each flux barrier, where 

mesh was not generated correctly, were found. The first one was found in rib 

between the magnet and flux barrier and the second at the flux barrier end. 

Elements were made smaller and results were made more accurate. Similar issues 

were found also in SRAM1 and SRAM3 models. Because a lot of time was spent 

improving the FEA model, the FEA results are considered to be more accurate. Let 

us note that the FEA calculation in 8-pole motor version takes about 5-10 minutes 

to calculate depending on the number of steps in the calculation. 

 On the other hand the analytical model was programmed later only to 

confirm the FEA results. The author is grateful to Mr. Massimo Barcaro, who 

provided the codes for simplified SRM model. Analytical model code is written in 

Matlab software and still probably includes few bugs. Even though the main part of 

the code was not written by the author, few improvements needed to be done. The 

original analytical model was used for integer winding and a machine without 

magnets. The parts of the code were added and different harmonics in electric 

loading were considered. Thanks to the very valuable publications [20] done by 

Mr. Nicola Bianchi and his colleagues and his personal communications, the 

improvements were successfully adopted. Analytical model magnetic and 

geometrical simplifications that were considered are: 

- replaced stator slots by conductive sheet 

- geometry of the flux barrier expressed by equivalent thickness and 

length (which is not equivalent in FEA model) 

- magnetic bridges at the flux barriers end are neglected 

- magnetic bridges between the PM and flux barrier are neglected 

- irons magnetic reluctance is considered 0 
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The analytical model still needs a lot of work to adopt it on all SRAM 

geometries presented in this thesis. Now the code needs to input flux barrier 

angles, thicknesses and lengths, but the goal is to input the same set of parameters 

as in FE model and get ideally the same result. With the analytical model it takes 

around 5s to calculate the result. Primarily the analytical model will be used to 

quickly determine the basic dimensions and currents to achieve the desired torque 

with optimal torque ripple. After this thesis the analytical model will be extended 

with artificial intelligence optimization algorithm to achieve fast optimization for 

chosen geometry. 

The SRAM2 optimal geometry torque calculated with FE and analytical 

method was compared. From the literature [2] it is obvious that it is enough to 

calculate in analytical model only 1/3 of the pole, thus in our case 15° mech. 

Comparison of both calculated torques is shown on the picture below. 

   

Regarding the simplifications that were considered only in the analytical 

model, a relatively good agreement is found. In literature [2] the author presented 

an even better agreement between calculated torques. But let us note that in 

literature both models are simplified similarly, while FEA model in this thesis is 

not simplified. Taking this into account the final result is solid. Significant 

difference between compared torques is found around the third torque peak. It is 

assumed that it is caused by thinner second flux barrier end that is much thinner 

than the assumed equivalent thickness. 

Fig. 7-1 Torque behavior comparison between FEA and analytical calculation 
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8 FEA AND PROTOTYPE COMPARISON 

In this chapter the FEA results and the manufactured prototype will be compared. Possible 

differences and cause of the differences will be discussed and eventual solution will be 

investigated.  

8.1 Results comparison 

The prototype was manufactured according to the calculated dimensions and 

parameters. A manufactured prototype was then tested in the laboratory by 

Baumüller Company. Measured results are compared in the table below. 
Table 13 FEA and prototype results comparison 

Model   FEA Prototype Difference in % 

 Symbol Unit    

Stator current IS [A] 4.4 4.408 0.182% 

Average torque Mavg [Nm] 6.745 5.46 -19.1% 

Terminal voltage U1 [V] 181.52 165.815 -8.65% 

Power factor cos φ [-] 0.746 0.740 -0.8% 

Efficiency η [%] 91 86.2 -5.3% 

PM temperature ϑPM [°C] 80 119.8 49.8% 

From the table it is obvious, that the designed motor did not achieve the 

calculated torque. The biggest differences are found in average torque (-19.1%) 

and in PM temperature (+49.8%).  

 Before any improvements to the geometry will be done, it is vital to find the 

main cause of the magnet high temperature. The high temperature might be 

connected with the low average torque. 

 After discussion two possible causes of high temperature came up: 

- MMF harmonic in permanent magnets, causing eddy current losses 

- Influence of the laser cutting procedure. 

