
 

 

FACULTY OF ELECTRICAL ENGINEERING 

 
PhD THESIS  

 
Permanent Magnet Synchronous 

Machine for Electric Vehicles Propulsion 
 

PhD Student:      
Eng. Cristina-Adina MOLDOVAN (căs. BILAȚIU)  

PhD Supervisor: 
Prof. Claudia Steluța MARȚIȘ  

 
Examination committee:  
Chair: Assoc. Prof. Mircea Ruba, PhD – Technical University of Cluj-
Napoca, Romania; 
PhD Supervisor: Prof. Claudia Steluța Marțiş, PhD – Technical 
University of Cluj-Napoca, Romania; 

 
Members:  
Prof. Nicolae Muntean, PhD – Politehnica University Timisoara, 
Romania; 

 
Assoc. Prof. Ciprian Șorandaru, PhD – Politehnica University 
Timisoara, Romania; 
 
Prof. Loránd Szabó, PhD – Technical University of Cluj-Napoca, 
Romania. 

 
– Cluj-Napoca – 

2023 



2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

 

ACKNOWLEDGMENTS 

First and foremost I am deeply grateful to my scientific advisor 
prof. Claudia Steluța MARȚIȘ for her continuous support shown me 
over the years, for giving me confidence and motivation, for her 
patience and immense knowledge. Her guidance and constant 
encouragement helped me to discover my abilities and to look 
confident towards my career. 
 

I want to thank my colleagues in the department for all the help 
and support offered during these years, all the constructive discussions 
and time spent together.  
 

I would like to thank my beloved husband Andrei, my 
marvellous parents Anca and Marcel, and my family as a whole for all 
the sacrifices they have done for me, for their continuous support and 
for their unconditional love. Without them, I would not have been able 
to achieve my goals. 

 
Last, but not the least, I thank my friends for supporting me 

every time, for creating unforgettable moments and experiences. 
 

THANK YOU! 

 

 

 

 

 

 

 



4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

TABLE OF CONTENTS 

 
ACKNOWLEDGMENTS ...................................................................... 3 

    ABBREVIATIONS ................................................................................ 7 
1. Introduction ................................................................................... 9 

1.1 Motivation and objectives .......................................................... 9 

1.2 Thesis organization .................................................................... 11 

2. Permanent Magnet Synchronous Machine....................... 14 

2.1 Introduction ................................................................................... 14 

2.2 General information ................................................................... 14 

2.3 Types of PMSM .............................................................................. 15 

2.4 Constructive elements............................................................... 23 

2.5 Constructive variants of IPMSMs ......................................... 24 

2.6 Principle of operation ................................................................ 27 

2.7 Conclusions ..................................................................................... 28 

References ................................................................................................... 28 

3. Design and Analysis of IPMSMs – Approaches and 
Implementation .............................................................................. 32 

3.1 Introduction ................................................................................... 32 

3.2 General considerations ............................................................. 32 

3.3 Electrical machine specifications generation ................ 36 

3.4 Electrical machine design – IPMSM specific issues ..... 39 

3.5. Electrical machine analysis ..................................................... 59 

3.6. Electrical machines optimization process ....................... 64 

3.7. PMSM Dynamic model .............................................................. 65 

3.8. Machine’s electrical parameters .......................................... 69 

References ................................................................................................... 80 



6 

 

4. Design and Analysis of an IPMSM for Propulsion System
 ........................................................................................................................... 91 

4.1 Introduction ................................................................................... 91 

4.2 Specifications generation based on application ........... 92 

4.3 Electrical machine preliminary design ............................. 97 

4.4 IPMSM modelling ..................................................................... 108 

4.5 Electromagnetic analysis of the machine ..................... 119 

4.6 Dynamic modelling .................................................................. 141 

References ................................................................................................ 152 

5. Laboratory Testing ........................................................... 157 

5.1 Introduction ................................................................................ 157 

5.2 The test bench ............................................................................ 157 

5.3 Ld, Lq measurement ................................................................. 159 

5.4 Testing the machine at no load operation .................... 162 

5.5 Testing the machine at constant torque and variable 
speed ........................................................................................................... 168 

5.6 Testing the machine at constant speed and variable 
torque ......................................................................................................... 170 

References ................................................................................................ 172 

6. Conclusions, Contributions, and Future work ........ 173 

6.1 Final conclusions ...................................................................... 173 

6.2 Personal contributions .......................................................... 175 

6.3 Future work ................................................................................ 176 

LIST OF FIGURES .............................................................................. 178 
LIST OF TABLES ................................................................................ 182 
LIST OF PUBLICATIONS ................................................................. 183 

 

 



7 

 

ABBREVIATIONS 
 

PMSM Permanent Magnet Synchronous Machine 
IPMSM Interior Permanent Magnet Synchronous Machine 
PM Permanent Magnet 
EV Electric Vehicle 
ICE Internal Combustion Engine 
FEA Finite Element Analysis 
FEM Finite Element Method 
DC Direct Current 
AC Alternative Current 
RMS Root mean square 
DTC Direct Torque Control 
FOC Field Oriented Control 
MTPA Maximum Torque per Ampere 
HiL Hardware in the Loop 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

 

 

 

 

 

 

 



9 

 

1. Introduction 

1.1 Motivation and objectives 

In recent years, electric vehicles have become more and more 
popular. Air pollution, global warming, the threatening shortage in 
terms of natural resources, and also the increased market demand in 
this direction, have led to the increasingly accelerated development of 
this sector. 

In such a continuously changing world, engineers in the field and 
designers must always find the best solution to meet the market’s 
requirements, while continuously supporting progress and innovation.  

The development of an electrical machine is a complex task, 
considering that this involves expertise in a variety of domains, 
including electromagnetics, computer science, mathematical modelling 
and numerical methods, optimization, mechanics, thermodynamics, 
acoustics, etc. In addition, the selection of the right electrical machine 
type, for a given application, is challenging too considering that the 
advantages of each type of machine must be maximized according to 
the requirements. Even so, the development of new electrical machines 
that meet the requirements of the market is impetuously necessary, the 
contribution of each specialist being a real breath of fresh air in an 
industry that is taking up more and more land.  

Looking back, from the beginning of the expansion of this market 
until now, it can be seen an exponential increase in the number of 
electric vehicles sold in the world. If this statistic is reported to Europe, 
the trend is also an increasing one. According to the International 
Energy Agency (IEA), in 2022, 1.6 million of electrical vehicles were 
sold in Europe, compared to 2012 when 18000 sales were recorded. In 
this regard, Fig. 1.1 highlights a graph of the electrical vehicles sold in 
Europe between 2012 and 2022. 

It can be noticed that the expansion of the market is as obvious 
as possible, the production of new electrical vehicles being in a 
continuous and accelerated development. 
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Fig.1. 1 Electrical vehicles sold in Europe between 2012 and 

2022 (based on IEA data) 

The main objective of this doctoral thesis is to design, analyse 
and validate an Interior Permanent Magnet Synchronous Machine for 
the propulsion of an electric vehicle developed to work as a mobile 
charging station. The research and development work was performed 
in the frame of a national funded research project entitled “Smart 
conductive charging station, fixed and mobile, for electric propulsion 
transportation - SMiLE-EV (PCCDI 36/2018). 

The author designed the electrical machine by taking into 
account the requirements and limitations given by the application, and 
also taking into account the phenomena that occur when the machine is 
operating and their impact on the performances of the entire drive 
system. The validation of the designed model was carried out by 
laboratory testing within the Department of Electrical Machines and 
Drives of the Technical University of Cluj-Napoca.    

 “We keep moving forward, opening new doors, and doing new 
things, because we're curious and curiosity keeps leading us down new 

paths.” 

Walt Disney 
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1.2 Thesis organization 

This thesis comprises six chapters that are briefly presented 
below. 

In the second chapter, the main characteristics of PMSMs, such 
as their particularities, the advantages and disadvantages compared to 
other electrical machines available on the market, or their applicability 
in the industry, are highlighted. Next, a brief classification of PMSMs 
based on different criteria is provided. Among the considered criteria, 
there are: the air-gap flux orientation, the positioning of the permanent 
magnets on the rotor, etc.  

At the end of this chapter, the constructive elements of PMSMs, 
along with certain constructive variants of IPMSMs that already exist on 
the market, as well as the operating principle are addressed.  

The third chapter is, for the most part, dedicated to the 
theoretical background necessary for the implementation of design, 
analysis and optimization processes of an electrical machine. In this 
regard, the algorithm for generating the machine specifications based 
on the requirements, as well as the algorithm for the pre-sizing of an 
IPMSM, are detailed. The pre-sizing stage aims to determine the main 
geometrical characteristics of the machine. Also, in the design process, 
particularities, such as the influence of the number slots-poles 
combination, the influence of the winding configuration on the 
machine’s performances, but also the characteristics of the materials 
used in the construction of the machine’s elements, are taken into 
account.  

Next, the implementation algorithm of performing an 
electromagnetic analysis using specialized calculation software 
packages (in this case, JMAG Designer) is highlighted, as well as the 
main characteristics of the thermal and mechanical analyses, but also 
the optimization process of an electrical machine particularities.  

In addition, the dynamic model of the machine, based on the 
mathematical model, is presented, as well as some online and offline 
techniques for parameter estimation and calculation. 
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At the end of the chapter, the impact of the saturation and cross-
saturation phenomena on the machine’s parameters is addressed, 
together with the four levels of complexity used in the development of 
electrical machines models, based on the aforementioned phenomena.  

Chapter four deals with the actual design and analysis of the 
machine that made the subject of this thesis, based on the theoretical 
background presented in the previous chapter. 

Therefore, starting from the main geometrical characteristics 
and requirements, the specifications of the electrical machine are 
generated. Afterward, it goes to the preliminary design stage, in which 
the chosen type of machine and its particularities, the materials used in 
the construction of its main elements, the computation of the main 
dimensions of the stator and rotor cores, the permanent magnets sizing, 
as well as the winding and stator slots sizing, were established.  

Then, based on the results obtained in the pre-dimensioning, 
respectively specifications generation stages, the virtual model of the 
machine was built, using JMAG software package. The process started 
with the modelling of the stator and rotor cores, the winding, and 
permanent magnets, all these steps being detailed in this chapter.  
Subsequently to this, the processes of materials assignment, setting the 
simulation conditions, implementation of the machine’s circuit, and 
definition of the mesh are presented.  

The next step is represented by the execution of the 
electromagnetic analysis. In this regard, both the no-load and rated-
load operation scenarios were considered. The simulations results are 
also included in this chapter. In addition, the thermal analysis of the 
machine was also taken into account in this chapter. 

Additionally, the control strategy used to validate the model, as 
well as the results obtained from the simulations performed in MatLAB 
Simulink are highlighted here.  

Chapter 5 is focused on the laboratory testing of the machine. 
This section includes the presentation of the experimental set-up built 
for the constructed prototype and the results of the measurements 
performed in the laboratory. 
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The last chapter presents the main conclusions of this thesis, 
along with the personal contributions of the author and the future 
perspectives in this field. 

The thesis also includes the author’s list of publications, lists of 
figures, tables, and abbreviations, and an appendix. Moreover, an 
extensive reference list appears at the end of each chapter, which may 
be valuable for any specialist who intends to study the IPMSMs 
development.  
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2. Permanent Magnet Synchronous Machine 

2.1 Introduction 

This chapter aims to present the main characteristics of 
Permanent Magnet Synchronous machines, including their 
particularities, some advantages and disadvantages, and their 
applicability in the industry.  

In addition, a brief classification of PMSMs, based on different 
criteria, such as: the air-gap flux orientation, the stator windings 
distribution, the positioning of the permanent magnets on the rotor, as 
well as the position of the rotor against the stator.  

Moreover, the constructive elements of the PMSM, and some 
existing constructive variants of IPMSMs, as well as the principle of 
operation, are highlighted. 

2.2 General information 

At this moment the electric machines market is led by 
Permanent Magnet Synchronous Machine (PMSM) [1], but this has not 
always been the case. It took decades for PMSMs to be used in industry 
and not just in laboratory experiments. The reason why the expansion 
of these electric machines has been so slow, is mainly due to the poor 
quality of the permanent magnets [2]. However, these  limitations have 
led to progress in the industry, as many researchers in the field have 
dedicated their time and knowledge to develop new, more efficient and 
powerful permanent magnet variants to improve the characteristics of 
PMSMs [3]. With the discovery of the alnico magnet, which was 100 
times more powerful than any other product on the market at that time, 
in 1930, interest in PMSMs returned [4].  

With the development of electronic equipment used in control, 
these electric machines become more and more popular.  

However, this aspect was not the only one that propelled PMSMs 
among the most used AC electric machines. The popularity of PMSM is, 
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in a large extent, due to the advantages it offers. These are mostly 
provided by permanent magnets and include: higher efficiency and 
power/torque density compared to other AC machines, a faster 
dynamic response, lower cost of operation and maintenance. Moreover, 
the constructive simplicity is another important advantage. This is due 
to the fact that the rotor electrical excitation is provided exclusively by 
the permanent magnets, automatically involving the reduction of 
machine`s size and the increase of its reliability [5].   

Among the drawbacks, the most important are the high cost of 
high-quality permanent magnets and the risk of demagnetization. 
Furthermore, defects that arise during operation are frequently 
permanent and difficult to identify, making prevention nearly 
impossible. In addition, for structures with low saliency, high-speed 
operation can be crucial, putting additional strain on the inverter, which 
must supply extremely strong demagnetization (d-axis) currents. 

In terms of applicability, the automotive sector is, by far, the 
largest consumer of PMSMs. The number of auxiliary motors mounted 
in a vehicle can range from a handful in a budget car to almost one 
hundred in a luxury car [6]. However, because PMSMs are used in a 
wide range of power and speed, it’s fair to assume that they are used in 
a wide range of applications, including: industry, commodities, 
information and office equipment, transportation, aerospace industry, 
medical and healthcare equipment, power tools, renewable energy 
systems and so on.  

The wide range of applications for PMSMs makes it a vital 
technology today, and it is deservedly regarded as one of the finest 
innovations in the industry [7]. 

2.3 Types of PMSM 

According to various criteria, PMSMs can be classified into four 
major categories, as shown in Fig.2.1. These criteria include the air-gap 
flux orientation, the distribution of stator windings, the positioning of 
permanent magnets on the rotor, and the position of the rotor against 
the stator. 
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Regarding the classification in terms of air gap flux orientation, 
there are three constructive variants, namely: axial flux, radial flux, and 
transverse flux. The particularities of each of them will be highlighted 
below.  

  
Fig.2. 1Types of PMSMs 

In the case of PMSMs with axial flux, presented in Fig.2.2, the flux 
flows axially through the air gap, as the name suggests, whereas the 
current flows radially. This type of electric machine can achieve great 
efficiency and it has the highest torque density of all PMSMs variants. 
Other advantages compared to the other architectures include reduced 
vibrations and noise, higher power density, and better ventilation and 
cooling capability, due to a larger inner diameter [8]. The main 
drawback of this type is the very high production price. This is largely 
due to the fact that the stator manufacturing process in difficult.  
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 Fig.2. 2 Axial flux PMSM 

The most common variant is the one with radial flux (Fig.2.3). In 
this case, the flux flows in a radial direction through the air gap, while 
the current flows in an axial direction, that is, in the same direction as 
the machine`s rotating axis. PMSMs with radial flux are very popular 
due to their simplicity and since the production cost is smaller 
compared to other permanent magnet machines. However, their weight 
and dimensions are substantially larger compared to PMSMs with axial 
or transverse flux [9]. 

 

Fig.2. 3 Radial flux PMSM 

The third and last option covered by this criterion is the PMSM 
with transverse flux (Fig.2.4). Despite the fact that it is not yet a 
commonly used architecture, it has several benefits worth highlighting. 
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This includes a high specific torque developed by the machine, which 
automatically involves its compactness. Among the disadvantages, the 
low power factor at high specific torque and the high production costs 
due to the complexity of the model are among the main negatives 
features [10].  

 

Fig.2. 4 Transverse flux PMSM 

Regarding the position of the rotor against the stator criterion, 
there are two available options, namely: PMSM with outer rotor, 
respectively PMSM with inner rotor. 

PMSMs with outer rotor (Fig.2.5) are electric machines with 
rotor situated on the outer side, while the stator is located on the inner 
side. This kind of machines are usually implemented in low speed 
applications as they have higher inertia compared to outer rotor 
machines. The high inertia helps the motor to overcome torque 
variations at low speeds, but does not allow high accelerations [11]. 

Among the main advantages of outer rotor machines are the 
shorter axial length compared to inner rotor configuration, and the 
production of more torque, as the torque is directly proportional to the 
square value of rotor diameter. In addition, the fact that shorter end 
turns can be used, can lead to a decrease in copper losses as well as 
lower inductances. Moreover, the possibility of using low energy 
magnets has a positive influence on the production cost of these 
machines. 
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On the other hand, one of the drawbacks of this configuration is 
the difficulty with cooling, as the stator and winding are on the inner 
side and the heat dissipation is very poor. To overcome this 
inconvenient, a coolant system must be considered. Other 
disadvantages relate to the weight and size of these machines, which 
are higher at comparable powers than PMSM with inner rotor, and to 
the iron losses, which are higher too [12].  

 Fig.2. 5 Outer rotor PMSM 

Those electric machines whose rotor is located inside, while the 
stator is placed on the outside are known as inner rotor machines 
(Fig.2.6). They are predominantly used in applications that require fast 
acceleration because their inertia is low and, thus, they are more 
sensitive to torque variation. 

The main advantage of these machines is that they can be cooled 
much easier compared to outer rotor machines. This is due to the 
position of the stator, which in this case has direct contact with the 
outside, so that heat dissipation is much more efficient [13].  

As for the disadvantages, they refer to the production costs, 
which are higher, compared to the outer rotor machines, because larger 
quantities of iron and copper are used and at the same time, it is 
necessary to use high-energy magnets. Moreover, the use of longer end 
turns leads to higher copper losses and higher inductance values [14]. 
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Fig.2. 6 Inner rotor PMSM 

In terms of permanent magnets location, there are three 
constructive options, as follows: PMSMs with permanent magnets 
mounted on the rotor surface, PMSMs with permanent magnets 
inserted in the rotor, and PMSMs with interior permanent magnets, 
respectively.  

Regarding surface permanent magnets, shown in Fig.2.7, the 
main advantages of this structure are its constructive simplicity and its 
lower production cost compared to other PMSM structures. On the 
other hand, the most important drawback is that the permanent 
magnets are extremely exposed to demagnetization. Moreover, it is not 
recommended to use these electric machines at high speeds, as the risk 
of detaching the permanent magnets from the rotor is very high in such 
situations [15]. 

 

Fig.2. 7 Surface Permanent Magnet Synchronous Machine 



21 

 

Compared to surface permanent magnet synchronous machines, 
inset PMSMs (Fig.2.8) have iron inter-poles that provide a completely 
different structure to the machine. As a result, an inset PMSM combine 
the benefits of surface PMSMs with the added benefit of reluctance 
torque [16]. 

Interior or buried permanent magnets synchronous machines 
(IPMSMs), presented in Fig.2.9, are preferred for their high-speed 
performance, considering that magnets are better protected against 
mechanical stress than in the structures exemplified above. In addition 
to the alignment torque from the permanent magnets, IPMSMs produce 
a reluctance torque. In this scenario, the benefit is that the rotor can be 
designed to have a lower reluctance to winding flux than to field flux 
[17].  

 

Fig.2. 8 Inset Permanent Magnet Synchronous Machine 

 

Fig.2. 9 Interior Permanent Magnet Synchronous Machine 

Another advantage of this structure is that it offers the ability to 
concentrate the flux generated by the magnets in the rotor. In this 



22 

 

situation, the flux density in the air gap is higher. However, there are 
disadvantages too. Among the most important ones are the complicated 
construction and control, which automatically involve higher costs than 
in the case of the other two structures [18]. 

The last PMSM classification criterion taken into consideration 
refers to the classification according to the way the stator windings are 
distributed. Depending on the number of slots and poles, the winding 
can be concentrated or distributed. 

PMSMs with concentrated windings, presented in Fig.2.10, are 
preferred in low-speed applications, considering that they can have a 
high number of poles and a limited number of slots. Due to the 
advantages that these electric machines have at the expense of electric 
machines with distributed windings, they could be very popular for 
electric vehicle propulsion systems. The only downside is that there is 
currently a severe lack of experience and knowledge in this area. 
Among the most relevant advantages of PMSMs with concentrated 
windings the following can be enumerated: the low value of the cogging 
torque, which automatically implies lower mechanical stress, lower 
costs in terms of manufacturing, or the fact that the back electromotive 
force has an almost sinusoidal shape [19].  

There are also certain disadvantages such as the possibility of 
high variations of magnetic forces on the stator teeth, significant iron 
losses, the appearance of vibrations and noises, or high values of airgap 
magnetic flux density harmonics. Moreover, nowadays, this 
configuration of stator windings cannot be applied to PMSMs with 
surface magnets [20]. 

Due to its good and affordable manufacturability, but also its 
lower copper losses and higher power density, concentrated windings 
are more preferred than distributed windings (Fig.2.11). However, 
distributed windings have certain advantages over concentrated ones. 
Among them, there are higher efficiency and low eddy currents at high 
speeds [21]. On the other hand, the difficulty in winding automation 
and the long-end windings are the most relevant drawbacks [22]. 
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Fig.2. 10 Concentrated winding stator 

 

 

Fig.2. 11 Distributed winding stator 

2.4 Constructive elements 

Like any other rotating electric machine, PMSM has a stator and 
a rotor as major constructive parts. The stator, or the fixed part of the 
machine, is similar to the stator of an asynchronous machine. It is built 
from a ferromagnetic core and an alternative current winding, which is 
placed in the core notches. The ferromagnetic core is made of electrical 
steel sheets coated with natural oxides, organic varnish with inorganic 
pigments, or phenolic-based organic varnish, to insulate them from 
each other.  

Regarding the rotor core, it is almost identical to the 
synchronous machine rotor core, the only differences being the lack of 
slip rings and rotor winding, which is replaced by the permanent 
magnets. Usually, the permanent magnets are made of neodymium-
iron-boron or samarium-cobalt due to their high permeability and their 
good value for money. 

STRUCTURE 

STRUCTURE 
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2.5 Constructive variants of IPMSMs 

Regarding the IPMSM, there are several constructive variants, 
based on the shape and arrangement of the magnets, as well as the air 
gap type (constant or variable). 

Depending on the arrangement of the permanent magnets, there 
are several possibilities to design an IPMSM.  

One popular rotor topology is based on lateral magnets. In this 
case, the magnets can be arranged either in a single layer or in two 
layers, as shown in Fig, 2.12a and b, respectively. The configuration 
with two layers of permanent magnets can reduce the torque ripples 
developed by the machine and, at the same time, it can improve the 
reluctance torque. In addition, at the same current value, the torque 
developed by the machine is higher compared to the PMSM with a 
single layer. The main disadvantage of this configuration is the increase 
in production costs due to the additional amount of magnetic material 
[23].  

 

Fig.2. 12 IPMSM with lateral magnets a. single layer b. double 
layer 

The V-shape PMSM, presented in Fig. 2.13, is another 
constructive solution. Compared to the model with lateral magnets, this 
design offers the advantage of better performances for flux weakening 
operation. In addition, the flux density in the airgap can be increased, 
while the magnetic flux leakage can be decreased. The main 
disadvantage of this structure is the increase of iron losses, mainly due 
to the airgap flux density harmonics [24]. 
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Another popular arrangement is with the permanent magnets 
placed radially, in the form of spokes (Fig. 2.14). In this case, the 
magnets are tangentially magnetized. The use of magnets whose faces 
are large compared to those used in the case of machines with lateral 
magnets, for example, brings a very important advantage in terms of 
higher torque density, no matter if the machine is equipped with ferrite 
or rare earth magnets. This kind of machine has some downsides too, 
such as the possibility of irreversible permanent magnets 
demagnetization, limitations regarding the use of flux weakening 
technique when the machine operates at high speed, and waveform 
distortion in the back EMF [25]. 

Also, in order to maximize the advantages of the previously 
presented models, different combinations between them have been 
developed. Thus, different variants of IPMSMs with double layer of 
permanent magnets were studied. Among the most popular there are 
hybrid double V IPMSM, delta shape IPMSM or hybrid delta shape 
IPMSM. 

Regarding the magnetic materials used for permanent magnets, 
IPMSMs producers use both rare earth permanent magnets and ferrite 
magnets or AlNiCo alloys. Table 2.1 presents the main properties of the 
magnetic materials used in the production of permanent magnets. The 
properties that were considered were: the remanence (Br), the 
coercivity (Hc), the maximum energy product (BHmax) and the Curie 
temperature (˚C). 

 

Fig.2. 13 IPMSM with V-shape magnets 
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Fig.2. 14 IPMSM with spoke-shape magnets 

Table 2. 1 The main properties of the magnetic materials 
 NdFeB SmCo Alnico Ferrite 

Br  
[T] 1.0-1.4 0.8-1.1 0.6-1.4 0.2-0.78 

Hc 
[kA/m] 

750-2000 600-2000 275 100-300 

BHmax 
[kJ/m3] 200-440 120-200 10-88 10-40 

Tc  
[˚̊C] 310-400 720 700-860 450 

In order to understand what is the impact of using a magnetic 
material, researchers in the field compared identical motors in terms of 
performance but equipped with permanent magnets made of different 
materials. Thus, to obtain approximately the same performance, 5 times 
more ferrite than NdFeB was used, respectively 2.5 times more than 
SmCo [26]. 

Another element that can be considered is the air gap. It can be 
either constant (Fig. 2.15 a) or variable (Fig. 2.15 b). A variable air gap 
allows the distribution of the field in the air gap, so that it can be more 
sinusoidal than in the case of a constant air gap.  In this way, the 
magnetic flux density in the air gap harmonics are significantly reduced, 
which automatically implied the reduction of torque ripple. In addition, 
the choice of an IPMSM with variable air gap can also have a good 
influence in terms of stator core losses [27]. 
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Fig.2. 15 IPMSM air gap a. constant b. variable 

2.6 Principle of operation 

Generally, in order to generate an electromagnetic torque, the 
presence of a rotor flux and a stator magnetomotive force is required. 
These parameters must be stationary with regard to each other, while 
the phase shift between them must be nonzero. The requisite rotor flux 
in the case of PMSMs is produced by the permanent magnets positioned 
in the rotor area, while the stator magnetomotive force is generated by 
the stator winding currents. When the magnetomotive force and the 
rotor flux have the same rotational speed, the relative speed between 
them is considered zero. The rotating stator magnetomotive force is 
produced due to the injection of a set of polyphase currents that are 
phase-shifted from each other by the same amount. Therefore, the 
magnetic field created by the permanent magnets placed on the rotor 
interacts with the stator field created by the current flowing through 
the stator windings, and therefore a torque is generated. The main issue 
of PMSMs is that the rotor poles link up with the stator’s magnetic field 
only when the speed of the stator field is equal to the speed of the rotor. 
Therefore, these electric machines cannot start on their own.  

There are several possibilities to overcome this drawback. 
Currently, three methods are used to indirectly start a PMSM. The first 
option is to start the PMSM with the help of an auxiliary motor 
(asynchronous machine or a direct current machine), connected to its 
shaft. Another possibility is to start the PMSM in asynchronous mode. 
This option is valid only if the PMSM is equipped with a damping cage. 
In addition to the advantage at start-up, this variant also has a very 
important benefit, namely, the fact that in transient mode, the cage 
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allows the machine to maintain its stability. However, there is a 
drawback regarding the impact on PMSMs weight.  

The last way to start a PMSM is through a power converter. If the 
stator's spinning magnetic field rotates at a low enough speed, the rotor 
will be able to accelerate and lock in with the stator's magnetic field 
without difficulty. By progressively increasing the supply frequency up 
to its typical value, the speed of the stator magnetic field can be 
increased to its rated operating speed. With the development and 
improvement of electronic equipment, starting PMSMs in this way is 
very easy, the frequency is set to a value as low as possible for starting, 
and then it is increased to the value necessary for the optimal operation 
of the electric machine. 

2.7 Conclusions 

This chapter aims to highlight the main characteristics of 
IPMSMs. In this regard, the existing types of IPMSMs were described, by 
presenting their particularities, as well as some of their advantages and 
disadvantages. Then, a brief presentation of the constructive elements 
of this electric machine was introduced, followed by highlighting the 
properties of some popular constructive variants. Finally, the operating 
principle of PMSM, as well as the methods used to indirectly start such a 
machine was discussed. 

As a conclusion of this chapter, the variety of PMSM types, its 
advantages compared to other electric machines and the multitude of 
fields where PMSM is used, make it an indispensable device nowadays, 
remaining, rightfully, one of the greatest inventions of the industry. 
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3. Design and Analysis of IPMSMs – 
Approaches and Implementation 

3.1 Introduction 

This chapter describes the main steps that should be followed 
when designing and analysing an IPMSM. Firstly, the specifications of 
the electric machine to be designed must be defined. The next step 
would be the choosing of the materials from which each component of 
the machine is made. Then, the pre-sizing procedure can be 
implemented, including the computation of the main dimensions of the 
machine, such as the inner/outer stator/rotor diameter or the 
machine’s length, as well as the PMs volume, the choice of the optimal 
combination between the number of poles and number of stator slots, 
and the winding configuration. In the end, a complete analysis of the 
machine should be carried, both from electromagnetic, structural and 
thermal point of view, and, if necessary, the optimization process 
should be implemented.   

Further, the general dynamic model of a PMSM will be 
presented. In this regard, the machine’s equations are presented both in 
three-phase system and orthogonal system. In addition, some online 
and offline techniques for parameters estimation and computation are 
mentioned. Moreover, the saturation and cross-saturation impact on 
the machine’s parameters is also discussed in this section, as well as the 
four levels of complexity in the PMSMs models development.  

3.2 General considerations  
Nowadays, the design of electrical machines is a very popular 

topic, especially due to the fast evolution of this industry. The demand 
for the most efficient and reliable electric machines is even grated. 
Therefore, the designers must constantly find the optimal solutions to 
be able to satisfy the market demand, taking into account, at the same 
time, the fundamental principles of design.  
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When the decision of designing an electric machine is made, its 
basic components must be known very well. In the case of rotating 
electric machines, such as IPMSM, the main components that should be 
taken into account in the design process are the physical parts of the 
machine (stator and rotor), the magnetic circuit, the electric circuit, the 
insulation and the cooling system (if applicable). The dimensioning of 
these elements is carried out using analytical equations.  

The common problem faced by designers is that often, the 
situations they face may not have a single answer but rather several. 
They must ensure that the final product works in compliance with the 
given requirements, improving, as much as possible, its performance in 
terms of efficiency, losses or cost and at the same time, taking into 
account the fact that the product must be durable and reliable. 
Moreover, they should be open to making certain compromises, 
because not always the ideal design can be achieved by the 
manufacturer. Last but not least, national and international standards 
in force must be respected.  

A final design can only be reached through an iterative process 
since the design incorporates several assumptions and limitations. The 
final design is obtained in large part thanks to the computer, due to the 
special software packages that were developed. The impact of a single 
parameter on the performance of the machine may be investigated 
using the finite element method (FEM). Furthermore, FEM enables the 
virtually execution of tests that aren't even physically possible in a 
laboratory setup. 

Regarding the limitations of the design process, in addition to 
the limitations imposed by the client or by different standards in force, 
there are also some limitations given by the chosen materials and their 
behaviour in different scenarios. These limitations are caused mainly by 
the conductor’s current density, insulation properties, iron saturation, 
power factor or temperature changes. For example, a higher current 
density will increase the copper losses, even if it will reduce the volume 
of the needed copper, or a higher power factor, even if it is desirable, 
will increase the maintenance cost. Additionally, the iron saturation can 
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affect the core losses. Therefore, there must be a very fine balance 
between all these parameters, so that the final design can be as good as 
possible. 

The design of an electrical machine is closely managed by the 
design of the system/application in which it will be integrated [1]. The 
derivation of the electrical machine specifications, which are founded 
on application (system and/or subsystem level) requirements, marks 
the beginning of the design process(Fig. 3.1). On the machine side, these 
requirements cover steady-state and dynamic performances, seconded 
by specific geometrical/dimensional/technological constraints, 
manufacturing costs, thermal and NVH limits, etc. 

Fig.3. 1 The electrical machine design and validation flow 

The specifications of the machine include the main input data 
both from electrical and mechanical point of view. For instance, the 
rated power, torque, current, and speed are considered, as well as the 
maximum speed of the machine or the efficiency. Moreover, the voltage 
value and the source type used to power the machine (AC or DC) are 
defined at this step. From mechanical point of view, the main 
geometrical parameters are established, taking into account, of course, 
the technological constraints. At this step, the cooling method, the 
thermal constraints, as well as the insulation class and the noise and 
vibration constraints are defined, depending on the application 
requirements [2]. Then, the materials used for each machine 
component are chosen. All of these parameters are defined based on a 
continuous balance between fulfilling the customer’s requirements and 
respecting the established manufacturing cost.  
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After all of these specifications are clearly defined, the designer 
can start the electrical machine design. 

The electrical machine design process is an iterative and 
multiphysics one (Fig. 3.2) and, once the topology chosen, it starts with 
the pre-sizing procedure. The generation of the main dimensions of the 
machine (pre-sizing), whose main objective is to gather a preliminary 
set of information about the machine’s main dimensions, winding 
configuration, or the materials used in the construction of the machine, 
Moreover, after the sizing stage the designer will also obtain an initial 
evaluation of the parameters and machine’s performances [3].  

 
Fig.3. 2 Electrical machine design flow 

In order to obtain an assessment as precise as possible in terms 
of machine’s performances and its parameters values, data obtained in 
the pre-sizing stage are included in a multiphysics design analysis. If 
necessary, an optimization technique is implemented, at machine level 
too [4]. 

Having the output parameters of machine-level simulation 
available, such as machine’s parameters, magnetization maps and 
curves, the efficiency map, the next step (application-level validation) 
can be performed. This step is very important in order to analyze the 
machine’s dynamic performances and also to analyze the impact that 
certain control strategies or power converter topologies have on these 
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performances. All of these analysis scenarios are done based on the 
operation scenarios that have been established in the stage of defining 
the machine’s specifications. Moreover, as in the previous stage, it may 
be necessary to implement an optimization loop in order to obtain an 
ideal design for the electric machine [5].  

3.3 Electrical machine specifications generation 

The engineer must translate the application-level requirements 
into subsystem-level specifications, which are then translated into 
component-level specifications, while also understanding the complex 
relationships between the system's various components. 

The identification of the propulsion system (gearbox, electrical 
machine, power converter & controller, and battery) for an electric 
vehicle has to consider and summarize all parameters and 
requierements for the vehicle: type of the vehicle, characteristics of the 
vehicle and other requirements. 

From the point of view of vehicle type, the market of the 
conventional vehcles is usually segmented based on vehicle size. We 
can identify A/B/C/D/E/F segments for respectively basic / 
subcompact / compact / midsize / large / large plus. Other segments 
include sports, MPV, SUV, Van, etc. When considering electric vehicles, 
we could also identify five main categories based on size, powertrain 
architecture, performance and cost: 

 Neighbourhood Electric Vehicles (NEV) 
 City Electric Vehicles (CEV) 
 Extended-Range Electric Vehicles (E-REV) 
 Plug-In Hybrid Electric Vehicles (PHEV) 
 High Performance Electric Vehicles (HPEV) 

Vehicle characteristics refer to total vehicle mass, mass 
distribution, tyre width, tyre height, wheel diameter, vehicle powertrain 
architecture (central driving, distributed driving, single or two speed 
transmission), as well as the vehicle performance requirements 
(continuous power, continuous torque, peak torque/power, maximum 
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speed at the wheel, voltage level, etc.). Other requirements, like 
dimensional constraints, cost per unit, power/torque density, etc. are 
also to be defined [6]. 

The first step in choosing the drive system (motor, gearbox, and 
controller) for an electric vehicle is to summarize all the drive 
parameters and requirements [1], [2]: 

 Establishing the rated and maximum speed, the 
acceleration, the number of acceleration steps and the 
maximum torque value; 

 Establishing the vehicle’s mass; 
 Choosing the machine that propel the vehicle; 
 Establishing the transmission ratio of the gearbox. 

The electrical machine’s rated speed, as well as the transmission 
ratio of the gearbox must be chosen so that the maximum speed of the 
vehicle, combined with the gear ratio and the circumference of the 
wheels, is close to the maximum desired speed. However, the calculated 
value should be higher than the maximum speed to be sure that it can 
be reached.  

As a result, choosing the rated speed and the gearbox ratio must 
be done all at once. The most important connection between the ideal 
gearbox ratio (iopt) and the rated rotational speed (nmotor) is:  

𝑖௢௣௧ =
𝑛௥௠௢௧௢௥

𝑛௥௥௢௔௧௔
=

𝑛௥௠௢௧௢௥ ∙ 𝐷௥ ∙ 𝜋

𝑣௠௔௫
 (3.1) 

where vmax is the maximum vehicle speed and Dr is the wheel diameter. 

To obtain the rated torque value, the friction force, as well as the 
air resistance must be considered. Generally, the following equation can 
be used to determine the friction force: 

𝐹௥௥ = 𝑚 ∙ 𝑔 ∙ 𝑐௥௥ (3.2) 

where m is the vehicle’s mass, g is the gravitational acceleration, and crr 
is the friction coefficient. 
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The air resistance force can be determined with the following 
equation: 

𝐹௪ =
𝜌௔௜௥ ∙ 𝑐௪ ∙ 𝐴௙௥௢௡௧ ∙ 𝑣ଶ

2
 (3.3) 

where ρair is the air density, which is highly dependent on temperature 
and altitude, cw is an aerodynamic coefficient, Afront is the vehicle frontal 
area and v is the vehicle speed.  

The torque required to overcome the resistive torques is 
calculated based on the required power, as follows: 

𝑃 =
(𝐹௥௥ + 𝐹௪) ∙ 𝑣௥

𝜂௧௢௧௔௟
 (3.4) 

T =
𝑃

𝜔௥
=

𝑃

2 ∙ 𝜋 ∙ 𝑛௥
 (3.5) 

The maximum required power should be determined according 
to the maximum ramp that the vehicle should be able to climb: 

𝛼 = arctan (
𝑎[%]

100%
) (3.6) 

𝐹௠௔௫ = 𝑚 ∙ 𝑔 ∙ 𝑠𝑖𝑛𝛼 (3.7) 

Based on these calculations, the rated, respectively the peak 
torque, can be determined: 

𝑀௠௔௫ =
𝐹௠௔௫ ∙ 𝑣௥

2 ∙ 𝜋 ∙ 𝑛௥ ∙ 𝜂௧௢௧௔௟
 (3.8) 

The following data are required in order to choose the electrical 
machine: 

 Rated torque/power; 
 Battery voltage; 
 Rated speed; 
 Operation scenarios; 
 The choice of the gearbox. 
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When choosing the gearbox, the radial and axial forces that act 
on it should be taken into account. The maximum radial force is 
calculated based on the following equation: 

𝐹௠௔௫௥௔ௗ =
𝑚 ∙ (𝑔 + 𝑎)

2
 (3.9) 

The maximum axial force depends on the angle at which the 
axial force occurs: 

𝐹௠௔௫௔௫௜ = 𝑚௚ ∙ 𝑔 ∙ 𝑠𝑖𝑛𝛼 (3.10) 

When choosing the battery package, the battery capacity (in Ah) 
should be calculated, as follows: 

𝐶௥ =
𝑃

𝑉௥
 (3.11) 

In addition, the maximum current that the battery package can 
provide must be determined, based on the relationship: 

𝐼௠௔௫ =
𝑃௠௔௫

𝑉௥
 (3.12) 

3.4 Electrical machine design – IPMSM specific 
issues 

3.4.1 Materials in IPMSM 

The primary material properties that are important for electrical 
machines are those related to insulation, conductors and ferromagnetic 
materials. The choice of materials is a very important step in the design 
process of an electric machine, considering that they have a strong 
influence on its performances. 