Temperature in permanent magnets was measured from the PM flux linkage. 

Firstly the rotor rotating with the dynamometer and the voltage induced in stator 

coils were measured, thus the flux linkage when the PM’s are cold was determined. 

After the temperature became stable and the torque and all the objectives were 

measured, the source was disconnected and the voltage was measured again. With 

the measured flux linkages and PM Datasheet the temperature was calculated. 

 Used measuring equipment is shown in the table in attachments (Tab. 

(A18)) and photographs of the testing bench are presented on images below. 
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8.2 MMF harmonics in permanent magnets 

The high temperature in magnets might be caused by MMF harmonics causing the 

eddy current losses in PM. Few papers were written on this problem [21], [22], 

[23] last two regarding the IPM machines. Even though the rotor eddy currents 

might cause PM to overheat it is highly improbable to happen in ferrite PMASR 

machine. The ferrite magnets used in model and prototype are located in the 

branch of ferrimagnetic materials. These kinds of materials are sometimes called 

ceramics magnets [24]. The ferrite magnets properties are therefore similar to the 

ceramics magnets. On the picture below ferrimagnetic material is presented along 

with the other magnetic materials.  

 

 

Magnetic atomic moments have parallel alignment similarly to the 

ferromagnetic material, but the orientation is not always in the same direction. The 

ferromagnetic materials electric resistance is much higher than in ferromagnetic 

materials, e.g rare-earth magnets. This is the reason why the eddy current losses 

are negligible in ferrite magnets [25]. Hence the PM overheat could not be caused 

by eddy currents. 

Fig. 8-2 Magnetic materials [26] 

Fig. 8-1 Layout of the test bench and tested motor 
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8.3 Laser cutting influence on magnetic properties 

It was discussed in previous chapter why the magnets cannot be overheated by 

themselves, hence the heat must come from outside of the magnets. The magnets 

are inserted in the flux barriers in close touch with the iron sheets, which might be 

the source of the heat. 

 Sheets were catted by laser beam and the magnetic properties of the iron 

sheets are influenced by this procedure. In literature [21] is described how and 

why the properties changed. 

 In the literature [21] two common procedures of cutting the iron sheets are 

compared: the laser cutting and the mechanical cutting. The first one degrades the 

material by inducing the thermal stress near the cutting line. The second one 

degrades the material near the cutting line by causing the mechanical deformation 

[21]. In picture below is the magnetic properties change is shown on hysteresis 

loop. 

 

 

Since the magnetic field to achieve the same mag. induction has to be 

stronger, the material permeability had to decrease.  

 

Because the permeability decreased, the magnetic inductance in both axes 

had to decrease as well. Because the inductance decreased, the inductance 

Fig. 8-3 Laser cutting influence on material [21] 

Fig. 8-4 Relationship between flux density and magnetic intensity behavior 
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difference between d and q axes is also reduced, causing the reluctance torque to 

become smaller. For easier following of those logical steps the image below was 

created. 

 

In the literature [21] the influence was investigated on the sheets from 5 to 

30 mm and then compared with the annealed sample, where the original 

properties should be restored. The laser cutting influence on electric steel is 

remarkable. It is also noted, that the influence on thinner samples might be even 

stronger [21]. The distance between the magnets in the manufactured prototype is 

less than 2 mm, therefore the material has to be deformed even more. The author 

also noted, that significant temperature rise in the investigated samples was 

observed [21]. This was proven by the author also in [27], where in unannealed 

materials higher losses were observed. Thus the laser cutting process explains 

both the torque decrease and the temperature rise. 

On Fig. 8-3 are samples with different width compared with annealed sample. 

Fig. 8-3 also shows that the magnetic properties could be restored with the stress 

relief annealing procedure.  

  

Fig. 8-5 Concluded torque reduction 
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9 CONCLUSION 

This thesis deals with the permanent magnet assisted reluctance motor design 

problematics. The whole design process was proposed and should provide good 

background for future motor design purposes. 

 The second chapter consists of the motor presented with the potential 

range of applications and motor geometry description. Motor advantages and 

disadvantages are presented and compared to conventional SRM and also SMPM 

motors explaining the work’s purpose.  