3.4.1.1 Insulators 
Regarding the insulating materials, they should have some 

properties in order to prevent the electrical activity between electric 
machine`s components with different potentials: a high temperature 
resistivity and a good thermal conductivity, a high electrical resistivity, 
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and dielectric strength as high as possible. Moreover, they should be 
flexible and should have the ability to resist to thermal oxidation, and 
not deteriorate due to repeated heat cycles. It is very important that the 
insulation resist the stresses due to the forces that appear in the 
machine during operation, as well as to vibrations or bending. In the 
case of liquid insulators, it is mandatory that they do not evaporate. It is 
also desirable that the insulating materials do not absorb moisture.  

Insulating materials can be broadly divided in three categories 
depending on their state of aggregation, as follows: solid (Teflon, glass, 
porcelain), liquid (mineral oil, pyranols) and gas (nitrogen, mercury, 
fluorine). Another classification criterion is based on thermal resistivity. 
Table3.1 shows the main characteristics of each class of insulation, 
according to the international standards of insulation. The maximum 
operating temperature can be defined as the temperature that the 
insulation can reach without suffering any damage during operation 
and it is determined by summing the ambient temperature, the allowed 
value of the temperature increase and the tolerance of the winding hot 
spot. It is very important to take into account the insulation when 
designing an electrical machine considering that this element is one of 
the weakest against heat and it can decide the life span of the 
equipment. This is why the maximum operating temperature should 
not be exceeded. In the case of electric machines, insulation class F is 
usually chosen, considering that the materials from this class meet the 
requirements [11], [12].    

Table 3. 1 Insulating materials classes and their maximum operating 
temperatures. 

Class 
Max. operating 

temperature 
[°C] 

Materials 

A 105 
paper, wood, cotton impregnated with oils 
and natural resins 

B 130 asbestos, glass fiber, mica 
C >180 ceramics, glass, mica quartz with resins 
E 120 nylon tapes, polyvinyl epoxy resin 
F 155 class B + bonding materials for higher 
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thermal resistance 

H 180 
asbestos, glass fiber, mica with silicone 
resins 

3.4.1.2 Conductive materials 
In electrical machines industry, aluminium and copper are 

mostly used as conducting materials. Table 3.2 highlights the main and 
most relevant characteristics of these materials. Comparing the two 
materials, it was found that, although aluminium is much lighter and 
cheaper than copper, in terms of cross-sectional area, it is 
approximately 60% larger for the same length and resistance. From the 
performance point of view, copper is clearly superior [13]. 

Table 3. 2 Aluminium and copper properties. 
 Aluminum Copper 
Resistivity [Ω⸱m] 2.655e-8 1.72e-8 
Density [kg/m3] (at 20°C) 2699 8960 
Thermal conductivity [W/m/°K] 237 401 
Specific heat [J/kg/°C] 900 380 
Melting point [°C] 660 1083 
Temperature coefficient [%/°C] 0.4 0.39 
Coefficient  of linear expansion [/°C] 2.35e-7 1.68e-7 

In addition, research in the field of materials, as well as the 
desire to develop materials with superior properties, have led to the 
appearance of substitute products that have much better performance 
than copper or aluminum. 

Therefore, copper alloys can be used, such as, copper clad 
aluminum (CCA), which consists of a copper layer covering 5 to 15% of 
the total cross section area of an aluminum rod. Combining these 
materials in order to obtain an alloy has several important advantages. 
Among these are better reliability and conductivity, compared to 
aluminum, but also a lower cost and lower weight, compared to pure 
copper. 

Another new and advanced material is the carbon nanotube 
(CNT). This type of material has better conductivity compared to 
aluminum or copper, while its mass density is reduced. Moreover, 
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because its temperature coefficient is low, the resistance will not be 
very affected with the temperature increasing. 

Additionally, CNT can be combined with copper. Studies have 
shown that by combining copper with CNT in a proportion of 55%-45%, 
the mass density is reduced by 40% than in the case of pure copper, 
while the electrical conductivity is increased by 25%. The high current 
carrying capacity of CNT-Cu composite is another significant benefit. 
For example, a combination of Cu and CNT in proportion of 35%-65% 
will not only reduce the weight of the conductor, but it will also 
increase its ampacity approximately 100 times. 

Last, but not least is the high-temperature super (HTS) 
conductor, which is one of the most promising options for a variety of 
rotating electric machines. The advantages of these conductors are the 
high current values that can be carried by them, the winding loss 
reduction, as well as the great efficiency and high power density that 
can be achieved by using them. On the other hand, regarding the 
drawbacks, due to several technological problems, such as the excessive 
mechanical stress that causes a significant decline in the performance of 
the conductors, the commercialization of HTS is limited [14].  

3.4.1.3 Permanent Magnet materials 
The most relevant magnetic materials utilized in the industry 

today are depicted in Fig.3.3.  

Rare earth magnets, which have exceptionally high magnetic 
properties compared to other permanent magnetic materials, were 
created in the second half of the 1960s. Neodymium iron boron 
(NdFeB) and samarium cobalt (SmCo) are just two examples of 
materials in this category. 

On the other hand, strontium (Sr), barium (Ba) and iron (Fe) 
oxides are the primary elements of ferrite magnets. One of the biggest 
advantages of these materials is their low price. Additionally, as the 
oxides are the principal component of these materials, they provide 
excellent corrosion resistance and high specific resistance [15]. 
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The strength of rare earth magnets is the primary distinction 
between them and ferrite magnets. Performance of permanent magnets 
is influenced by coercive force and magnetization intensity. Rare earth 
magnets have a high magnetism because they contain cobalt and iron in 
an oxygen-free condition. Additionally, rare earth magnets are 
significantly stronger magnets than ferrite because their magnetization 
has a strong force aligning the magnetism in one direction. Rare earth 
magnets are employed for strong magnetic circuits because they 
perform approximately ten times better than ferrite magnets in terms 
of total energy per volume. 

In addition to being used alone, permanent magnetic materials 
are occasionally ground into a powder, combined with plastic or 
rubber, and moulded. Bonded magnets are the name for such magnets. 
Bonded magnets may be flexibly processed into any shape and 
combined with other components to make a single unit, but because 
there is less magnetic material overall, their magnetic force is also 
decreased. 

One of the most important quantities characterizing the quality 
of a permanent magnet is the magnetic flux density (B), measured in 
Tesla [T]. This can be determined using equation 3.13 [16, 17]. 

𝐵 = 𝜇଴𝐻 + 𝐽 (3.13) 

where:  

- μ0 [H/m] is the magnetic permeability of vacuum 

𝜇଴ = 4𝜋 × 10ି଻; (3.14) 

- H [A/m] is the magnetic field; 
- J [T] is the magnetization. 
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Fig.3. 3 Permanent magnets types 

Speaking about the design stage of PMSMs, it is very important 
to mention that the hysteresis loop or the B-H curve must always be the 
basis of the permanent magnets design. This curve depicts the whole 
cycle of a magnet in a closed circuit. Fig.3.4 shows the B-H curve.  

 

   
Fig.3. 4 Typical B-H curve of magnetic materials 
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As it can be seen, the first quadrant of the graph shows the 
process in which the magnet is brought to saturation, while the second 
one, also named the demagnetization curve quadrant, is considered the 
most important quadrant as the main parameters of the materials, such 
as, Br and Hc are defined there. The points where the curve intersects 
the B (Br) and H (Hc) axes, as well as the point where the product BH 
has the maximum value, are the three key features of the curve. Br, or 
the residual flux density, is the maximum flux that the magnet can 
generate in a closed circuit, while Hc stands for the moment when the 
permanent magnet starts to be demagnetized due to an external 
magnetic field.  BHmax can be defined as the maximum value of the 
magnetic field density in the air gap around the magnet. These are three 
of the most important values that must be taken into account when 
designing the magnets, together with influence of the temperature on 
the hysteresis loop [18], [19]. 

Moreover, the stability of the magnets must be taken into 
account when designing an electric machine. This can be affected by 
several factors, such as: temperature, time, shocks and vibrations 
during operation or reluctance changes due to the air gap dimensions 
changes that may occur during operation. If in the case of modern 
permanent magnets the time and shocks or vibrations effects are 
minimal, the same cannot be said about temperature variations. These 
can produce more or less serious damages. For this reason, a 
classification of losses has been made according to their severity: 
reversible losses, irreversible but recoverable damages and, finally, 
irreversible and irreparable damages.  

Damages are considered reversible when the reversible 
temperature coefficients, α – for Br, respectively β – for Hc, are not 
exceeded. For the most relevant materials in electric machines design, α 
and β values, as well as Curie temperature (TCurie) are shown in Table 
3.3. Curie temperature is the temperature at which the magnetic 
material becomes fully demagnetized. 

Regarding the irreversible damages, partial demagnetization is 
considered an irreversible, but recoverable loss because, even if the 
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magnet cannot recover itself with the restoring of the initial 
temperature, the defect can be fixed by remagnetization. On the other 
hand, when the operation temperature exceeds the Curie temperature 
(TCurie), the magnet is considered to be total demagnetized and the 
damage cannot be fixed by remagnetization. This is an unrecoverable 
loss [20]. 

Table 3. 3 Reversible temperature coefficients and Curie temperature. 
 AlNiCo NdFeB SmCo Ferrite 

α [%/°C] -0.02 -0.12 -0.04 -0.2 

β [%/°C] -0.01 -0.55 -0.4 0.27 

TCurie [°C] 860 310 750 460 

 

3.4.1.4 Soft magnetic materials 
Regarding the soft magnetic materials used in electric machines 

construction, their quality has increased considerably following the 
discoveries made by researchers in this field.  

When the foundations were laid for the construction of the first 
electric machine, around the 1830s, simple iron cores were used. Then, 
in order to reduce the eddy currents losses, the iron wires were 
introduced. Around 1873, the iron wires were replaced by electrical 
isolated iron sheets, as later, in 1880, laminated sheets were used for 
the first time. This electric machines cores manufacturing method is 
still used today. 

However, studies and experiments did not stop there, so that, at 
the end of the 19th century different iron alloys, such as nickel-iron 
(NiFe) and silicon-iron (SiFe) were studied, in order to be used in 
electric machines production industry. Their properties were clearly 
superior compared to laminated sheets, therefore SiFe alloy is still the 
most popular solution in terms of cores manufacturing. 

Over time, there was a need to improve the performances and 
qualities of these materials, so that not only considerable 
improvements were made to SiFe alloys, but other materials that could 
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be used in this purpose were also intensively studied. Mostly, the 
emphasis was on soft magnetic composites (SMC), as well as on 
amorphous and nano-crystalline alloys [21].  

Regarding the parameters taken into account when choosing the 
materials, these are both technical and economical. For instance, the 
final choice is based on elements such as: the coercivity value, the iron 
losses quantity, the magnetic saturation, the material permeability, or 
the noise. In addition, from politico-economical perspective, the prices, 
as well as the market availability are considered. Therefore, the chosen 
material should perfectly balance all these parameters, taking into 
account the requirements of the application too.  

Refocusing to conventional materials, the following materials are 
the most used nowadays. 

Cold-rolled motor lamination steels (CRML steels) are steels 
combined with carbon in a very small proportion (about 0.06%). 
Regarding the advantages of these materials, they provide good 
permeability, as well as good performances regarding the saturation 
flux density.  Moreover, the manufacturing costs are lower compared to 
other alloys. Usually, they are delivered without the final annealing and 
they should be annealed in batches after lamination. Sometimes, after 
annealing they are insulated with oxide coating. Among the drawbacks, 
the most relevant is the low performance in terms of core losses [22].  

Another material from this category and the one which is one of 
the most used in electric machines industry is silicon-iron (SiFe) alloy. 
Silicon-iron alloy is available both in grain-oriented and non-oriented 
states. The grain-oriented state means that the material has anisotropic 
properties, while in non-oriented state the material is practically 
isotropic [23]. 

The grain-oriented state SiFe is used in electrical transformers, 
as well as in some rotating electric machines (mostly in research 
studies), while the majority of rotating electric machines on the market 
use non-oriented state SiFe, especially for the uniformity of the 
magnetic properties provided [24].  
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In non-oriented state, the alloy is combined with aluminium (Al) 
and manganese (Mn) in proportion of about 1% and 0.5% respectively, 
while the silicon content is up to 3%. 

The advantages the silicon and aluminium offer are related to 
the increase of electrical and mechanical resistivity, while the 
disadvantages brought are the decrease of the permeability and, at the 
same time, of the saturation magnetization. The permeability problem 
can be solved by increasing the manganese content, but this will lead to 
higher iron losses. 

On the market, the SiFi is available both in semi-processed state 
and fully-processed state. The semi-processed state means that the 
material did not receive the final annealing and it have be to annealed 
after stamping, while the fully-processed SiFe is fully annealed and it 
can receive as secondary annealing, but it is not mandatory.  

Willing to improve as much as possible the SiFe alloy properties, 
researchers developed new variants. For example, non-oriented SiFe 
with high content of Silicon (up to 6.5%) provides higher electrical 
resistivity, but unfortunately the higher amount of silicon makes the 
material harder and thus, it is much more difficult to work with it. 
Therefore, increasing the amount of silicon will increase the final 
production cost too. 

Another relevant material in this category is cobalt-iron (CoFe) 
alloy. This is one of the most expensive alloys in the industry, due to the 
high quantity of cobalt (between 15% and 49%). Typically, CoFe alloy is 
combined with 2% vanadium. Due to its high price, it is used in those 
electric machines that have a critical ration between performances and 
weight. In order to reduce the overall cost, smaller amounts of cobalt 
may be used (between 15% and 30). Of course, performances suffer in 
this case, but it is an assumed compromise [25]. 

Last, but not least, is the nickel-iron alloy (NiFe). In this alloy, the 
amount of nickel is about 40-50%. A higher content of nickel will 
increase the relative permeability of the material on the one hand but 
will also increase the eddy current losses by increasing the electric 
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conductivity, on the other hand. The main advantages of this material 
are its high relative permeability and the low amount of iron losses, 
while the most important disadvantages are the small flux density and 
the low saturation. Another important aspect is that in order to obtain 
the best magnetic performances, the alloy must be annealed at 
temperatures above 1100˚C and then covered with a surface oxide layer 
[26].  

Regarding the non-conventional materials, the focus is on 
amorphous alloys, mostly due to their very low losses in terms of iron. 
The iron losses amount is that low mainly due to the thin structure of 
the material. In addition, the manufacturing cost is also an important 
advantage. Amorphous alloys are typically made of iron, boron and 
silicon and are typically used in transformers and electronic equipment 
[27]. 

Another material in this category is the nano-crystalline alloy 
which basically is a better variant of amorphous alloy, having a 
microstructure with grains smaller than 50nm. Compared to 
amorphous alloys, nano-crystalline alloys have better soft magnetic 
material characteristics [28].  

Soft magnetic composite (SMC) is another interesting non-
conventional material used in electric machine industry. The non-
conventionality of this material is due to the fact that using it, the part 
of the machine will no longer consist in laminated sheets, but in a single 
part core. Basically, this material consists in a powder made of very 
small iron particles that are isolated from each other. The main 
advantage of this material is that it can be used in order to obtain 
special geometries. Moreover, it is suitable for very high frequencies 
applications, having a very high electromagnetic resistivity. However, 
among the drawbacks, there are the low mechanical strength compared 
to other materials and the low permeability [29]. 
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3.4.2 Pre-sizing of the IPMSM 

The pre-sizing of an electrical machine has as ultimate scope the 
determination of the main dimensions of the machine, i.e. outer stator 
diameter, axial length, inner stator diameter, and outer rotor diameter.  

The inner stator diameter size can be estimated depending on 
the required rated apparent power, the machine’s constant (C), the 
aspect coefficient (λ), and the rated rotational speed. 

The aspect coefficient (λ) generally depends on the number of 
poles, while the machine’s constant (C), can be estimated according to 
the equation 3.15. In this calculation, both the total electric load (A) and 
the magnetic flux density in the air gap (Bδ1) are chosen from the 
specialized literature, based on the required rated power and polar 
pitch (N1). 

C =
𝜋ଷ

2√2
∙ 𝑘ః ∙ 𝑘௪ ∙ 𝛼௣ ∙ 𝐵ఋଵ ∙ 𝐴 (3.15) 

where: 

- kΦ is the magnetic field shape coefficient;  

𝑘ః =
𝜋ଶ

8
∙

𝛼௣

sin(
గ

ଶ
∙ 𝛼௣)

 (3.16) 

- kw is the winding factor, initially considered as a unit value; 
- αp is the polar coverage factor. 

It is important to mention that during the machine’s sizing 
process, some of the estimated parameters at the beginning for 
approximating a suitable constant, will be recalculated. 

Generally, equation 3.17 describes an optimal inner stator 
diameter, which is very important in estimating the necessary length of 
the machine, considering that this element is mandatory in order to 
obtain the required permanent magnets volume for the given 
application.  
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𝐷௜௦ = ඨ
𝑆௡ ∙ 60

𝐶 ∙ 𝜆 ∙ 𝑛௦

య

 (3.17) 

Usually, when sizing a permanent magnet synchronous motor, 
the length of the stator, rotor and permanent magnets is considered 
equal to the machine’s length (Li). 

𝐿௜ = 𝐷௜௦ ∙  𝜆 = 𝑙௦ = 𝑙௥ = 𝑙௉ெ (3.18) 

The air gap length is also approximated based on the inner 
stator diameter, as can be seen in equation 3.19. 

𝛿௜ = 0.5 ∙  10ିଷ +
𝐷௜௦

400
 (3.19) 

Regarding the outer rotor diameter, it can be calculated using 
the following equation: 

𝐷௘௥ = 𝐷௜௦ − 2 ∙ 𝛿௜   (3.20) 

The outer stator diameter can be estimated according to the kd 
coefficient, which depends on the number of the machine’s pole pairs, 
as can be seen in the following equation: 

𝐷௘௦ =
𝐷௘௥

𝑘ௗ
  (3.21) 

The shaft diameter (Dsh) is approximated to an average value, as 
follows: 

0.2 <
𝐷௦௛

𝐷௘௥
< 0.25  (3.22) 

The stator pole pitch can be calculated using: 

τ =
𝜋 ∙ 𝐷௜௦

2 ∙ 𝑝
  (3.23) 

3.4.3 Permanent magnet volume computation 

The total volume of permanent magnets required to produce the 
magnetic flux for the given application can be estimated with the 
following equation [30]: 
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𝑉௉ெ =
𝑃ఋ ∙ 0.45 ∙ 𝑘௔ௗ ∙ sin 𝛽 ∙ 𝑘௠ ∙ 𝜎଴

√2 ∙ 𝜋 ∙ 𝑓ଵ ∙ cos 𝛽 ∙ 𝜁 ∙ 𝐻௖ ∙ 𝐵௥

  (3.24) 

where:  

- Pδ is the electromagnetic power, which is the ratio between 
the output power (P2) and the efficiency of the machine (η), 
from which iron losses (pFe) and copper losses (pel) are 
subtracted;  

𝑃ఋ =
𝑃ଶ

𝜂
− (𝑝ி௘ + 𝑝௘௟) (3.25) 

- kad is the shape coefficient of the magnetic field on d-axis; 
- β is the current angle; 
- km is the maximum armature current per unit; 
- σ0 is the flux leakage factor;  
- f1 is the input frequency;  
- ζ is the permanent magnets utilization coefficient;  
- Br is the residual flux density; 
- Hc is the coercive field of the magnets. 