 After the introduction the electro mechanic conversion is presented, 

explaining the motor function principle. Then the mathematical point of view is 

taken and the machine is described in d-q axes that results with the torque 

equations. Motor developed torque consist of two parts. The first part is developed 

by inductance saliency and the second by permanent magnets. Considering the 

stable state, the PM improves the power factor, which is described in chapter 2.5. 

 Next chapter is focused on simplified analytical model for two flux barriers 

per pole. The analytical model was then programmed in Matlab code and the 

results are presented. Analytical model brings good background for potential code 

extending to more flux barriers per pole in future. The code will be extended in the 

near future to provide even more satisfactory results. Code will be also updated to 

form when the analytical calculations input parameters will be the same as FEA for 

models. 

 In fourth chapter the finite element method is presented with the software 

and LUA scripts for generating the model. Despite the chapter length the biggest 

part of the time was spent on programming and debugging the scripts for the 

geometry generation. Even though more than 4 months were spent on improving 

the scripts, a few tweaks are still needed to be done. 

 The most important part of this work is presented in chapter 5, where the 

development process is presented. The chapter conclude with ideal slots per pole 

per phase combination q= 1.5. This combination is ideal for ferrite version of the 

machine. It is proven, that for the rare-earth magnets the 12/10 combination 

might be use to bring satisfactory results. For ferrite version it is concluded, that 

the two flux barriers per pole is ideal for this axis height. It cannot be said that 

there is a general precept for the magnet position or flux barrier shape. It is 

different for every geometry and axis height. Only one general design rule came up 

during the process, that permanent magnets should not be equally wide. Equal 

width leads to high torque ripple. The flux barriers ends have a major effect on the 

final torque ripple behavior. This is proven by the analytical model, where the flux 

barrier ends angles are used as input parameter. 
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 After the electromagnetic design the mechanical analysis was done on 

chosen geometry. The chosen geometry was proven by FEA software Ansys to be 

mechanically strong enough to sustain the centrifugal force of the nominal speed. 

Thermal analysis was not done expecting the similar result achieved on 6-pole 

machine, where no overheating problems were found. 

 In seventh chapter both FE and analytical analysis were compared. Good 

agreement between the two methods was found even though the simplifications 

were considered only in the analytical model.  

 In the last chapter the FE model was compared with the manufactured 

prototype. The measured result was that desired torque was not achieved with the 

designed motor. The author concluded that the cause was not the higher MMF 

harmonics in the PM, but in the manufacturing technology. The manufactured 

process used for steel shaping was the laser cutting. The laser cutting degrades the 

iron material properties resulting in reduced torque and increased PM 

temperature. The magnetic properties could be restored by annealing of the 

material [21]. 

 The model was then recalculated and a new version of the prototype that 

will be manufactured was designed after this thesis was written. In the new 

prototype it is assumed to use an annealing process expecting to get better 

characteristics with the second version of the motor. 
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List of symbols, quantity a acronyms 
PMSM - permanent magnet synchronous motor 

AC - alternative current 

SRM - synchronous reluctance machine motor 

PM - permanent magnet 

FEM - finite element method 

FEA - finite element analysis 

IPM - interior permanent magnet 

SMPM - surface mounted permanent magnet 

μr - relative permeability [-] 

Rm - magnetic reluctance [Ω] 

μ0 - permeability of vacuum [H∙m-1] 

l - length [m] 

S - surface area [m2] 

La - inductance [H] 

cos - goniometric function 

Lam - maximal inductance [H] 

Mim - developed electromagnetic torque [Nm] 

Wm - magnetic energy [J] 

sin - goniometric function 

us - stator voltage [V] 

ud - Voltage in d-axis [V] 

uq - Voltage in q-axis [V] 

is - stator current [V] 

id - current in d-axis [V] 

iq - current in q-axis [V] 

ω - Electrical speed [rad∙s-1] 

ωmech - Mechanical speed [rad∙s-1] 

Rd - Resistance in d-axis [Ω] 

Rq - Resistance in q-axis [Ω] 

ψd - Magnetic flux linkage in d-axis [Wb] 

ψq - Magnetic flux linkage in q-axis [Wb] 

ψPM - PM magnetic flux linkage [Wb] 
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Ld - Inductance in d-axis [H] 

Lq - Inductance in q-axis [H] 

p - Number of pole pairs [-] 

J - Moment of inertia [kg/m2] 

Ψsm - Magnetic flux linkage amplitude in d-axis [Wb] 

Ψdm - Magnetic flux linkage amplitude in d-axis [Wb] 

Ψqm - Magnetic flux linkage amplitude in q-axis [Wb] 

ΨPM,m - PM magnetic flux linkage  amplitude [Wb] 

Ks - Electrical loading [A/m] 

ϑs - Coordinate in mechanical degrees in stator reference frame [°mech] 

ϑm - Angular position of the rotor in mechanical degrees [°mech] 

𝛼𝑖
𝑒 - Current phase in electrical degrees [°el] 

t - Time [s] 

kwn - Winding factor of the n-th harmonic order [-] 

Ns - Number of conductors per phase [-] 

D - Inner stator diameter [m] 

Ums - Stator magnetic voltage [A] 

ϑr - Coordinate in electrical degrees in rotor reference frame [°el] 

ϕPM1 - PM magnetic flux [Wb] 

ϕPM2 - PM magnetic flux [Wb] 

BPM - PM residual induction [T] 

hPM1 - PM height [mm] 

hPM2 - PM height [mm] 

HcPM - Coercive force [A/m] 

Umr - Rotor magnetic voltage [A] 

Umr1 - Rotor magnetic voltage [A] 

Umr2 - Rotor magnetic voltage [A] 

Umag - Air gap magnetic voltage [A] 

tb - Flux barrier thickness [mm] 

lb - Flux barrier length 

lfe - Stack length [mm] 

ϕg1 - Air gap magnetic flux [Wb] 

ϕg2 - Air gap magnetic flux [Wb] 

ϕg3 - Air gap magnetic flux [Wb] 
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g - Air gap length [mm] 

Rb1 - Flux barriers reluctance [H-1] 

Rb2 - Flux barriers reluctance [H-1] 

ϑb - Half pole angle of flux barriers [°] 

ϑb1 - Half pole angle of flux barriers [°] 

ϑb2 - Half pole angle of flux barriers [°] 

a,b,c,d - Dimensionless coefficients for mag. voltage calculation [-] 

Mag - Air gap torque [Nm] 

kPM1 - PM contribution [A] 

kPM2 - PM contribution [A] 

kT - Torque constant [Hm] 

λn, λm - Coefficients replacing forms in bracket [°mech] 

α1, α2 - Coefficients replacing forms in bracket [°el] 

n,m - Orders of harmonic [-] 

Mavg - Average torque [Nm] 

MPP - Torque ripple [%] 

THDLL - Total harmonic distortion [%] 

cos φ - power factor [-] 

η - Efficiency [%] 

ξ - Magnetic saliency [-] 

APM - Permanent magnet area [mm2] 

PA - parametric analysis 

q - number of slots per pole per phase [-] 

kp,Cu - slot copper fill factor [-] 

lb - stator coil ovelap [mm] 

IS - stator coil current [A] 

ϑPM - permanent magnet temperature [°C] 

MMF - Magnetomotive force [A] 

σ - Equvalent stress [N/mm2, MPa] 

σmax - Maximum yield strength [N/mm2, MPa]  
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Attachments  
Tab. (A1) - Results of the PA done on 12/10 combination with one flux barrier per pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter d_bx1/d_by1 [mm/mm] 15/10 10/0 

Average torque Mavg [Nm] 4.2 4.7 

Torque ripple MPP [%] 15.6 14.8 

Terminal voltage U1 [V] 197.77 169.3 

Total harmonic 

distortion 
THDLL [%] 21.9 27.2 

Power factor cos φ [-] 0.415 0.542 

Efficiency η [%] 89.81 92.06 

Direct axis inductance Ld [mH] 41.15 35.88 

Quadrature axis ind. Lq [mH] 21.52 17.7 

Magnetic saliency ξ [-] 1.9 2 

PM area APM [mm2] 356.9 484.1 

Tab. (A2) - Results of the first PA done on 12/10 combination with two flux barriers per pole  

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter d_bx1/d_by1 [mm/mm] 0/0 5/0 