The values of current angle (β), the maximum armature current 
per unit (km), the flux leakage factor (σ0), as well as the shape 
coefficient of the magnetic field on d-axis (kad), can be chosen as 
recommended in [31], [32], [33], as they are unknown at this stage of 
the procedure.  

3.4.4 Number of poles - number of stator slots 
combination 

An important aspect to take into account when designing an AC 
machine, and especially an IPMSM, is the slots-poles combination. This 
choice has a major impact on the output performances of the machine, 
especially regarding the torque ripples, magnetomotive force, noise and 
vibrations. 



53 

 

A smooth torque is required in many applications in order to 
prevent vibrations and noises. For this reason, many researchers in this 
field tried to find out how to diminish the torque ripples and the radial 
forces, which influence the electromagnetic torque, in electrical 
machines, to obtain more reliable and efficient products [34].  

The torque ripples are mainly due to the cogging torque that 
appears, in absence of any current, because of the interaction between 
the stator teeth and the permanent magnets from the rotor. Therefore, 
the slots-poles combination directly influences this parameter. More 
explicitly, the higher the least common multiple (LCM) between the 
number of poles and the number of slots, the lower the cogging torque 
is. For example, from this point of view, it can be said that the 10 poles 
and 24 slots combination, whose LCM=120, is more feasible than the 
8/12 (LCM=24) combination or 10/18 combination (LCM=90).  

Moreover, the greatest common divider (GCD) between the 
poles number and slots number has a serious influence in the radial 
forces distribution. The higher the GCD is, the more balanced the 
machine is in terms of radial forces. Otherwise, if the GCD has a low 
value, the radial symmetry of the machine will also be poor. This can be 
translated into noises and vibrations during operation. Therefore, it is 
desirable for the GCD to have an even value, as high as possible to avoid 
the appearance of radial forces. For example, the 10/24 configuration, 
whose GCD=2 is more efficient than 4/15 configuration (GCD=1), but 
less efficient than 4/36 (GCD=4) or 8/48 (GCD=8) configurations from 
this point of view. 

Another problem is the appearance of harmonics. As a result of 
harmonic waves, which are distortions of the fundamental wave, losses 
occur in the machine.  

For instance, the magnetomotive force (MMF) harmonics cause 
iron losses, while the electromotive force (EMF) harmonics cause the 
main winding losses. In this regard, the optimal topology should be 
identified to reduce, as much as possible, the harmonic distortion. 
Therefore, the first harmonic should be as high as possible, while the 
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other ones must be as low as possible. In this way, the losses in the 
machine are reduced [35]. 

From the poles-slots combination point of view, knowing that 
their LCM is closely related to the 1st harmonic of the cogging torque, as 
previously explained, the order of the harmonics of the MMF 
distribution with which it may interact must be analysed. For example, 
a 12/4 topology, with LCM=12, has 12 slots, 4 magnetic poles and 2 
pole pairs. In order to determine the MMF distribution harmonics that 
can generate the highest torque ripples, there is an algorithm that can 
be applied. For the mechanical frame, the number of pole pairs is added, 
respectively subtracted, to the LCM value, while for electrical frame, the 
mechanical frame harmonics previously obtained are divided by the 
number of pole pairs [36]. Therefore, for the given example (12/4 
topology), 10th and 14th harmonics in the mechanical frame, and 5th 
and 7th harmonics in the electrical frame respectively should be 
reduced in order to minimize the torque ripple. 

Table 3. 4 Different poles-slots topologies 

 
where: LCM – the least common multiple; 

 GCD – the greatest common divider; 
 q – number of slots per pole per phase. 
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3.4.5. Winding configuration  

Another important parameter in electrical machines design in 
general, and in IPSM in particular is the winding configuration. To 
analyse the influence of this parameter, four winding configurations 
were considered. As Fig.3.5 shows, the winding arrangement has a 
major impact both on the electromagnetic torque value and torque 
ripples. Two winding configurations with 2 layers (a and b), 
respectively 2 winding configurations with one layer (c and d), were 
analysed.  

  

  
a b 
 

 

         

 

  
c d 

Fig.3. 5 Winding configuration influence on electromagnetic torque 
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As it can be noticed, option (a) provides an average torque of 
approximately 60Nm, while the torque ripples are relatively reduced. 
On the other hand, in the case of option (b), where another two layers 
configuration was chosen, the average value of the torque is about 
36Nm. Regarding the (c) and (d) arrangement options, the torque 
ripples are relatively similar, but its average value is much lower than 
in the first case. 

Table 3.5 depicts the percentage of torque ripples for each of the 
four cases exposed. As it can be noticed, the lowest value of torque 
ripple was obtained in the first case, while at the opposite pole is the 
second case. 

In addition, researchers have demonstrated that the winding 
arrangement also influences the back-EMF [37]. In this regard, Fig. 3.6 
presents the variation of back-EMF for all four models, previously 
mentioned, while Fig 3.7 shows the voltage harmonics.  

  
a b 

  
c d 

Fig.3. 6 Back-EMF for different winding distributions 
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Regarding the back-EMF harmonics, in all four cases, odd-order 
harmonics can be observed, with the third order harmonic having the 
largest influence. The harmonics were obtained by applying the Fourier 
analysis on the Back-EMF values. By comparison, the influence of 
harmonics is the least in the first case. 

Table 3. 5 Impact of the winding distribution on the electromagnetic 
torque 

Model Tmax 
[Nm] 

Tmin 
[Nm] 

Tavg 
[Nm] 

Torque 
ripple [%] 

a 58.76 56.67 57.66 3.63 
b 37.20 35.14 36.00 5.72 
c 17.92 16.94 17.49 5.62 
d 30.09 28.98 29.54 3.74 

 

  
a b 

  
c d 

Fig.3. 7 Back-EMF harmonics 
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As expected, winding distribution also impacts the variation of 
circuit voltage during rated load operation, and implicitly, its 
harmonics. To carry out this study, a three-phase power supply was 
used, and the simulations were performed at a current of 180A. The 
obtained results are shown in Fig.3.8 and Fig.3.9, respectively.  

In this case too, the observations made for no-load operation 
scenario are valid. Therefore, regarding the first model, it can be 
noticed that the sinusoidal shape of the voltage variation is maintained, 
while its amplitude reaches approximately 80V. On the other hand, case 
(b) shows distortions of the waveform and a considerable decrease in 
amplitude, while in cases (c) and (d) the sinusoidal shape is relatively 
conserved, but the amplitude is strongly affected, compared to case (a). 
Moreover, similar to no-load analysis, the voltage harmonics are from 
odd order, the third one having the biggest influence. In this case as 
well, the second model has the highest harmonics, but this was to be 
expected, considering the voltage distortion. 

  
 

a b 

  
c d 

Fig.3. 8 Variation of circuit voltage at rated operation  
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a b 

  
c d 

Fig.3. 9 Voltage harmonics at rated operation 

3.5. Electrical machine analysis 
Although the generation of the electromagnetic field is the basis 

of the operation of electric machines, an analysis that only includes the 
understanding of the electromagnetic behaviour of the machine is not 
enough. A complete analysis must be seen as a multi-physical analysis, 
containing, in addition to the electromagnetic analysis, a thermal 
analysis and a mechanical one.  

The purpose of the thermal analysis is, on one hand, to 
determine the parameters necessary for sizing the cooling system, if 
such system is required, and to provide the information about the heat 
distribution inside the machine, as well as about the critical point from 
this point of view. Regarding the mechanical analysis, its importance is 
to highlight the possible structural problems that may occur during 
operation, but also to analyse the noise and vibrations. 
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Fig.3. 10 Electrical machine analysis process 

3.5.1. Electromagnetic analysis 

Although possible, an electromagnetic analysis carried out by 
analytical methods is difficult to achieve, because it requires the use of 
advanced mathematics, not very accurate and quite time-consuming. 
However, if desired, one of the most used methods in this case is the 
equivalent magnetic circuit analysis [38].  

On the other hand, the use of dedicated software packages that 
have implemented finite element analysis (FEA) as computation 
method can considerably ease the work of the designer, as well as 
reduce the time required for the entire analysis and increase its 
accuracy. 

Therefore, over the years various software packages suitable for 
this kind of analysis have been developed. Among them there are: JMAG 
Designer, ANSYS Maxwell, Flux 2D/3D, etc. 
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In order to compute a simulation in one of the previously 
mentioned software packages, first of all, the machine’s model must be 
either imported from a CAD file, or directly created in the software’s 
interface. Then, the analysis type (static or transient) should be 
established. The next step is to choose the materials for each 
component of the machine, to define the winding configuration as well 
as the electrical circuit and its properties, and to implement all the 
conditions and limitations decided in the sizing stage of the machine. 
Then, the mesh can be generated either automatically or manually. 
After all of these parameters are well defined, the analysis can be run. 
Regarding the obtained results, they are easy to be processed and 
analyzed. Fig. 3.11 shows the steps that have to be completed before 
running an electromagnetic analysis, in a specialized software package. 

 
Fig.3. 11 Electromagnetic analysis flowchart 



62 

 

3.5.2. Thermal analysis 

The electrical machines thermal analysis can be performed both 
by analytical and numerical methods. One of the most used analytical 
methods is the lumped parameter thermal network, also known as 
LPTN [39]. Using the finite difference method, it estimates the thermal 
performances of the electrical machine under test. However, a thermal 
analysis performed just by LPTN method is insufficient to accurately 
anticipate the temperature distribution in the electric machine. In this 
regard, various numerical methods were developed. Among them, there 
are finite element analysis (FEA) and computational fluid dynamics 
(CFD). The main benefit of using FEA for thermal modelling is its ability 
to predict conductive heat transfer accurately. This is especially true 
when electromagnetic FEA models are combined, which allows for an 
accurate loss determination and the creation of thermal solutions for 
solid regions with high temperature gradients, like windings. 
Convective boundaries, however, require an adaptation of convective 
heat transfer correlations. On the other hand, when the thermal 
analysis of the machine from the point of view of velocity distribution, 
flow rate, or pressure decreasing along the cooling system is desired, 
CFD method is the most appropriate. Moreover, by combining 
convection and conduction heat transfer, conjugate heat transfer 
simulations can be performed in order to predict the distribution of 
temperature and the heat transfer rate at convective boundaries [40], 
[41].  

In addition, researchers in this field demonstrated that the 
analytical and numerical methods can be combined in order to obtain 
more accurate results. Therefore, on high complexity models, CFD and 
LPTN methods were combined and the results were much more 
accurate than in the case of using a single method.  

The thermal analysis is very important, since exceeding critical 
temperatures can produce irreversible defects for the machine. In order 
to increase the life of the electromagnetic device, the thermal analysis 
must provide information about the time, duration, and areas where 
dangerous temperatures occur in the machine. Therefore, it can be said 
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that a thermal analysis provides a clear and accurate image of the heat 
distribution in the machine, during its operation. 

Moreover, the thermal analysis is useful for cooling system 
sizing, if necessary, considering that a correct interpretation of the 
obtained results can provide the necessary data set for the cooling 
system dimensioning. 

 
Fig.3. 12 Thermal analysis performed in JMAG Designer 

3.5.3. Mechanical analysis 

Considering the electric machine itself as a very complex device, 
the mechanical analysis is required in order to obtain a complete image 
of the machine’s behaviour. It can be broadly divided into two closely 
related categories, as follows: the structural analysis and the 
vibroacoustic analysis. Carrying out such an analysis is very important 
considering that, during the operation of the machine, certain forces are 
developed, usually with a negative impact on the stability, 
performances, and life span of both the machine and the system in 
which the machine operates.  

The noise and vibration analysis can be also performed using 
either analytical or numerical methods. The analytical approach can 
offer a quicker, more computationally effective solution. However, the 
numerical approach is considered more accurate because the structural 
details of the model can be taken into account when the simulation is 
run [42]. 
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Therefore, a well done mechanical analysis can provide 
information about the influence, intensity, and critical points regarding 
the magnetic forces that may occur during the machine’s operation, as 
well about the deformations of the stator core that appear when the 
radial magnetic force’s frequencies are quite close to the stator core’s 
natural frequencies. 

3.6. Electrical machines optimization process 
The optimization process of electric machines has become, at 

least in recent years, interesting for the developers of new electric 
machines, primarily due to the fierce competition on the market, but 
also to the increase in the price of electricity or the pressure regarding 
the conservation of these devices. The goals of the optimization process 
are the reduction of the machine’s cost, as well as increasing its 
performances [43].  

Sometimes, the specifications of the electric machine that should 
be designed, such as maximizing the torque or power density while 
minimizing the losses or the machine’s weight, are contradictory. Due 
to a large number of parameters that influence the machine’s 
performances, finding an optimal solution from the first attempt can be 
difficult or even impossible. For this reason, it is necessary to establish 
a systematic approach based on an iterative process so that the optimal 
solution can be obtained gradually [44].  

Generally, the optimization process can be implemented at the 
machine-level or at the entire drive-system in which it works, as shown 
in Fig. 3.13. 

Speaking about the optimization process, there are three 
approaches that should be considered, as follows: robust, deterministic 
and reliability. However, in electrical machines industry robust models 
are preferred. 

There are two categories of optimization algorithms: classic and 
modern intelligent algorithms. Among the most popular optimization 
algorithms used in this industry, there are: conjugate gradient, 
estimation of distribution (EDA), particle swarm optimization (PSO), 
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ant colony, immune algorithm, evolutionary algorithms, muti-objective 
genetic algorithms (MOGA), non-dominated sorting genetic algorithm 
(NSGA), etc [45] 

 
Fig.3. 13 Optimization process of an electric machine 

3.7. PMSM Dynamic model 

In order to describe the dynamic behavior of a PMSM, the 
mathematical model should be developed. For a better understanding 
of it, its starts from the main laws of physics regarding the equilibrium 
of electrical systems.  

To represent the voltages of the three phase windings of a 
PMSM, the equations can be expressed, as follows: 

𝑢஺ = 𝑅௦𝑖஺ +
ௗ

ௗ௧
𝛹஺ 

(3.26) 𝑢஻ = 𝑅௦𝑖஻ +
ௗ

ௗ௧
𝛹஻ 

𝑢஼ = 𝑅௦𝑖஼ +
ௗ

ௗ௧
𝛹஼  
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where Rs is the stator resistance, while ΨA, ΨB, ΨC are the total flux 
linkages in each phase. Their values can be determined using the 
following expression:  

The relation between electro-mechanical characteristics 
indicated by the equation of equilibrium regarding the torque (3.27) 
completes the mathematical model of the PMSM.  

𝐽
𝑑𝛺௥

𝑑𝑡
= 𝑇௘ − 𝑇௅     (3.27) 

where:  

- J is the moment of load inertia;  
- Ωr is the mechanical rotor speed; 
- Te is the electromagnetic torque; 
- TL is the load torque. 

𝑇௘ =  
𝑃௢௨௧௣௨௧

𝛺௥
    (3.28) 

where Poutput is the output power of the machine and Ωr can be defined 
as the ratio between the electrical rotor speed (ωr) and the number of 
pole pairs (p). Therefore, (3.28) can be written as: 

𝑇௘ =  
𝑝 ∙ 𝑃௢௨௧௣௨௧

𝜔௥
    (3.29) 

Regarding the load torque, it can be defined as follows: 

𝑇௅ =  𝐵𝛺௥ + 𝑇௅ா = 𝐵
𝜔௥

𝑝
+ 𝑇௅ா     (3.30) 

where:  

- B is the viscous coefficient of the load; 
- TLE is the extra load torque input. 

It is important to mention that these values are all derived from 
the law of energy conservation. 
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The three-phase model of an AC machine is usually transformed 
in a two-phase model based on: 
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𝐵
𝐶

൩ (3.31) 

where:  

- θ is the angle between the A and d-axis (for the d-axis 
alignment), and θ=ωt; 

- ω is the rotational speed of the d-q reference; 
- d, q are the components of the two-axis system in the 

rotating reference frame;  
- 0 is the zero component of the two-axis system in the 

stationary reference frame; 
- A, B, C are the components of the three-phase system in the 

abc reference frame. 

Park’s transformation is usually implemented in two steps. The 
three-phase system is converted into an orthogonal fixed two-phase (α-
β) system. The general form of the transformation equation is 
presented in (3.32). The d-q system is then obtained by rotating the 
resultant system by θ degrees [46]. Fig. 3.14. illustrates the 
transformation flow. 

ቂ
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൤
𝑑
𝑞

൨ = ቂ
cos 𝜃 sin 𝜃

− sin 𝜃 cos 𝜃
ቃ ቂ

𝛼
𝛽ቃ (3.33) 
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Fig.3. 14 Three-phase rotating system to d-q system transformation 
flow 

The advantage of using the orthogonal system over the three-
phase one is that the mathematical model is greatly simplified, which 
brings a gain both in terms of the model implementation time and the 
computation time [47]. 

The d-q machine model results as: 

𝑢௦ௗ = 𝑅௦𝑖௦ௗ +
ௗஏೞ೏

ௗ௧
− 𝜔Ψ௦௤ (3.34) 

𝑢௦௤ = 𝑅௦𝑖௦௤ +
ௗஏೞ೜

ௗ௧
+ 𝜔Ψ௦ௗ (3.35) 

𝐽
𝑑𝛺௥

𝑑𝑡
= 𝑇௘ − 𝐵𝜔௘ − 𝑇௅  (3.36) 

The electromagnetic torque of an IPMSM is highlighted in (3.37). 

𝑇௘ =
3

2
𝑝(𝛹ௗ𝑖௤ − 𝛹௤𝑖ௗ) (3.37) 

For a PMSM Ψd and Ψq are the direct and quadrature flux 
linkages defined by: 

𝛹ௗ = 𝐿ௗ𝑖ௗ + 𝛹௉ெ (3.38) 

𝛹௤ = 𝐿௤𝑖௤ (3.39) 

where Ld and Lq are the direct and quadrature inductances. 

Therefore, taking into account (3.38) and (3.39), equation (3.37) 
can be written as: 
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𝑇௘ =
3

2
𝑝[𝛹௉ெ𝑖௤ + ൫𝐿ௗ − 𝐿௤൯𝑖ௗ𝑖௤] (3.40) 

It is important to mention that the electromagnetic torque 
consists of two components: (i) synchronous torque generated by the 
interaction between the quadrature current and the permanent magnet 
flux; and (ii) reluctant torque, produced due to the rotor core’s 
anisotropy. Although for surface PMSMs the reluctance component of 
the electromagnetic torque can be neglected, in the case of IPMSMs it 
makes its presence felt, and it can be controlled by adjusting the current 
on d and q axes.  

3.8. Machine’s electrical parameters 

Different PMSM control strategies heavily depend on electrical 
parameters, phase resistance and direct and quadrature inductances. 
Determining the electrical parameters as accurate as possible is 
required in EV and HEV applications, for instance, in order to identify 
the optimal current trajectories when maximum torque per voltage or 
maximum torque per ampere control strategies are implemented 
[48],[49]. Moreover, accurate parameters determination is critical in 
order to improve the efficiency of the machine, as well as to ensure the 
system stability or to improve the dynamic response when direct 
torque control (DTC), field-oriented control (FOC) or model predictive 
control (MPC) strategies are used [50],[51],[52].  