Average torque Mavg [Nm] 4.129 4.069 

Torque ripple MPP [%] 20.19 16.24 

Terminal voltage U1 [V] 190.13 173.55 

Total harmonic 

distortion 
THDLL [%] 18.27 17.67 

Power factor cos φ [-] 0.428 0.461 

Efficiency η [%] 90.46 91.07 

Direct axis inductance Ld [mH] 39.66 36.42 

Quadrature axis ind. Lq [mH] 19.47 18.04 

Magnetic saliency ξ [-] 2 2 

PM area APM [mm2] 503.1 600.6 
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Tab. (A3) - Results of the second PA done on 12/10 combination with two flux barriers per 

pole  

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter q_bar/a_bar [-/-] 1/1 0.8/1 

Average torque Mavg [Nm] 4.069 4.047 

Torque ripple MPP [%] 16.24 15.23 

Terminal voltage U1 [V] 173.55 165.92 

Total harmonic distortion THDLL [%] 17.67 17.53 

Power factor cos φ [-] 0.461 0.48 

Efficiency η [%] 91.07 91.34 

Direct axis inductance Ld [mH] 36.42 34.92 

Quadrature axis ind. Lq [mH] 18.04 16.97 

Magnetic saliency ξ [-] 2 2.1 

PM area APM [mm2] 600.6 587.4 

Tab. (A4) - Results of the PA done on 27/6 combination with one flux barrier per pole  

Model   Initial = Optimal 

 Symbol Unit  

Optimized parameter d_bx1/d_by1 [mm/mm] -7.5/-7.5 

Average torque Mavg [Nm] 7.37 

Torque ripple MPP [%] 2.34 

Terminal voltage U1 [V] 189.47 

Total harmonic 

distortion 
THDLL [%] 3 

Power factor cos φ [-] 0.75 

Efficiency η [%] 94.17 

Direct axis inductance Ld [mH] 71.26 

Quadrature axis ind. Lq [mH] 23.27 

Magnetic saliency ξ [-] 3.1 

PM area APM [mm2] 750 
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Tab. (A5) - Results of the first PA done on 27/6 combination with two flux barriers per pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter d_bx1/d_by1 [mm/mm] 0/0 5/0 

Average torque Mavg [Nm] 7.3 7.275 

Torque ripple MPP [%] 5.8 4.5 

Terminal voltage U1 [V] 174.11 169.68 

Total harmonic 

distortion 
THDLL [%] 3.7 3.2 

Power factor cos φ [-] 0.702 0.717 

Efficiency η [%] 94.09 94.09 

Direct axis inductance Ld [mH] 49.18 51.35 

Quadrature axis ind. Lq [mH] 7.02 8.75 

Magnetic saliency ξ [-] 7 5.9 

PM area APM [mm2] 1098.7 898 

Tab. (A6) - Results of the second PA done on 27/6 combination with two flux barriers per 

pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter q_bar/a_bar [-/-] 1/1 1/1.2 

Average torque Mavg [Nm] 7.275 7.255 

Torque ripple MPP [%] 4.5 2.95 

Terminal voltage U1 [V] 169.68 170.04 

Total harmonic distortion THDLL [%] 3.2 2.8 

Power factor cos φ [-] 0.717 0.714 

Efficiency η [%] 94.09 94.08 

Direct axis inductance Ld [mH] 51.35 51.5 

Quadrature axis ind. Lq [mH] 8.75 8.84 

Magnetic saliency ξ [-] 5.9 5.8 

PM area APM [mm2] 898 876.5 
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Tab. (A7) - Results of the PA done on 27/6 combination with three flux barriers per pole 

Model   Initial = Optimal 

 Symbol Unit  

Optimized parameter d_bx1/d_by1 [mm/mm] 0/0 

Average torque Mavg [Nm] 4.615 

Torque ripple MPP [%] 13.53 

Terminal voltage U1 [V] 196.94 

Total harmonic 

distortion 
THDLL [%] 21.4 

Power factor cos φ [-] 0.763 

Efficiency η [%] 93.94 

Direct axis inductance Ld [mH] 47.05 

Quadrature axis ind. Lq [mH] 8.67 

Magnetic saliency ξ [-] 5.4 

PM area APM [mm2] 1077.4 

Tab. (A8) - Results of the PA done on 36/8 combination with one flux barrier per pole  