The techniques for parameters estimation and computation have 
been developed in the last years and, as a consequence, both offline and 
online methods can be implemented. On one hand, offline estimation 
methods have been studied and used on both electrical machine and 
controller design. On the other hand, the online approach is suitable for 
real time acquisition of the machine parameters [53]. 
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Fig.3. 15 Parameters estimation and computation techniques 

Fig. 3.15 highlights the main parameters estimation and 
computation techniques used these days. Both offline and online 
methods were considered. 

Regarding the offline estimation techniques, FEA is the most 
used. This method is a very accurate one, but it requires a detailed 
knowledge of the geometry, dimensions and materials used in the 
construction of the machine [54]. FEA method can be implemented both 
taking into account the saturation and cross-saturation effects, as well 
as neglecting them. Of course, the first variant will provide more 
accurate results. As for the limitations of the FEA method, they mainly 
arise from the lack of complete information regarding the 
characteristics of the materials used [55] and from the high 
computation time. 

Another method used to determine the machine’s parameters, 
especially when the saturation and cross-saturation phenomena are 
considered, is based on the magnetic equivalent circuit (MEC) of the 
machine. At the end of 50s, several scientists in the field, including 
Fiennes, Slemon and Ostrovic, introduced this method [56].  

Despite that at the beginning the method was exclusively used 
for the analysis of the machines in saturated state, it has been proven 
that it is also effective for the study of steady state and transient 
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regimes. Shortly, using this method, the machine is no longer 
characterized as a complicated magnetic circuit, but rather as a 
resistive electrical network, which greatly simplifies any analysis.  

Compared to FEA method, MEC has a lower computation time 
and a lower accuracy, mainly because in this case there are much fewer 
elements to be analyzed (between 30 and 100, compare to 10000 in the 
case of FEA). In this moment, it is not clear if this compromise between 
the accuracy and computational time is worth it, taking into account 
that in the last years the computational speed has been considerably 
improved. 

In order to improve the entire process, many experimental 
methods were developed in the last decades. Among them, there are: 
DC-step voltage excitation, dq-axis voltage pulse injection, AC signal 
excitation, Fast Fourier transform analysis or estimation under constant 
or variable speed techniques [57],[58],[59],[60],[61],[62]. 

Regarding the online parameter estimation and computation 
techniques, they use high levels of computational efficiency. Algorithms 
based on artificial intelligence were developed and applied in the 
analysis of PMSM [63].  

One of the used methods for online parameters estimation is by 
injecting current or voltage. Based on this idea, various algorithms have 
been developed, such as recursive least squares (RLS), artificial neutral 
network (ANN) or evolutionary algorithm (EA) [64],[65]. In addition, by 
injecting a non-zero current on d-axis and implementing a self-learning, 
respectively co-evolutionary particle swarm optimization (PSO) 
algorithm, satisfactory results were obtained regarding the estimation 
of parameters such as Ld, Lq, ΨPM, etc., as shown in [66] and [67]. 
Another efficient tested method is using the position offset-based 
parameter estimation (POPE) [68].  

Last, but not least, is the high frequency (HF) injection technique. 
It can be used in sensorless control strategies, to estimate the machine’s 
inductances, as well as the permanent magnets temperature or the 
electromagnetic torque [69][70][71]. 
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Therefore, with the development of PMSMs, many strategies 
used to determine their parameters, both offline and online, were 
developed. The use of specialized software packages, complex 
algorithms, but also artificial intelligence in the development of new 
techniques for estimating and computation of parameters led to 
obtaining more accurate models and more efficient control strategies 
implementations.  

3.8.1. Saturation and cross-saturation and their 
impact on the machine’s parameters 

Most of the time, the d-q model is based on certain assumptions, 
one of which is that the materials used in the machine’s construction 
have linear characteristics, meaning that the flux linkage on d and q axis 
have a linear dependence on the d axis current, and q-axis current, 
respectively.  

Therefore, in the classical d-q model of a PMSM, that neglects the 
saturation and cross-saturation phenomena, the flux can be defined 
according to Equations (3.38) and (3.39), where Ld and Lq are constant 
[72]. In this case the direct and quadrature axes are assumed to be 
completely decoupled, meaning that q-axis has no influence on d-axis 
and vice versa. This approach works when the electric machine is 
operating at constant speed. 

In the case of propulsion of an electric vehicle, for example, 
when the speed varies a lot, the assumption of constant d and q 
inductances can generate large discrepancies between the real and 
simulated models. The non-linear behavior of the materials, reflected 
by the BH curve, will have an important impact on the d and q 
inductances. The non-linearity due to the saturation phenomenon have 
to be taken into account. In this case, the d and q axes fluxes have a non-
linear behavior versus the d and q axes currents, respectively. The d 
and q axes fluxes are decoupled, meaning that d-axis flux depends only 
on d-axis current and q-axis flux depends only on q-axis current. The d- 
and q-axis inductances will not be constant anymore and they can be 
computed using: 
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𝐿ௗ(𝑖ௗ) =
𝛹ௗ(𝑖ௗ)

𝑖ௗ
|ஏುಾୀ଴ (3.41) 

𝐿௤൫𝑖௤൯ =
𝛹௤൫𝑖௤൯

𝑖௤
 (3.42) 

Therefore, the d-axis inductance will only depend on the d-axis 
current, while the q-axis inductance will only depend on the q-axis 
current.  

However, d and q fluxes share the same magnetic circuit, and 
consequently the fluxes, and implicitly the inductances on d and q axes 
simultaneously depend on id and iq (cross-saturation), as [73]: 

ቊ
𝛹ௗ = 𝑓൫𝑖ௗ, 𝑖௤൯|ஏುಾୀ଴

𝛹௤ = 𝑓(𝑖ௗ, 𝑖௤)
  (3.43) 

ቊ
𝐿ௗ = 𝑓൫𝑖ௗ , 𝑖௤൯|ஏುಾୀ଴

𝐿௤ = 𝑓(𝑖ௗ , 𝑖௤)
 (3.44) 

The idea of saturation is clearly defined in specialized literature, 
while according to the articles that were published over the time, the 
concept of cross-saturation was defined in two distinct ways. According 
to the publications, cross-saturation is a phenomenon that results from 
saturation. The problem arises when attempting to define these two 
phenomena from a mathematical point of view. On one hand, some 
studies define the cross-saturation as a mutual inductance caused by 
the saturation produced on a magnetic circuit region associated with an 
axis by the current on the other axis [74][75]. On the other hand, in 
other articles the cross-saturation phenomenon is defined starting from 
the hypothesis that axes d and q respectively can saturate each other, 
therefore, the current on axis d will affect the value of inductance on 
axis q and vice versa [76][77]. 

Numerous scientific studies highlight the significance of taking 
into account the saturation and cross-saturation effects and even 
provide significant examples. These effects directly affect the outcomes 
of the electromagnetic and performance analyses, as well as the 
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identification of the machine’s parameters. In addition, these have an 
important impact on the development of control strategies, especially 
when advanced control strategies are chosen, such as sensorless 
control [78],[79],[80]. 

Regarding the errors that may occur when the saturation and 
cross-saturation are not taken into account, they mainly refer to the 
determination of the rotor position. Studies have shown that errors can 
reach tenths of degrees, depending, of course, on the degree of the 
machine’s loading. In this case, not taking into account these two 
phenomena, will impact in a negative way the true image of the 
machine’s behavior [81]. 

In this regard, for a more accurate model, the inductances should 
be defined in differential form, depending on the flux linkages changes 
(𝜕𝛹ௗ,௤) due to direct, respectively quadrature currents modifications 
(𝜕𝑖ௗ,௤) [82]. 

Based on Equations (3.43) and (3.44), the derivative of d- and q-
axis fluxes in (3.34) and (3.35) can be written as: 

𝑑𝛹ௗ(𝑖ௗ , 𝑖௤)

𝑑𝑡
|ஏುಾୀ଴ =

𝛹ௗ(𝑖ௗ , 𝑖௤)

𝑖ௗ

𝑑𝑖ௗ

𝑑𝑡
+

𝛹ௗ(𝑖ௗ , 𝑖௤)

𝑖௤

𝑑𝑖௤

𝑑𝑡
 (3.45) 

𝑑𝛹௤(𝑖ௗ , 𝑖௤)

𝑑𝑡
=

𝛹௤(𝑖ௗ , 𝑖௤)

𝑖ௗ

𝑑𝑖ௗ

𝑑𝑡
+

𝛹௤(𝑖ௗ, 𝑖௤)

𝑖௤

𝑑𝑖௤

𝑑𝑡
 (3.46) 

Fig. 3.16 and Fig. 3.17 show some examples from literature on 
how saturation impacts the machine’s parameters, such as the flux 
leakages on d-, respectively q-axis, as well as the d- and q-axis 
inductivities. 
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a b 

Fig.3. 16 Saturation impact on machine’s parameters on d-axis (a) 
flux leakages [82], (b) inductivities [83] 

  
a b 

Fig.3. 17 Saturation impact on machine’s parameters on q-axis (a) 
flux leakages [82], (b) inductivities [83] 

When the cross-saturation is defined as a mutual inductance 
caused by the saturation produced on a magnetic circuit region 
associated with an axis by the current on the other axis (3.45) and 
(3.46) become: 

𝑑𝛹ௗ(𝑖ௗ, 𝑖௤)

𝑑𝑡
|ஏುಾୀ଴ = 𝐿ௗ

𝑑𝑖ௗ

𝑑𝑡
+ 𝐿ௗ௤

𝑑𝑖௤

𝑑𝑡
 (3.47) 

𝑑𝛹௤(𝑖ௗ, 𝑖௤)

𝑑𝑡
= 𝐿௤

𝑑𝑖௤

𝑑𝑡
+ 𝐿௤ௗ

𝑑𝑖ௗ

𝑑𝑡
 (3.48) 

where: 
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𝐿ௗ =
𝛹ௗ(𝑖ௗ, 𝑖௤)

𝑖ௗ
|ஏುಾୀ଴

௜೜ୀ௖௦௧

  𝐿ௗ௤ =
𝛹ௗ(𝑖ௗ, 𝑖௤)

𝑖௤
|ஏುಾୀ଴

௜೏ୀ௖௦௧

 (3.49) 

𝐿௤ =
𝛹௤൫𝑖ௗ, 𝑖௤൯

𝑖௤
|ஏುಾୀ଴

௜೏ୀ௖௦௧

 𝐿௤ௗ =
𝛹௤൫𝑖ௗ, 𝑖௤൯

𝑖ௗ
|ஏುಾୀ଴

௜೜ୀ௖௦௧

 (3.50) 

 When the cross-saturation phenomenon is defined starting from 
the hypothesis that axes d and q respectively can saturate each other, 
therefore, the current on axis d will affect the value of inductance on 
axis q and vice versa, (3.45) and (3.46) become: 

 
𝑑𝛹ௗ(𝑖ௗ, 𝑖௤)

𝑑𝑡
= 𝐿ௗ(𝑖ௗ, 𝑖௤)

𝑑𝑖ௗ

𝑑𝑡
 (3.51) 

𝑑𝛹௤(𝑖ௗ, 𝑖௤)

𝑑𝑡
= 𝐿௤(𝑖ௗ, 𝑖௤)

𝑑𝑖௤

𝑑𝑡
 (3.52) 

As in the case of the saturation phenomenon, the figures below 
(Fig. 3.18, Fig. 3.19) present some examples that highlight the impact 
that the cross-saturation phenomenon has on the machine parameters. 
As in the previous case, the parameters considered were the flux 
leakages and the inductivities on the d-, respectively q-axis. 

  
a b 

Fig.3. 18 Cross-saturation impact on machine’s parameters on d-axis 
(a) flux leakages [82], (b) inductivities 



77 

 

  
a b 

Fig.3. 19 Cross-saturation impact on machine’s parameters on q-axis 
(a) flux leakages [82], (b) inductivities 

In order to analyze the impact of saturation and cross-saturation 
and to compute the inductances, Finite Element Analysis (FEA) can be 
used. It is very popular technique nowadays, due to the fact that it is a 
simple and very accurate method. This method is used in order to 
analyze the machine’s behavior from an electromagnetic point of view, 
at different values of currents on d and q axes respectively, as well as at 
different rotor positions [84].  

The simulation of the machine model implemented in a FE-based 
software package is done for different rotor positions and different 
values of id and iq currents. Then, using the frozen permeability 
technique, and replacing the permanent magnet in the model by air, the 
simulations are done again for the same rotor positions and id and iq 
currents. The flux linkages Ψd and Ψq  are extracted. By deriving the flux 
linkage values with respect id and iq, the inductances are determined as 
family curves, depending on rotor position and id and iq currents [85]: 

𝐿ௗ =
𝑑𝛹ௗ

d𝑖ௗ
|௜೜ୀ௖௢௡௦௧௔௡௧

ஏುಾୀ଴

≅
Δ𝛹ௗ

Δ𝑖ௗ
|௜೜ୀ௖௢௡௦௧௔௡௧

ஏುಾୀ଴

 (3.53) 

𝐿௤ =
𝑑𝛹௤

d𝑖௤
|௜೏ୀ௖௢௡௦௧௔௡௧

ஏುಾୀ଴

≅
Δ𝛹௤

Δ𝑞
|௜೏ୀ௖௢௡௦௧௔௡௧

ஏುಾୀ଴

 (3.54) 
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𝐿ௗ௤ =
𝑑𝛹ௗ(𝑖ௗ, 𝑖௤)

𝑑𝑖௤
|௜೏ୀ௖௢௡௦௧௔௡௧

ஏುಾୀ଴

≅  
∆𝛹ௗ(𝑖ௗ, 𝑖௤)

∆𝑖௤
|௜೜ୀ௖௢௡௦௧௔௡௧

ஏುಾୀ଴

 (3.55) 

𝐿௤ௗ =
𝑑𝛹௤൫𝑖ௗ, 𝑖௤൯

𝑑𝑖ௗ
|௜೜ୀ௖௢௡௦௧௔௡௧

ஏುಾୀ଴

≅  
∆𝛹௤൫𝑖ௗ, 𝑖௤൯

∆𝑖ௗ
|௜೜ୀ௖௢௡௦௧௔௡௧

ஏುಾୀ଴

 (3.56) 

 

3.8.2. Complexity levels in the development of 
PMSM models 

Based on the complexity of the phenomena taken into account 
for the estimation/computation of the machine parameters, four levels 
of complexity can be defined for the electrical machine, as they are 
presented in Figure 3.20. 

 

Fig.3. 20 Complexity levels in the development of an electrical machine 
model using knowledge models 

The first complexity level, also known as the linear model, is thus 
the one corresponding to constant values for Ld and Lq, and it is 
described by Equations (3.34) to (3.39).  This model can be applied, for 
instance, when the machine’s operating point is below the point when 
the saturation phenomenon becomes relevant, so that, the variation of 
the machine’s inductances is not relevant [86]. The second complexity 
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level of the machine is described by the Equations (3.34) to (3.37), with 
direct and quadrature axis inductances defined either as function of the 
same axis currents, or as a table of the inductances at specific current 
values, for each axis. This model takes into account only the saturation 
level, considering the two axis fluxes independent. The third complexity 
level takes into account both saturation and cross-saturation 
phenomena, and is described by Equations (3.34) to (3.37), (3.45) and 
(3.46). When implemented in a software package to perform the 
simulation, the inductances are estimated at each simulation step using 
look-up tables based on the rotor position and currents feedback. 

The main drawback of the last two models is linked to the errors 
introduced by the flux derivation process used to compute the 
inductances. Therefore, in order to eliminate these errors, a fourth 
complexity level model is defined, based on the computation of the 
fluxes. The model is described by Equations (3.34) to (3.37) with: 

ቊ
𝛹ௗ = 𝑓൫𝑖ௗ , 𝑖௤ , 𝜃൯

𝛹௤ = 𝑓(𝑖ௗ , 𝑖௤ , 𝜃)
  (3.57) 

The flux-based developed model describes more accurately the 
real machine, as it includes all the phenomena in the machine 
(saturation, cross-saturation, leakage, etc.). Thus, (3.34) and (3.35) 
become: 

𝑢ௗ = 𝑅௦𝑖ௗ +
ௗஏ೏൫௜೏,௜೜,ఏ൯

ௗ௧
− 𝜔Ψ௤൫𝑖ௗ, 𝑖௤ , 𝜃൯ (3.58) 

𝑢௤ = 𝑅௦𝑖௤ +
ௗஏ೜൫௜೏,௜೜,ఏ൯

ௗ௧
+ 𝜔Ψௗ൫𝑖ௗ, 𝑖௤ , 𝜃൯ (3.59) 

which can be written as: 

𝑑Ψௗ൫𝑖ௗ, 𝑖௤ , 𝜃൯

𝑑𝑡
= 𝑢ௗ − 𝑅௦𝑖ௗ + 𝜔Ψ௤൫𝑖ௗ , 𝑖௤ , 𝜃൯ (3.60) 

𝑑Ψ௤൫𝑖ௗ, 𝑖௤ , 𝜃൯

𝑑𝑡
= 𝑢௤ = 𝑅௦𝑖௤ − 𝜔Ψௗ൫𝑖ௗ, 𝑖௤ , 𝜃൯ (3.61) 
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The direct and quadrature axis fluxes are computed using FE-
based simulations for a set of values for direct & quadrature axis 
currents, and rotor positions. The values are saved as 3D look-up tables, 
which need to be transformed to define the current-flux relation in 
order to implement the model in a simulation environment.   

In order to implement the state equations, the currents-fluxes-
rotor position relation should be defined as follows: 

𝑖ௗ,௤ = 𝑔(𝛹ௗ , 𝛹௤ , 𝜃) (3.62) 

The new flux-linkages maps can be obtained by interpolating the 
original flux-linkages maps and cutting them into a predetermined 
number of contour isolines. Each of these lines codify all possible (id, iq) 
combinations for a flux-linkage level. In order to determine an 
intersection between Ψd and Ψq curves for all stator flux linkage 
combinations, the intersection algorithm is used.  
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4. Design and Analysis of an IPMSM for 
Propulsion System 

4.1 Introduction 

The present chapter addresses the design of an IPMSM for the 
propulsion system of an electrical VAN. 

The design process follows the steps and aspects described in 
Chapter 3. Thus, the specifications of the electrical machine are derived 
based on the vehicle characteristics and requirements. The 
specifications are used for the preliminary design phase, after which the 
main dimensions of the machine are computed. 

Firstly, based on the vehicle’s main geometrical characteristics, 
as well as on the given requirements, the specifications of the machine 
to be design can be defined. These include the main electrical 
parameters of the machine, such as the required/maximum 
torque/power, the phase voltage and the rated/maximum phase 
currents. Then, the electrical machine’s preliminary design can be 
performed. At this stage, the machine’s type is chosen. Moreover, its 
main geometrical characteristics, such as the inner/outer rotor/stator 
diameter, the machine’s length, the PMs, windings, and stator slots 
dimensions are determined at this step. 

The machine’s component-level model is built based on the pre-
sizing results, using a commercially available software, namely JMAG 
Designer. Electromagnetic performances and machine’s parameters are 
computed and analyzed, by considering both no-load and rated load 
operation scenarios.  

The Field Oriented Control (FOC) method, combined with MTPA 
strategy, is chosen to be implemented for the machine under test. The 
implementation is performed by using MatLAB Simulink software 
package. In addition, the main particularities of the implementation are 
discussed too, and the simulation results are highlighted. 
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4.2 Specifications generation based on 
application 

Nowadays, electric vehicles have become more and more 
popular and, as a consequence it is estimated that in the next few years, 
they will replace vehicles with internal combustion engine (ICE). The 
popularity of electric vehicles is, on one hand, due to the need to reduce 
the gas emissions without negatively impacting the transportation 
sector, and, on the other hand, due to their simplicity, both in terms of 
construction and operation. 

Therefore, the given application involves the design of the 
electric machine used to propel a vehicle. The imposed vehicle is a 
minivan, whose geometric characteristics are presented in the Table 
4.1. Moreover, the electrical machine’s main requirements are 
highlighted in Table 4.2. Based on this data, the specifications of the 
electrical machine can be defined. 

Table 4. 1 Main geometrical characteristics of the vehicle. 
Characteristic Abbreviation Value Unit 

Length L 4363 mm 
Wheelbase Wb 1751 mm 

Height H 1814 mm 
Mass m 2000 kg 

Wheel diameter Dwheel 800 mm 
 
Table 4. 2Main requirements of the electrical machine. 

 Value Unit 
Shaft diameter 60 mm 
Rated power 17 kW 
Rated speed 2800 rpm 
DC Voltage 96 V 

Phase number 3 - 
Maximum torque 

ripple content 
4-6 % 

Rated efficiency 0.9 - 
Rated power factor 0.9 - 
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Firstly, the rated rotational speed of the electrical machine, as 
well as the gearbox ratio must be selected [1]. The choice of these 
parameters in made by taking into account that the vehicle’s maximum 
speed combined with the gearbox ratio and wheel diameter is close to 
the required maximum speed. To guarantee that the maximum speed 
can be reached, the estimated value should be bigger than the 
maximum planned speed.  

As a result, choosing the gearbox ratio and the rated rotational 
speed must be done all at once. The following equation illustrates the 
relationship between the ideal gearbox ratio and the rated rotational 
speed: 

𝑖 =
𝑛ே𝐷௪௛௘௘௟𝜋

𝑣௠௔௫

 (4.1) 

where nN is the rated rotational speed of the electrical machine and vmax 
is the maximum speed of the vehicle.  

Therefore, considering that the maximum speed of the vehicle is 
imposed by the application to 100km/h and the rated speed of the 
electrical machine is 2800rpm, the gearbox ratio will be: 

𝑖 = 8.4947 

Then, in order to determine the required power, the friction, 
respectively the drag forces should be calculated [2]. The friction force 
can be defined as the product of the rolling resistance coefficient, the 
gravitational constant, and the mass of the vehicle, as shown in the 
following equation. 

𝐹௙௥ = 𝜇௥௥  𝑚𝑔 (4.2) 

For this particular case, the rolling resistance coefficient was 
chosen to be 0.047. Therefore, the friction force is: 

𝐹௙௥ = 0.047 ∙ 2000 ∙ 9.81 = 922.14 𝑁  (4.3) 
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The drag force depends on the air density, air resistance 
coefficient, maximum frontal area and vehicle speed, as defined in 
subsection 3.3. The air resistance coefficient for the minivan under 
study was chosen to be 0.5. In order to determine the maximum frontal 
area of the vehicle, equation (4.4) can be used. Considering that the 
vehicle mainly operates inside the cities, the speed was chosen to be 50 
km/h, which is equal to 13.8 m/s. 

𝐴௙ = 𝑊௕ 𝐻 = 1751 ∙ 1814 = 3.17  mଶ  (4.4) 

Therefore, the drag force resulted: 

𝑅௔ =
1

2
∙ 1.293 ∙ 0.5 ∙ 3.15 ∙ 13.8 = 193.91 𝑁 (4.5) 

Knowing these parameters, the required power can be computed 
using: 

𝑃 =
(𝐹௙௥ + 𝑅௔)𝑣

𝜂
=

(922.14 + 193.91) ∙ 13.8

0.9
= 16.9 kW  (4.6) 

where η=0.91 is the performance of the electrical machine.  

Next, the required torque can be computed using the following 
equation: 

𝑇 =
𝑃

𝛺ே

 (4.7) 

where ΩN is the angular speed of the machine and it can be 
determined upon the following equation: 

𝛺ே = 2𝜋𝑛ே
 (4.8) 

For this case, the rated speed of the machine (nN) is 2800 rpm. 
Therefore, the required torque is equal to: 

𝑇 =
16.9 ∙ 10ଷ

293.15
= 57.65 Nm  (4.9) 
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In order to calculate the maximum required power and torque 
respectively, the maximum force required for the vehicle to climb a 
10% ramp is determined. 

𝐹௠௔௫ = 𝑚𝑔 sin 𝛼 (4.10) 

where 𝛼 = tanିଵ(
௥௔௠௣

ଵ଴଴
). 

In this case, 𝐹௠௔௫ = 2000 ∙ 9.81 ∙ 0.1 = 1950.28 N. 

Therefore, the maximum required power will be: 

𝑃௠௔௫ =
𝐹௠௔௫𝑣

𝜂
=

1950.28 ∙ 13.8

0.9
= 29.6 kW  (4.11) 

while the maximum required torque can be determined with the 
following equation: 

𝑇௠௔௫ =
𝑃௠௔௫

𝛺ே
=

29.6 ∙ 10ଷ

293.15
= 100.97 Nm  (4.12) 

Next, the phase voltage can be computed, as follows, considering 
that the machine has 3 phases: 

𝑈௣௛ =
𝑈஽஼

√3√2
=

96

√3√2
= 39.2 V  (4.13) 

Moreover, the rated torque was determined by analytical 
approach upon the following equation: 

𝑇ே =
𝑃ே

𝛺ே
=

17 ∙ 10ଷ

293.15
= 57.97 Nm  (4.14) 

Between the machine’s main dimensions and the apparent 
power there is a direct connection, reason why, the apparent power 
was computed: 

𝑆ே =
𝑃ே

𝜂 cos 𝜑
=

17

0.9 ∙ 0.9
= 20.99 kVA  (4.15) 
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Next, the phase, respectively the maximum currents are 
determined: 

𝐼௣௛ =
𝑆ே

𝑚𝑈௣௛
=

20.99 ∙ 10ଷ

3 ∙ 39.2
= 178.5 A  (4.16) 

𝐼௠௔௫ = √2𝐼௣௛ = √2 ∙ 178.5 = 252.43 A  
 

(4.17) 

In addition, Fig. 4.1 presents the machine’s requirements 
regarding the electromagnetic torque variation with speed, respectively 
the mechanical power variation with speed. As it can be noticed, the 
electromagnetic torque has a constant value up to the speed of 2800 
rpm. After that, it decreases in order to keep the mechanical power at a 
constant value of 17 kW.  

 
Fig. 4. 1 Required mechanical power and electromagnetic torque 

variation vs speed 

Therefore, the main requirements of the electrical machine were 
determined, based on the characteristics of the vehicle that should be 
propelled and the limitations imposed by it.  
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4.3 Electrical machine preliminary design 

Regarding the type of the electrical machine used to propel the 
vehicle, it was decided that the Permanent Magnet Synchronous 
Machine (PMSM) is the best option for this application. The choice was 
based on the advantages that these electrical machines offer compared 
to other. Among them, there are the high-power density, high efficiency, 
as well as the robustness and constructive simplicity. Moreover, 
regarding the constructive option it was decided to mount the 
permanent magnets inside the rotor. The justification of this decision is 
also based on the advantages that this constructive option has, compare 
to other available options. These advantages are presented in detail in 
subchapter 2.2.  

From the poles/slots combination point of view, the 10 poles/24 
slots combination was chosen. For this choice, two factors were 
considered. On one hand, the torque ripple content, as well as the radial 
forces were taken into account. As explained in subsection 3.5, the 
higher the least common multiple (LCM) between the number of poles 
and number of slots, the lower the cogging torque is. This is applicable 
for the radial forces too. The higher and even the greatest common 
divider (GCD) is, the more balanced the machine is. On the other hand, 
the manufacturing company offers the possibility to choose only certain 
topologies. Thus, by analysing each available topology in the 
manufacturer’s portfolio, it was found out that the optimal topology for 
the given application is the one with 10 poles and 24 slots.  

Moreover, considering the geometrical limitations that were 
imposed, the main dimensions of the machine were established too. 

The next step in the design of the electrical machine is the choice 
of the materials used in the construction of its main components. 
Therefore, in order to minimize the iron losses as much as possible, for 
the construction of the stator core, electrical steel sheets were used, 
while the rotor core is made of solid electrical steel.  

Regarding the permanent magnets, sintered Neodymium-Iron-
Boron was chosen. 
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Considering that it is preferred for the machine to be as light as 
possible, for the stator windings, copper was chosen because it offers 
superior performances compared to aluminium. Section 3.4.2 highlights 
a brief comparison between copper and aluminium.  

In addition, all the materials used in the construction of each 
electrical machine’s components [3] are summarized in the table 4.3. 

Table 4. 3 Materials used in the construction of the electrical machine. 
Component Material 

Stator core Electrical steel sheets 
Rotor core Electrical steel 
Coil Copper 
Permanent magnet Sintered Neodymium-Iron-Boron (NdFeB) 

4.3.1 Stator and rotor core sizing 

Therefore, in order to determine the interior stator diameter [4], 
the following equation was used: 

𝐷௜_௦ = ඨ
2𝑝

𝜋𝜆

60𝑆ே

𝐶 ∙ 𝑛ே

య

  (4.18) 

where C is the Esson’s coefficient or the electromagnetic utilization 
coefficient [5]. It was estimated from specific tables, depending on the 
machine’s apparent power and number of poles. In this case, C=750 
J/dm3.   

Moreover, λ which is the aspect coefficient and can be defined as 
the ratio between the machine’s active length and the airgap diameter. 
In many scientific papers, the airgap diameter is replaced by the 
interior stator diameter in the equation for defining the aspect factor. In 
addition, this value can be chosen based on the pole pairs number from 
specific diagrams. In this case, λ=0.8.  

Therefore, the interior stator diameter for the electrical machine 
that should be designed will be: 
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𝐷௜_௦ = ඨ
2 ∙ 5

𝜋 ∙ 0.8

60 ∙ 20.99 ∙ 10ଷ

750 ∙ 10ଷ ∙ 2800

య

= 130 mm (4.19) 

Then, based on the aspect factor and interior stator diameter, 
the active length of the machine is determined: 

𝜆 =
𝐿

𝐷௔௚
 ≅  

𝐿

𝐷௜ೞ

 =>  𝐿 ≅  𝜆 ∙ 𝐷௜ೞ
= 0.8 ∙ 130 = 104 mm (4.20) 

As in the producer catalogue the inner stator diameter value was 
not available, it was chosen the nearest option, i.e., Di_s=122 mm, while 
the machine’s length was approximated to L=100 mm.  

Based on the ratio between the inner and outer stator diameters 
[6], highlighted in equation 4.21, the outer stator diameter (Do_s) was 
computed.  

𝑘஽ =
𝐷௜_௦

𝐷௢_௦
  (4.21) 

Considering kD=0.5, the outer stator diameter was approximated 
to 240mm. 

The airgap length is a critical parameter of the electrical 
machines, having an important influence on its performances. The 
machine will return better performances the smaller the airgap length 
[7]. However, not always the manufacturer can ensure a very small 
airgap, considering that, from the constructive point of view, there are 
some limitations. In order to calculate the optimal airgap length, the 
following equation can be employed: 

𝛿 = 0.2 + 0.003 ∙ ඥ𝑃ே
య  (4.22) 

The resulted value, δ=0.97mm, was approximated to δ=1 mm. 

Next, the outer rotor diameter can be determined, as follows: 

𝐷௢ೝ
= 𝐷௜_௦ − 2𝛿 = 122 − 2 ∙ 1 = 120 mm (4.23) 
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Therefore, Table 4.4, highlights the main geometrical 
characteristics of the designed electrical machine [8]. 

Table 4. 4 Main geometrical characteristics of the electrical machine. 
Characteristic Value Unit  

Number of slots 24 - 
Number of poles 10 - 
Outer stator diameter 240 mm 
Inner stator diameter 122 mm 
Outer rotor diameter 120 mm 
Machine’s length 100 mm 

4.3.2 Permanent magnets sizing 

In order to determine the main dimensions of the permanent 
magnets mounted inside the rotor, the total required permanent 
magnets volume should be determined [9]. This value depends on the 
characteristics of the magnetic material, the volume coefficient (Cv), as 
well as on the rated power of the machine and its frequency, as 
equation 4.24 shows. 

𝑉௉ெ_௧௢௧ = 𝐶௩

𝑃ே

𝑓ே𝐵௥𝐻௖
  (4.24) 

As previously mentioned, the material used for the permanent 
magnets, sintered NdFeB was chosen. Fig 4.2 highlights the 
magnetization curve of this material, while Table 4.5 highlights its main 
properties. 

Table 4. 5 NdFeB main characteristics. 
Characteristic Value Unit 

Magnetic field density 1.2 T 
Coercive force 907 kA/m 

Maximum operating 
temperature 

150 C̊ 

Curie temperature 320 %/˚C 
Density 7.5 g/cm3 



101 

 

 
Fig. 4. 2 Magnetization curve of sintered NdFeB 

Machine’s frequency can be computed using: 

𝑓ே =
𝑝𝑛ே

60
=

5 ∙ 2800

60
= 233.33 Hz (4.25) 

The volume coefficient can take any value between 0.54 and 3.1. 
In this case, the maximum possible value was chosen. 

Therefore, the total required permanent magnets volume will 
be: 

𝑉௉ெ_௧௢௧ = 3.1
17 ∙ 10ଷ

233.33 ∙ 1.2 ∙ 907 ∙ 10ଷ
= 0.00021 mଷ  (4.26) 

Then, the total mass of the permanent magnets should be 
determined by the following equation: 

𝑚௉ெ_௧௢௧ = 𝜌௉ெ ∙ 𝑉௉ெ೟೚೟
= 1.575 kg  (4.27) 
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where ρPM=7500kg/m3 is the density of the material from which the 
permanent magnet is made, as highlighted in Table 4.5. 

The next step is to calculate the total required permanent 
magnets surface, using: 

𝑆௉ெ_௧௢௧ =
𝑉௉ெ_௧௢௧

𝐿
=

21 ∙ 10ସ

100
= 2100 mmଶ  (4.28) 

Therefore, the surface of a single permanent magnet will be: 

𝑆௉ெ =
𝑆௉ெ_௧௢௧

2𝑝
=

2100

10
= 210 mmଶ  (4.29) 

To determine the width and height of the permanent magnet, its 
angular opening (αPM) should be computed, as follows: 

𝛼௉ெ =
360

2𝑝
𝑘௔௢ = 22.3°  (4.30) 

where kao=0.62, is the angular opening coefficient. 

The permanent magnet width is given by: 

𝑏௉ெ = 𝐷௥ sin
𝛼௉ெ

2
= 23.597 mm  (4.31) 

while its height can be computed using: 

ℎ௉ெ =
𝑆௉ெ

𝑏௉ெ
= 8.89 mm  (4.32) 

Based on these requirements, all that remains is to choose the 
shape and final dimensions of the permanent magnets. Due to the fact 
that for the permanent magnets shape it was necessary to choose one of 
the options from the manufacturer’s catalogue, rectangular shape was 
chosen. Also, to comply with the catalogue offer in terms of permanent 
magnets dimensions, two magnets, having each 12.5 mm width and 9 
mm height, were used for one rotor pole, as shown in Fig. 4.3.  
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Moreover, it can be observed that the rotor core has some 
carvings near the permanent magnets. This solution was adopted in 
order to reduce the machine’s overall mass, and to increase its 
performances in terms of electromagnetic torque [10]. 

 
Fig. 4. 3 Permanent magnets arrangement in the electrical machine 

4.3.3 Winding sizing 

Next, the winding configuration was determined. As explained in 
subchapter 3.6, the winding configuration has a strong influence on the 
electromagnetic torque value, as well as on the variation of back-EMF 
and circuit voltage respectively. In addition, voltage harmonics can be 
affected by the winding configuration. Regarding the connection, the 
star connection was chosen, considering that it is cheaper and easier to 
be obtained. Moreover, this connection is preferred over the delta 
connection in this kind of electrical machines because in the case of 
delta connection cyclic currents appear. These currents can introduce 
copper losses and amplify the torque ripples. As for the way the stator 
windings are distributed, based on the arguments presented in 
subsection 2.2, distributed winding was chosen. 

Therefore, a two layers, three phase distributed winding was 
chosen. The distance between the ingoing slot and outgoing slot, also 
known as pole pitch [11], is given by: 
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𝑦 =
𝑍௦

2𝑝
  (4.33) 

where Zs is the number of slots, Zs=24, in this case. In 
consequence, y=2.4. 

 The number of coils per phase can be determined by: 

𝑛௖ =
𝑍௦

𝑚
  (4.34) 

while the number of slots per pole per phase is given by: 

𝑞 =
𝑍௦

2𝑝 ∙ 𝑚
  (4.35) 

Regarding the winding factor, it mainly depends on the number 
of slots and poles and also on the winding characteristics, such as: the 
number of layers and the winding type. 

Thus, Fig. 4.4 shows the winding configuration of the machine, 
while Table 4.6 shows the main parameters of the winding. 

Fig. 4. 4 Electrical machine’s winding configuration 
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Table 4. 6 Winding main characteristics. 

Characteristic Value 
Number of slots 24 
Number of poles 10 
Number of coils per phase 8 
Coil throw 2.4 
Maximum winding factor 0.925 
Pole pitch 2.4 
Number of turns per coil 3 

4.3.4 Slots sizing 

To determine the main geometrical dimensions of the stator slot, 
the slot’s shape should be chosen. In this case, the trapezoidal shape 
was selected. Then, the tooth pitches, both at the slot and airgap levels 
should be calculated. These sizes will be useful in computation of the 
tooth, respectively slot width.  

Therefore, the tooth pitch on the slot side can be determined 
with: 

 

𝜏௦ =
𝜋(𝐷௦೔

+ 2ℎ௧௧)

2𝑝 ∙ 𝑚
= 16.22 mm  (4.36) 

while the tooth pitch on the airgap side is given by: 

𝜏௔௚ =
𝜋𝐷௦೔

2𝑝 ∙ 𝑚
= 15.97 mm  (4.37) 

where htt=2.5 is the height of the pole shoe, chosen based on [4]. 

Once these parameters are established, the minimum width of 
the tooth, respectively the minimum width of the slot can be 
determined with the following equations [12]: 

𝑏௧_௠௜௡ =
𝐵௔௚

𝑘௜_ி௘ ∙ 𝐵௧
𝜏௔௚

 (4.38) 

where: - Bag=0.9T, is the airgap magnetic field density; 



106 

 

 - Bt=1.8T, is the tooth’s magnetic field density; 

 - ki_Fe=0.96, is the lamination insulation coefficient. 

All of these values were chosen based on the machine’s 
parameters, according to [13]. 

𝑏௦_௠௜௡ = 𝜏௔௚ −  𝑏௧_௠௜௡
 (4.39) 

Thus, the minimum tooth width bt_min=8.22mm, while the 
minimum slot width bs_min=8.4mm. 

Next, the yoke height should be determined, following the 
equation: 

ℎ௬ =
𝐵௔௚

𝑘௜_ி௘ ∙ 𝐵௬
𝜏௔௚ = 12.47 mm (4.40) 

where By=1.2T, is the magnetic flux density of the stator yoke. 

Now, the slots height can be calculated, using the formula: 

ℎ௦ =
𝐷௢_௦

2
−

𝐷௜ೞ

2
− ℎ௧௧ − ℎ௬ = 44.03 mm (4.41) 

Then, in order to determine the maximum slot width, the 
required slot surface should be estimated. Based on the possibilities of 
the prototype manufacturer, and also on the constraints imposed by the 
materials, the conductors surface, including the insulation, was 
approximated at St=80mm2. Therefore, the required slot surface is: 

𝑆௦_௥௘௤ =
2𝑆௧

0.9𝑘௙
= 592.59 mmଶ  (4.42) 

where kf=0.3, is the slot fill factor. 