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter d_bx1/d_by1 [mm/mm] 0/0 -2.5/-5 

Average torque Mavg [Nm] 7.2 8.1 

Torque ripple MPP [%] 12 3.5 

Terminal voltage U1 [V] 192.88 186.4 

Total harmonic 

distortion 
THDLL [%] 7.1 2.4 

Power factor cos φ [-] 0.634 0.735 

Efficiency η [%] 92.11 93.1 

Direct axis inductance Ld [mH] 47.38 45.6 

Quadrature axis ind. Lq [mH] 15.54 15.53 

Magnetic saliency ξ [-] 3 2.9 

PM area APM [mm2] 479.2 729.5 
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Tab. (A9) - Results of the first PA done on 36/8 combination with two flux barriers per pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter d_bx1/d_by1 [mm/mm] 0/0 10/5 

Average torque Mavg [Nm] 8.175 7.971 

Torque ripple MPP [%] 3.7 3.3 

Terminal voltage U1 [V] 186.36 182.9 

Total harmonic 

distortion 
THDLL [%] 4.8 2.2 

Power factor cos φ [-] 0.737 0.733 

Efficiency η [%] 93.24 93.15 

Direct axis inductance Ld [mH] 45.57 44.75 

Quadrature axis ind. Lq [mH] 10.26 10.07 

Magnetic saliency ξ [-] 4.4 4.4 

PM area APM [mm2] 867.8 808.5 

Tab. (A10) - Results of the second PA done on 36/8 combination with two flux barriers per 

pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter q_bar/a_bar [-/-] 1/1 1/1.2 

Average torque Mavg [Nm] 7.971 7.957 

Torque ripple MPP [%] 3.3 2.8 

Terminal voltage U1 [V] 182.9 183.71 

Total harmonic distortion THDLL [%] 2.2 2.3 

Power factor cos φ [-] 0.733 0.729 

Efficiency η [%] 93.15 93.15 

Direct axis inductance Ld [mH] 44.75 44.98 

Quadrature axis ind. Lq [mH] 10.07 7.86 

Magnetic saliency ξ [-] 4.4 5.7 

PM area APM [mm2] 808.5 787.6 
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Tab. (A11) - Results of the PA done on 36/8 combination with three flux barriers per pole 

Model   Initial = Optimal 

 Symbol Unit  

Optimized parameter d_bx1/d_by1 [mm/mm] 0/0 

Average torque Mavg [Nm] 7.982 

Torque ripple MPP [%] 16.9 

Terminal voltage U1 [V] 179.32 

Total harmonic 

distortion 
THDLL [%] 11.3 

Power factor cos φ [-] 0.748 

Efficiency η [%] 93.18 

Direct axis inductance Ld [mH] 43.78 

Quadrature axis ind. Lq [mH] 10.3 

Magnetic saliency ξ [-] 4.2 

PM area APM [mm2] 950.6 

Tab. (A12) - Results of the first PA done on 36/8 combination with two flux barriers per pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter g2_bar/g4_bar [mm/mm] 2.1/1.6 1.9/1.2 

Average torque Mavg [Nm] 6.235 6.434 

Torque ripple MPP [%] 14.8 16 

Terminal voltage U1 [V] 155.84 165.41 

Total harmonic 

distortion 
THDLL [%] 12.3 10.1 

Power factor cos φ [-] 0.772 0.751 

Efficiency η [%] 94.11 94.13 

Direct axis inductance Ld [mH] 47.83 50.86 

Quadrature axis ind. Lq [mH] 10.7 10.75 

Magnetic saliency ξ [-] 4.5 4.7 

PM area APM [mm2] 864 864 
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Tab. (A13) - Results of the first PA done on 36/8 combination with two flux barriers per pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter d2_bar/d4_bar [mm/mm] 1.6/0.8 2/1.2 