The slot surface can also be defined as: 

𝑆௦ =
(𝑏௦_௠௔௫ + 𝑏௦_௠௜௡)

2
ℎ௦

 (4.43) 

Thus, from (5.39), the maximum slot width was determined: 
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𝑏௦_௠௔௫ =
2𝑆௦

ℎ௦
− 𝑏௦_௠௜௡ = 18.51 mm (4.44) 

Finally, taking into account the previously obtained results, but 
also the possibilities and recommendations of the manufacturer, the 
optimal slots dimensions were established and presented in Table 4.7, 
while Fig. 4.5 shows the stator configuration, including the main 
dimensions of the teeth and slots. 

Table 4. 7 Stator slots main characteristics. 
Characteristic Value Unit 

Minimum slot width 8 mm 
Maximum slot width 19 mm 
Slot height 44.5 mm 
Slot surface 596.12 mm2 

Pole shoe height 2.55 mm 
Slot opening 3.2 mm 

 
Fig. 4. 5 Permanent magnets arrangement in the electrical 
machine 

Therefore, starting from the requirements of the application and 
taking into account the limitations and constraints imposed by both the 
manufacturer and the application itself, the topology of the machine 
was determined, as well as the materials from which each component is 
made. 
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4.4 IPMSM modelling 

Based on the results obtained in the specifications generation 
stage, as well as in the machine pre-sizing stage, both detailed earlier, 
the model of the electrical machine that makes the subject of this thesis 
was built, using JMAG software package. 

JMAG is a software package, created in 1983, used in the design 
and analysis of electric devices. It realistically simulates different 
phenomena in a variety of devices in order to evaluate their behavior in 
different operating scenarios. JMAG software includes four packages as 
follows: Designer, Express, RT and RT Viewer.  

The heart of JMAG is Designer, a high speed and high precision 
Finite Element Analysis (FEA) tool. This tool includes a modelling 
technology combined with an intuitive interface that helps the user to 
reach the expected results. It offers the possibility of implementing a 
varied number of models and designs. Moreover, the user can easily 
adjust their shapes, materials properties or operating conditions.  

Additionally, for a faster analysis of the machine, JMAG 
developers designed Express tool. This tool works based on pre-set 
models, which can be customized according to the user’s needs, or by 
importing an already existing design. Thus, it instantly calculates 
variables such as: torque, efficiency, losses or machine power, to 
provide preliminary information about the chosen design.     

Using JMAG-RT tool, a highly accurate plant model can be 
generated, based on the results from the Finite Element Model (FEM). 
The obtained model is very useful in system-level simulations for a 
more realistic portrayal of the device. Therefore, it can be implemented 
in Hardware in the Loop (HIL) analysis by connecting the virtual 
machine to a real ECU.  

The last tool, but not the last, is RT Viewer. It offers the 
possibility to improve the usability of the models developed in JMAG-
RT.  
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Therefore, JMAG is suitable for a large number of designs, from 
different DC and AC machines to transformers, in the field of electric 
machines. As mentioned before, the model can be customized from the 
existing models from the software’s library or it can be imported as 
CAD model. Moreover, JMAG Designer has a restoring CAD geometry 
tool that can be used to modify the geometry imported models. This 
tool is useful when the user wants to analyze how some changes can 
affect the device behavior in different situations. 

Companies in this field have been including multiphysics models 
in their studies as processing capability has increased. JMAG started 
their new era in 1994, with the magnetic field analysis coupled with 
thermal facilities. Since then, multiphysics capability has seen a 
significant degree of progress. Therefore, JMAG works together with 
CAE suppliers to provide a user-friendly platform from which to start a 
multiphysics modelling. Nowadays, in addition to electromagnetic and 
thermal analysis, users have the possibilities to run structural analysis 
in order to determine the influence of noises and vibrations. 

Moreover, JMAG models can be parameterized, so that, the user 
can very easily obtains new models starting from the initial one. In this 
way, the influence of each variable in the model can be better 
understood and, at the same time, the entire model can be improved.  

Regarding the improvement of the models, JMAG provides a 
variety of features that offer powerful support for design optimization. 
As the analysis and optimization functions are integrated, it is simple to 
perform factor analysis and optimization, enabling the efficient 
assessment of a huge number of design ideas. 

In addition, the software allows different types of analysis, 
depending on the user needs. Among the possibilities there are: 
magnetic, axisymmetric and structural. Regarding the materials, JMAG 
formed partnerships with material manufacturers in order to provide 
the best data for their database. For instance, along with iron loss 
parameters, magnetic characteristics or mechanical properties, JMAG 
developers permanently try to supply the data required so that users 
can perform advanced and accurate analysis [14].  
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4.4.1. Rotor and stator cores modelling 

As mentioned before, starting from the main geometrical data of 
the machine, highlighted in Table 4.8, respectively Table 4.9, the 
geometry was built step by step, using the Geometry Editor tool, 
available in JMAG-Designer. The modelling procedure started with the 
construction of the rotor core. Based on the shaft diameter, as well as 
on the outer rotor diameter and the permanent magnets dimensions, a 
half rotor pole was built. Considering that the rotor poles are 
symmetrical, it was possible to design just a half pole, which was later 
mirrored to obtain the entire rotor pole. Moreover, taking into account 
the machine’s symmetry, to build the model used for the subsequent 
analyses, it is sufficient to design only one part of the machine, provided 
that this is specified when the analyses setup is done, as Fig. 4.6 shows.  

Table 4. 8 Main geometrical characteristics of the electrical machine’s 
rotor. 

Characteristic Value Unit  
Outer rotor diameter 120 mm 
Shaft diameter 60 mm 
Number of poles 10 - 
PM width 12.5 mm 
PM height 9 mm 
Machine’s length 100 mm 

 
Fig. 4. 6 Partial to full model conversion dialog box (JMAG-Designer) 

Halved model was chosen to perform the analysis for the study 
case. In this way, the simulation time will be reduced, without any 
negative impact on the results’ accuracy. Therefore, Fig. 4.7 illustrates 
the rotor construction process. Following the same steps, the stator 
core was also designed, as shown in Fig. 4.8.  
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After all these steps were completed, the electrical machine’s 
geometry was obtained, including the rotor core, the PMs, as well as the 
stator core, as shown in Fig. 4.9. 

Fig. 4. 7 Rotor core construction algorithm 

Table 4. 9 Main geometrical characteristics of the electrical machine’s 
stator. 

Characteristic Value Unit  
Outer stator diameter 240 mm 
Inner stator diameter 122 mm 
Number of slots 24 - 
Maximum slot width 19 mm 
Minimum slot width 8 mm 
Slot height 44.5 mm 
Slot  opening 3.2 mm 
Pole shoe height 2.55 mm 
Machine’s length 100 mm 

 

Fig. 4. 8 Stator core construction algorithm 
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Fig. 4. 9 Electrical machine’s geometry 

4.4.2. Windings modelling 

As previously explained, the winding configuration has a huge 
impact on the electromagnetic torque and torque ripples. In order to 
obtain the best performances of the machine, four different winding 
configurations were compared. The results are highlighted in 
Subsection 3.6.  The results of the comparison, corroborated with the 
data obtained after performing the sizing stage, led to the optimal 
winding configuration, provided in Fig. 4.10. In this case, the winding 
scheme was manually implemented, but the software also allows 
automatic implementation, based on the main characteristics of the 
winding. 

After the configuration of the winding is done, from Conditions 
panel, the corresponding coils must be assigned to each phase, taking 
into account the direction of the current in the coil 
(upward/downward). This is essential because when the electric circuit 
of the machine is defined, each coil in the model must be connected to 
its corresponding coil component in the circuit. In addition, when the 
electrical circuit is defined, the winding properties must be defined, 
such as:  

 number of turns: 3; 
 phase resistance: 0.0235 Ω. 
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The other parameters are automatically assimilated based on 
the chosen configuration. 

(a) slot view 

 
(b) model view (c) winding view 

Fig. 4. 10 Winding configuration   

4.4.3. Choosing the materials 

The next step in machine’s modelling procedure is the selection 
of the materials of each component. The materials were chosen based 
on the considerations previously exposed, from the materials list 
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provided by JMAG-Designer library and considering their availability at 
the manufacturer. 

Fig. 4.11 presents the materials that were used in the 
construction of the main components of the machine. As it can be 
noticed, N38SH was selected for the permanent magnets, which is a 
Sintered NdFeB permanent magnet material with good properties for 
the given application. For the stator and iron cores, M330-50A electrical 
steel, with 0.5mm thickness, manufactured by ArcelorMittal was 
selected, while the machine’s windings are made of copper.  

In Fig. 4.12, the main properties of the selected materials are 
highlighted. Regarding the machine’s cores, in order to reduce the iron 
losses, it was decided that the stator core will be made of laminated 
sheets, while the rotor core will be built from solid material. As for the 
permanent magnets magnetization, parallel pattern in circular outward 
direction was selected, as shown.   

 
Fig. 4. 11 Materials used in the construction of the machine 
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Fig. 4. 12 Selection of the materials and their properties 

4.4.4. Setting the conditions of the analyses 

First of all, to perform a model analysis, from an electromagnetic 
point of view, for example, the properties of the study must be 
established. In this regard, the type of the study (static, transient, etc.) 
must be chosen. Moreover, the timing parameters necessary for the 
analysis should be determined, as JMAG perform each analysis step by 
step. Among them, there are: 

 number of steps for the calculation; 
 step interval definition type; 
 unit; 
 start time; 
 end time;  
 divisions. 

Therefore, in order to track as well as possible when certain 
changes appear during the analysis, these parameters must be carefully 
determined. For example, in this case, for one complete rotation of the 
machine (360 degrees), 361 steps were required for the calculation. 
Regarding the step interval definition type, regular interval was chosen. 
The number of divisions is usually 1 less than the number of steps. 
When regular interval is chosen, the start time is automatically pre-set 
to 0, while the end time can be determined according to the angular 
speed with the following equation: 



116 

 

𝑒𝑛𝑑௧௜௠௘ =
2 ∙ 𝜋

𝛺
=

2 ∙ 𝜋
గ∙ଶ଼଴଴

ଷ଴

=
3

140
 (4.45) 

Next, the boundary conditions should be set. As the machine 
under study is a rotating electrical machine and the implemented model 
is a partial one, rotation periodic boundary must be chosen from JMAG-
Designer conditions list.  

First of all, the model’s edges on which the periodicity condition 
applies must be determined. Then, the periodicity of the model, as well 
as the periodic angle – which is the angle at which the same pattern 
repeats -, and the rotation axis that specifies the direction of the 
rotation axis, should be set. Regarding the periodicity, the software 
offers two options, as follows:  

 periodic – meaning that the magnetic flux pattern repeats 
every cycle; 

 antiperiodic – meaning that the magnetic flux pattern 
repeats in opposite direction for every cycle.  

The symmetry boundaries, as well as the slide conditions are 
automatically set after the model’s mesh is created.  

In order to set the motion condition, the parts on which the 
movement acts must be determined (in this case, the rotor and 
permanent magnets), as well as the rated speed of the machine and the 
initial position of the rotor (if applicable). Moreover, the method by 
which the machine’s torque is calculated must be chosen. In this regard, 
in JMAG-Designer there are three available options: by Nodal force, by 
Lorentz force and by Surface force.  

Fig. 4.13 presents the conditions list, as implemented in JMAG-
Designer, as well as the timing parameters setting window.  
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Fig. 4. 13 Conditions implemented in JMAG-Designer 

4.4.5. Implementing the machine’s circuit 

The electrical machine’s circuit can be implemented in the 
Circuit Editor window. The circuit can be either imported or directly 
created in the interface. In this case, the circuit was created from 
scratch. The Circuit Editor tool offers all the necessary components 
both for electromagnetic and thermal studies. Fig. 4.14 shows the 
electrical circuits implemented for no-load analysis (a), respectively for 
rated-load analysis (b). 

(a) no-load analysis (b) rated-load analysis 
Fig. 4. 14 IPMSM circuit implementation 
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4.4.6. Setting the mesh 

In order to use the finite element method, the model must be 
divided into discrete elements, so that the machine’s equations can be 
solved. The process of dividing the model into discrete elements, also 
known as meshing, is crucial in electrical machines analysis considering 
that a high quality mesh ensures accurate results. The mesh’s quality is 
determined both by its size and the cells form. The accuracy of the 
results will be impacted by any variation from the ideal shape. In this 
regard, the mesh should be defined taking into account that the smaller 
cells are employed for fine geometric details and high solution 
gradients, and larger cells, elsewhere.  

Therefore, as it can be seen in Fig. 4.15, in the main important 
regions, such as the air-gap, the mesh is finer, while in the coil or stator 
core, the mesh is coarser. This solution was adopted in order to 
decrease the calculation time, without affecting the accuracy of the 
results.  

Regarding the properties of the mesh, they can be set in the 
Mesh Properties tab. These include: basic settings, setting the elements 
size, slide division and adaptive mesh control properties. 

For this model, the following settings were implemented: 
 mesh type: slide mesh; 
 air region scale: set for each direction; 
 model length in radial direction for air region: 1.25; 
 element size of parts: automatically; 
 element size of air region: 5 mm; 
 radial divisions: 3; 
 circumferential divisions: 360. 

Thus, while setting the optimal mesh for a given model, it is 
important to keep in mind that it should have just the right number of 
elements to properly represent a field solution while not using up all of 
the available processing resources.  
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Fig. 4. 15 Machine’s mesh 
 

4.5 Electromagnetic analysis of the machine 

Once the geometrical model of the machine is complete and its 
parameters, including materials, winding configuration and the 
implementation of the mesh have been defined, it is possible to 
continue with the electromagnetic analysis.  

Firstly, a generator operation no-load analysis will be conducted. 
Then, the rated motor operation load analysis will be performed. 

4.5.1. No-load analysis 

As previously mentioned, the no-load analysis implies the 
generator operation of the machine with zero current in the stator 
windings (no-load). This means that the magnetic field developed by 
the electric machine is totally created by the permanent magnets 
mounted in the rotor.  

In order to obtain a complete analysis, some parameters should 
be considered. These parameters include: 

 magnetic flux density distribution; 
 magnetic flux lines map; 
 cogging torque; 
 induced electromagnetic force and its harmonics; 
 magnetic  flux density in the airgap and other different 

points of the machine and their harmonics. 
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The permanent magnets of the machine are parallel and 
alternatively magnetized, as explained earlier, in this chapter. 
Therefore, the flux lines pass through the pole of a magnet and enter in 
the opposite pole of the nearest magnet, as Fig. 4.16 illustrates. The 
alternating magnetic field is generated once the machine rotates. It 
depends on the machine’s speed, its frequency, as well as on the 
number of pole pairs. As can be observed, the magnetic flux lines 
appear as closed curves.  

 
Fig. 4. 16 Magnetic flux lines 

Regarding the magnetic flux distribution in the machine at no-
load operation, the distribution map is presented in Fig. 4.17. As it can 
be observed, the maximum value is about 2.3 T and it is reached in 
isolated points in the rotor core, near the air-gap. 

 
Fig. 4. 17Magnetic flux distribution map 
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The induced electromagnetic force, also known as the back-EMF, 
can be defined as the force that acts in the opposite direction to the 
applied voltage [15]. Basically, this force helps the machine to spin in 
the first move. Moreover, it reduces the current flowing through the 
machine’s coils. Regarding its value, it is important to mention that it 
has to be lower than the applied voltage, but still very close to it. The 
back-EMF of the machine under study is depicted in Fig. 4.18. As can be 
seen, its amplitude is close to 60V, while the phase shift corresponds to 
a three phase machine (each phase is offset from the others with 120°). 

By applying the Fourier transform to the back-EMF, using JMAG-
Designer Calculation tool, the voltage harmonics were obtained. As can 
be noticed in Fig. 4.19, the voltage harmonics are of odd order. 
Moreover, the most influent one is the 3rd order harmonic, 
corresponding to a frequency of almost 700 Hz.  

In addition, based on the harmonics analysis, the Total Harmonic 
Distortion (THD) can be determined. THD highlights the signal 
distortion compared to the sinusoidal shape and it can be computed 
using the following equation: 

𝑇𝐻𝐷 =  
ඥ∑ 𝑉௛

ଶ௡
௛ୀଶ

𝑉ଵ
∙ 100 [%] (4.46) 

where: - V1 is the RMS value of the fundamental harmonic; 
- Vh is the RMS value of the hth harmonic. 

 
Fig. 4. 18 Back-EMF 
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Fig. 4. 19 Back-EMF harmonics 

The cogging torque describes the interaction between the 
permanent magnets, mounted in the rotor core, and the stator teeth 
[16], [17]. This torque appears because the tendency of the rotor is to 
line up with the stator. Another important aspect regarding the cogging 
torque is that it appears independent of any current. 

It is well known that the cogging torque may be very harmful for 
the machine, reason why many studies were performed on the 
sensitivity of the cogging torque versus different geometrical and 
numerical parameters. In addition, over the time, researchers have 
developed different methods of cogging torque reduction, with the aim 
of minimizing, as much as possible, its negative influence on the 
machine’s behavior.  

Usually, the cogging torque has a very small value compared to 
the electromagnetic torque produced by the machine. Fig. 4.20 
illustrates the cogging torque of the machine under study. Particularly 
for this machine, the cogging torque is very low (almost 0.05 Nm from 
peak to peak), while, as it will be seen in the next subsection, the 
electromagnetic torque reaches a value close to 58 Nm. This means that 
the cogging torque represents less than 0.1% of the electromagnetic 
torque. 
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Fig. 4. 20 Cogging torque 

The magnetic flux density in the air-gap was also considered. 
The importance of studying this parameter is closely related to the fact 
that it has a relevant influence regarding the output torque developed 
by the machine. Regarding the factors that may affect the air-gap 
magnetic flux density, there are the PMs parameters, such as their 
thickness, or the number of poles, as well as the inner and outer rotor 
diameter [18], [19].  

The magnetic flux density in the air-gap versus time is depicted 
in Fig. 4.21. It can be observed that its RMS value is approximately 0.55 
T, and its waveform tends to be sinusoidal. The waveform distortion 
appears as a consequence of the harmonics content which was 
calculated by Fourier transform and is presented in Fig. 4.22. 

 
Fig. 4. 21 Magnetic flux density in the air-gap 
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Fig. 4. 22 Magnetic flux density in the air-gap harmonics              

In order to fully understand the magnetic flux properties of the 
machine, the magnetic flux density in different regions of the stator, 
such as the stator yoke and the stator tooth, was taken into account too. 
The analysis results are highlighted in Fig. 4.23. Compared to the 
magnetic flux density of the stator yoke which has the RMS=0.4 T, the 
magnetic flux density of the stator tooth is larger, having a RMS value of 
about 0.9 T. Moreover, due to the chosen topology [20], the magnetic 
flux density waveform in the stator yoke suffers some distortions from 
the ideal sinusoidal shape, compared to the stator tooth case. This 
observation is also reinforced by the harmonics analysis presented in 
Fig. 4.24. It can be observed that in the case of stator yoke, the 3th 
(corresponding to 700 Hz), respectively the 5th (corresponding to 1167 
Hz) order harmonics have the greatest influence, while in the second 
case, the 3rd order harmonic is the most influent.  

 
Fig. 4. 23 Magnetic flux density in the stator core 
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Fig. 4. 24 Magnetic flux density in the stator core harmonics 

4.5.2. Rated load analysis 

To understand the machine’s behavior when a load is coupled on 
its shaft, a three-phase current source was implemented in the Circuit 
Editor tool.  

The currents for each phase were assigned considering the 
following expressions: 

𝐼஺ = 𝐼 ∙ sin(2𝜋 ∙ 𝑓 ∙ 𝑡 + 𝜃)  

𝐼஻ = 𝐼 ∙ sin ൬2𝜋 ∙ 𝑓 ∙ 𝑡 + 𝜃 +
2𝜋

3
൰ 

𝐼஼ = 𝐼 ∙ sin(2𝜋 ∙ 𝑓 ∙ 𝑡 + 𝜃 −
2𝜋

3
) 

(4.47) 

where: - I=180 A, is the current amplitude; 

 - f=233.33 Hz, is the current frequency; 

 - t, is the time, measured in seconds; 

 - θ=0 rad, is the phase angle. 