Average torque Mavg [Nm] 6.434 6.538 

Torque ripple MPP [%] 16 12.4 

Terminal voltage U1 [V] 165.41 166.87 

Total harmonic 

distortion 
THDLL [%] 10.1 8.6 

Power factor cos φ [-] 0.751 0.756 

Efficiency η [%] 94.13 94.23 

Direct axis inductance Ld [mH] 50.86 51.3 

Quadrature axis ind. Lq [mH] 10.75 10.78 

Magnetic saliency ξ [-] 4.7 4.8 

PM area APM [mm2] 864 864 

Tab. (A14) - Results of the third PA done on 36/8 combination with two flux barriers per 

pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter h1_bar/h2_bar [mm/mm] 2/2 2.25/1.75 

Average torque Mavg [Nm] 6.538 6.597 

Torque ripple MPP [%] 12.4 8.2 

Terminal voltage U1 [V] 166.87 169.84 

Total harmonic 

distortion 
THDLL [%] 8.6 8.0 

Power factor cos φ [-] 0.756 0.750 

Efficiency η [%] 94.23 94.25 

Direct axis inductance Ld [mH] 51.3 52.23 

Quadrature axis ind. Lq [mH] 10.78 11.21 

Magnetic saliency ξ [-] 4.8 4.7 

PM area APM [mm2] 864 864 
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Tab. (A15) - Results of the fourth PA done on 36/8 combination with two flux barriers per 

pole 

Model   Initial Optimal 

 Symbol Unit   

Optimized 

parameter 
a1/a2/a3/a4_bar 

[mm/mm/ 

mm/mm] 
1,4/1,1/0,9/0,5 1,4/1,1/0,9/0,1 

Average torque Mavg [Nm] 6.597 6.597 

Torque ripple MPP [%] 8.2 8.0 

Terminal voltage U1 [V] 169.84 169.8 

Total harmonic 

distortion 
THDLL [%] 8.0 8.2 

Power factor cos φ [-] 0.750 0.750 

Efficiency η [%] 94.25 94.24 

Direct axis 

inductance 
Ld [mH] 52.23 52.21 

Quadrature axis ind. Lq [mH] 11.21 10.97 

Magnetic saliency ξ [-] 4.7 4.8 

PM area APM [mm2] 864 864 

Tab. (A16) - Results of the first SRAM3 PA done on 36/8 combination 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter b1_bar/b2_bar [mm/mm] 16/10 18/16 

Average torque Mavg [Nm] 5.970 5,986 

Torque ripple MPP [%] 7.68 4,48 

Terminal voltage U1 [V] 178.33 183,09 

Total harmonic 

distortion 
THDLL [%] 9.2 8,6 

Power factor cos φ [-] 0,651 0,637 

Efficiency η [%] 92,81 92,74 

Direct axis inductance Ld [mH] 50,66 51,99 

Quadrature axis ind. Lq [mH] 20,06 21,25 

Magnetic saliency ξ [-] 2,5 2,4 

PM area APM [mm2] 495,6 495,6 
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Tab. (A17) - Results of the second SRAM3 PA done on 36/8 combination 

Model   Initial Optimal 

 Symbol Unit   

Optimized parameter d1_bar/d2_bar [mm/mm] 5/1.5 10/0,5 

Average torque Mavg [Nm] 5,986 5,933 

Torque ripple MPP [%] 4,48 4,34 

Terminal voltage U1 [V] 183,09 182,59 

Total harmonic 

distortion 
THDLL [%] 8,6 8,5 

Power factor cos φ [-] 0,637 0,633 

Efficiency η [%] 92,74 92,73 

Direct axis inductance Ld [mH] 51,99 51,83 

Quadrature axis ind. Lq [mH] 21,25 19,84 

Magnetic saliency ξ [-] 2,4 2,6 

PM area APM [mm2] 495,6 495,6 

 

 

 

Test equipment Description Type Serial number 

001008 Test bench GNA200 Not availible 

003006 Oscilloscope DL1520 7015GC701L 

006008 
Temperature data 

logger 
OM TC-08 AO 017/798 

016008 
Resistance measuring 

device 

Metrel MI 

3210 10A 
15410591 

081005 
Differential scanning 

head 
SI 9110 70845 

082006 Current clapms C160 P01120308 

091006 Power meter Hioki 9193 941442 

Tab. (A18) - Measuring equipment 