The choice of the current phase angle θ=0 rad is explained later 
in this chapter.  

Fig. 4.25 highlights the input currents variation. As it can be 
observed, the root mean square current is slightly over 127 A, while the 



126 

 

peak-to-peak value is 180 A on each phase. This observation was made 
to prove that the settings implemented in the Circuit Editor tool were 
respected and can be found in the analysis results.  

Therefore, the simulation was performed with the same timing 
parameters as no-load analysis. In this case, the following parameters 
were considered: 

 magnetic flux density distribution; 
 magnetic flux lines map; 
 circuit voltage and its harmonics; 
 electromagnetic torque and its components; 
 magnetic  flux density in the airgap and other different 

points of the machine and their harmonics; 
 d- and q-axis inductivities. 

 
Fig. 4. 25 Circuit current variation 

Fig. 4.26 illustrates the magnetic flux lines obtained under rated 
load conditions. As in the case of no-load analysis, the flux lines are 
presented as closed curves that enter in a magnetic pole after passing 
through the opposite pole of the nearest permanent magnet.  

The magnetic flux distribution in the machine is highlighted in 
Fig. 4.27. As it can be noticed, the values slightly exceed the maximum 
values obtained at no-load computation. However, as the higher values 
appear only in the usual critical points, there is no risk for the 
permanent magnets demagnetizing prematurely. 
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Fig. 4. 26 Magnetic flux lines 

 
 

Fig. 4. 27 Magnetic flux distribution map 

Regarding the circuit voltage, the observations made for no-load 
operation scenario on back-EMF are valid, meaning that the sinusoidal 
shape of the curves is preserved, but more distorted from the ideal 
shape, due to the armature reaction. This distortion will also be visible 
when performing the Fourier analysis in order to obtain the voltage 
harmonic. As can be observed in Fig. 4.28, the voltage amplitude is 
about 80 V.  

In addition, similar to no-load simulation, the harmonics are 
from odd order, the third one being the most influent, as shown in Fig. 
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4.29. The difference, in this case, is the more obvious appearance of the 
5th order harmonic. 

 
Fig. 4. 28 Circuit voltage variation 
 

 
Fig. 4. 29 Circuit voltage harmonics 

The electromagnetic torque developed by the machine versus 
time is presented in Fig. 4.30. As it can be noticed, its instantaneous 
value varies from 56.67 Nm and 58.76 Nm, having a peak-to-peak ripple 
of about 2 Nm. Moreover, the average value is 57.66 Nm.  

Based on the maximum, minimum and average values, the 
torque ripple relative value can be computed with the following 
equation [3]: 

𝑇௥௜௣௣௟௘ =
𝑇௠௔௫ − 𝑇௠௜௡

𝑇௔௩௚
∙ 100 =

58.76 − 56.67

57.66
∙ 100 = 3.63 %  

(4.48) 
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Fig. 4. 30 Electromagnetic torque 

Besides the torque ripple content, it is also important to analyze 
the electromagnetic torque components. In the case of PMSMs with 
salient rotor, the total torque is composed of the reluctance torque and 
the torque developed as a result of the interaction between the 
magnetic field of the permanent magnets and the magnetic field of the 
stator, hereinafter referred to as the magnet torque [21], [22].  

When designing a PMSM, it is mandatory to synchronize the 
magnetic flux of the PMs with the magnetic flux of the stator, in order to 
maximize the machine’s performances. A complete synchronization 
requires, in addition to adjusting the frequency, also adjusting the 
stator currents phase angle (θ). 

Fig. 4.31 depicts the torque components, as well as the total 
torque of the machine versus current phase angle. As it can be seen, the 
machine’s capacity to produce reluctance torque depends on the 
current phase angle, because this angle highly influences the permanent 
magnets flux linkage. The maximum torque is obtained for a current 
phase angle of 0 degree. As a consequence, when defining the current 
source component properties, in the Circuit Editor tool, the current 
phase angle (θ) was chosen to be 0 degree.   
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Fig. 4. 31 Electromagnetic torque components 

Therefore, in order to be able to do the torque separation, frozen 
permeability method was implemented. For each current phase angle 
value, the average value of each torque component was calculated and 
represented on the graph. The torque separation into components is 
based on the electromagnetic torque equation, highlighted below.  

𝑇௘ =
3

2
∙ 𝑝 ∙ [𝛹௉ெ ∙ 𝑖௤ + ൫𝐿ௗ − 𝐿௤൯𝑖ௗ ∙ 𝑖௤] (4.49) 

The first component, which plays the most important role, is the 
synchronous torque, while the second component is the reluctance 
torque, developed by the variation of the machine’s air-gap reluctance 
with the rotor position.   

Regarding the magnetic flux density in the air-gap at rated load 
operation, the observations made for no-load scenario are still valid, 
specifying that, in this case, its amplitude is a little bit higher, as 
expected, with a RMS value equal to 0.79 T, as shown in Fig. 4.32. 
Moreover, its waveform suffers certain distortions from the ideal shape 
too, the harmonics analysis being presented in Fig. 4.33. 

The same can be said in the case of magnetic flux density in the 
stator core. As in the case of no-load analysis, two key points were 
chosen, one in the stator yoke and the other one in the stator tooth, on 
which the analysis were performed. In the case of stator yoke, the RMS 
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value remains equal to the one obtained at no-load analysis, while, in 
the case of stator tooth, a slight increase can be observed (RMS=1.05 T). 
The stator core magnetic flux density versus time is represented in Fig. 
4.34.  

 
Fig. 4. 32 Magnetic flux density in the air-gap 

 
Fig. 4. 33 Magnetic flux density in the air-gap harmonics 

 
Fig. 4. 34 Magnetic flux density in the stator core 
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From the waveform point of view, an improvement can be 
observed in the case of stator yoke, the results of the Fourier analysis 
being presented in Fig. 4.35. 

 
Fig. 4. 35 Magnetic flux density in the stator core harmonics              

Another very important parameter of the machine, which was 
also considered in this analysis, is the motor’s inductances. In this 
regard, the d-axis, respectively the q-axis inductances were computed 
using JMAG Motor Inductance tool. 

Firstly, the d-axis inductance when applying only the d-axis 
current was computed. The same analysis was implemented for q-axis.  
In this situation, the two axes are considered completely independent of 
each other. In other words, the q-axis has no influence on the d-axis, 
and vice versa. However, in practice, as both axes share the same 
magnetic circuit, the influence of one on the other one is imminent [23], 
[24]. This kind of calculation can be implemented with good results 
when the machine operates below the saturation point. As previously 
explained in Chapter 4, in this case, the d- and q-axis inductances 
depend only on the current and flux variations of their own axis. The 
results of this analysis are highlighted in Fig. 4.36. It can be seen that 
the quadrature inductance is larger than the direct inductance (Lq>Ld). 
The explanation is based on the fact that the q-axis flux has less air in its 
path than the d-axis flux. This means that the quadrature reluctance is 
lower than the direct reluctance. By definition, reluctance is the inverse 
of inductance, therefore, Lq>Ld. 
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Fig. 4. 36 Ld and Lq when cross-saturation is not considered 

If there would be no saturation, the d-axis, respectively q-axis 
inductances will remain constant, regardless the value of q-, 
respectively d-axis current. 

In order to highlight the cross-saturation effect on Ld, several 
analysis were performed at different Iq currents, while the direct-axis 
current varied. The resulting curves are presented in Fig. 4.37. From the 
figure it can be seen that with the increase of quadrature current, the 
iron saturates and, as a consequence, the d-axis inductance will 
decrease.  

In addition, for the q-axis, the same procedure was implemented 
(different values of Id were applied, while the Iq current was varied) and 
the results are shown in Fig. 4.38. The interpretation of the results is 
based on the same observations made in the case of Ld.  

 
Fig. 4. 37 Ld when cross-saturation is considered 
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Fig. 4. 38 Lq when cross-saturation is considered 

Moreover, to highlight the cross-saturation effect, the d-axis, as 
well as the q-axis inductances were computed by varying the q-, 
respectively d-axis currents. The simulations were performed at 
different d-axis current, respectively q-axis current and the results are 
presented in Fig. 4.39, for direct inductance, and Fig. 4.40, for 
quadrature inductance. 

As in the previous case, the decreasing of inductance value with 
the increasing of the current can be observed. Moreover, it can be 
observed that the cross-saturation effect in the case of Ld is more 
pronounced than in the case of Lq. This is mainly due to the d-axis flux 
path. 

 
Fig. 4. 39 Ld when cross-saturation is considered 
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Fig. 4. 40 Lq when cross-saturation is considered 

Therefore, in order to obtain an image of the machine under 
study as accurate as possible, in addition to the d- and q-axis 
inductances computation when only the direct, respectively the 
quadrature currents are considered, the parameters should be 
determined when saturation and cross-saturation phenomena are 
considered. Thus, the influence of these two phenomena can be fully 
understood.  

In addition, in order to validate the designed model with the 
requirements, the graph presented in Fig. 4.1 was rebuilt based on the 
results obtained from the electromagnetic analysis of the machine and 
shown in the figure below.  

 
Fig. 4. 41 Computed mechanical power and electromagnetic torque 
variation vs speed 
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Comparing the required performances with the computed ones, 
it can be seen that the designed machine meets the imposed 
requirements. To highlight the small differences between the required 
data and computed ones, on Fig. 4.42, the four data sets are 
superimposed as follows: the required/computed mechanical power, 
respectively the required/computed torque. 

 
Fig. 4. 42 Required/Computed mechanical power and electromagnetic 
torque variation vs speed 

Regarding the machine’s efficiency, Fig. 4.43 shows the efficiency 
map in the speed range of 0 to 8000 rpm. As it can be seen, at the point 
of rated operation, the efficiency of the machine is over 91% (91.4%). 
Moreover, the machine could operate at this efficiency and rated 
torque, up to a speed of approximately 4000 rpm. It can also be 
highlighted that, on the curve related to the constant power (Fig.4.44), 
the machine operates at a favorable efficiency of over 70%, as Fig.4.45 
depicts. 
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Fig. 4. 43 Efficiency map vs speed  

 
Fig. 4. 44 Efficiency map, computed mechanical power and 
electromagnetic torque vs speed 
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Fig. 4. 45 Efficiency versus speed on the mechanical characteristic 

In addition, Fig.4.46 highlights the machine’s iron losses, 
computed in rotor and stator cores. As it can be noticed, the losses 
increase with the increasing of the machine’s speed. Therefore, at rated 
speed point, the total iron losses are about 350 W.  

 
Fig. 4. 46 Iron losses in the machine 
 
 In conclusion, by performing all the analyzes previously 

described, a faithful image of the machine that is the subject of this 
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thesis was obtained, thus knowing the main parameters and how it 
behaves in different operating scenarios.  

4.6 Thermal analysis  

The purpose of electrical machine’s thermal analysis is based on 
increasing its energy efficiency, as well as reducing the costs. As 
mentioned in Subsection 3.5.2, the thermal analysis can be performed 
both analytically and numerically. 

Therefore, to perform the thermal analysis on the machine that 
is the subject of this thesis, the FEA method was used through JMAG 
Designer. 

The main thermal characteristics of the materials from which the 
machine components are made are presented in the table below. It is 
important to mention that in carrying out the analysis, the main 
parameter that must be taken into account is the thermal conductivity. 

Table 4. 10 Materials thermal properties. 
Material Thermal 

conductivity 
[W/m/°C] 

Specific 
heat 

[J/kg/°C] 
M330-50A 

(Electrical steel) 23 460 

Copper 400 380 
N38SH (Sintered 

NdFeB) 
7.6 460 

In order to perform the thermal analysis, it is necessary to take 
into account the machine’s losses. This was achieved by including the 
loss analysis results when defining the simulation conditions related to 
the heat sources.  

In addition, the heat transfer boundary conditions were 
implemented for each machine’s component by taking into account that 
the machine is cooled with water, and linked to the circuit components. 
In this regard, the heat transfer coefficient was chosen 1000 W/m2/°C, 
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considering that the natural convection of water is between 851 and 
1703 W/m2/°C. 

Moreover, the heat transfer boundary between stator and gap, 
respectively rotor and gap was analytical calculated, resulting in 174 
W/m2/°C. 

Next, the Contact thermal resistance condition between coils and 
stator was implemented, as well as between magnets and rotor. This is 
equal to the maximum value between the thermal conductivities of the 
considered materials.  

Also, the boundary condition was implemented, as well as the 
initial temperature equal to 20°C. Finally, the machine’s motion 
condition was set, by which the moving parts of the machine, the speed 
and the initial position of the rotor were defined.  

The simulation was run for 3600 s, at rated speed of 2800 rpm 
and the ambient temperature of 20°C. The results regarding the 
variation of temperature as function of time, presented in Fig. 4.47 
show that the machine does not present any problems from a thermal 
point of view, as the temperature does not exceed the maximum 
allowed value. 

 
Fig. 4. 47 Temperature variation of the main components of the 
machine vs time 
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4.7 Dynamic modelling  

In order to complete the analysis of the machine under study, a 
control strategy will be implemented and tested. In this regard, over the 
time, different control strategies were developed. The variety of the 
strategies is due to the fact that a proper control strategy according to 
the application can considerably improve the drive system 
performances. Regarding PMSMs, since they are both time-variant and 
nonlinear, the control strategy is crucial to achieve a high performance 
drive system, with fast dynamic response and low sensitivity to 
parameter changes or external factors.  

The available control strategies can be broadly divided in two 
categories, as follows: scalar control and vectorial control. 

Scalar control is the simplest control technique and it is based on 
maintaining the ratio between voltage and frequency, respectively 
current and frequency constant across the machine’s speed range.  

It involves the use of an open loop, therefore any feedback from 
the machine’s parameters or the rotor position is not required. Hence 
the simplicity of this strategy, which is also easy to be implemented 
with low requirements on the processing capability of the hardware 
device [25].  

However, there are significant drawbacks too. For instance, this 
strategy has low dynamic performances and, as a consequence, it is 
mainly used in applications such as pumps or fans. In addition, it may 
cause the instability of the entire system when the input frequency is 
too high. To overcome this inconvenience, dumping windings must be 
included into the rotor, to ensure that it is synchronized with the 
frequency. Unfortunately, nowadays, due to the fact that they limit a lot 
from a constructive point of view, most PMSMs are designed without 
damping windings [26][27]. 

Fig. 4.48 shows a Simulink model of a scalar control, 
implemented for a PMSM, from the specialized literature. 
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Fig. 4. 48 The scalar control block diagram [28] 

The Field Oriented Control (FOC) strategy is an advanced control 
method that was developed in 1970s.  

The idea of developing this strategy started from the simplicity 
of controlling the DC machine with separate excitation. It is well known 
that the torque can be expressed as the product between the stator flux 
and the armature current. In the case of separately excited DC machine 
these two parameters can be adjusted independently of each other. 
Moreover, by keeping the stator flux constant, the torque will be 
influenced only by the variation of the armature current. Thus, in order 
to obtain a maximum torque, the windings are aligned in such a way 
that the flux is always orthogonal to the stator current. This assumption 
is not always valid for AC machines, and, in addition, the flux and the 
stator current cannot be completely separated. Therefore, the main 
purpose of FOC strategy is to decouple the flux and the current, so that 
the torque can be independently controlled. In addition, the produced 
electromagnetic torque can be controlled to manage the machine’s 
speed, as long as the magnetization is kept at an appropriate level 
[29][30]. 

In order to decouple the two previously mentioned parameters, 
the machine’s equations in three-phase reference frame must be 
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transformed, using Park and Clarke transformations, into the dq 
reference frame.  

Fig. 4.49 shows a literature example of a FOC strategy 
implementation on a PMSM, using MatLAB Simulink software. As it can 
be seen, the control is done by comparing the reference speed with the 
machine’s speed. The current controller block compares the estimated 
current components with the actual input currents and, as a result, the 
reference values of the supply voltage are obtained. All of these 
components are expressed in d-q reference frame. Then, the d- and q-
axis voltage components are transformed into three-phase reference 
system before being applied to the machine, using the PWM technique 
[31].  

Fig. 4. 49 The FOC strategy block diagram [31] 

Regarding the most important advantages of this strategy, the 
good dynamic response has to be mentioned, as well as the increased 
efficiency, considering that the torque ripple content can be 
considerably reduced if the optimal simulation conditions are ensured. 
On the other hand, among the drawbacks, there is the necessity of using 
a position sensor, as the rotor position is essential. 
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In addition, the FOC strategy can be implemented in combination 
with the Maximum Torque per Ampere (MTPA) strategy, which is, in 
fact, a current angle control technique that maximizes the 
electromagnetic torque produced by the machine for a given current, by 
reducing the machine’s copper losses [32].  

In order to implement the MTPA control strategy, the machine’s 
torque equation (4.50) should be expressed based on the supply 
current (is). 

𝑇௘ =
3

2
∙ 𝑝 ∙ [𝛹௉ெ ∙ 𝑖௤ + ൫𝐿ௗ − 𝐿௤൯𝑖ௗ ∙ 𝑖௤] (4.50) 

Therefore, the d- and q-axis currents can be defined as: 

𝑖ௗ = 𝑖௦ ∙ cos 𝛼 (4.51) 
𝑖௤ = 𝑖௦ ∙ sin 𝛼 (4.52) 

where α is the current angle, highlighted in the figure below. 

 
Fig. 4. 50 Stator current components in d-q reference frame 

Having the d-, respectively q-axis current components and 
replacing them in the electromagnetic torque equation it results: 
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𝑇௘ =
3

2
∙ 𝑝 ∙ 𝛹௉ெ ∙ 𝑖௦ ∙ sin 𝛼 +

3

4
∙ 𝑝 ∙ ൫𝐿ௗ − 𝐿௤൯ ∙ 𝑖௦

ଶ ∙ sin 2𝛼 (4.53) 

  
𝑇௘

𝑖௦
=

3

2
∙ 𝑝 ∙ 𝛹௉ெ ∙ sin 𝛼 +

3

4
∙ 𝑝 ∙ ൫𝐿ௗ − 𝐿௤൯ ∙ 𝑖௦ ∙ sin 2𝛼 

(4.54) 

Next, the d-axis current component at which the maximum 
electromagnetic torque is produced can be determined by deriving 
equation 4.54, considering that the maximum torque value is achieved 

when 
డ

೅೐
೔ೞ

డఈ
= 0. 

𝜕 ೐்

௜ೞ

𝜕𝛼
= 𝛹௉ெ ∙ cos 𝛼 + (𝐿ௗ − 𝐿௤) ∙ 𝑖௦ ∙ (2 ∙ 𝑐𝑜𝑠ଶ𝛼 − 1) = 0 (4.55) 

Therefore,  

cos 𝛼 =

−𝛹௉ெ + ට𝛹௉ெ
ଶ + 8(𝐿ௗ − 𝐿௤)ଶ ∙ 𝑖௦

ଶ

4(𝐿ௗ − 𝐿௤) ∙ 𝑖௦
 (4.56) 

By replacing equation 4.56 in 4.51 and 4.52, the d- and q-axis 
currents can be determined.  

𝑖ௗ =

−𝛹௉ெ + ට𝛹௉ெ
ଶ + 8(𝐿ௗ − 𝐿௤)ଶ ∙ 𝑖௦

ଶ

4(𝐿ௗ − 𝐿௤)
 (4.57) 

𝑖௤ = ට𝑖௦
ଶ − 𝑖ௗ

ଶ (4.58) 

Fig. 4.49 highlights a literature example of a FOC strategy 
implementation combined with MTPA strategy. This is identical to the 
one shown in Fig. 4.51, except that, in this case, the instantaneous 
values of d-axis and q-axis reference currents are calculated in the 
MTPA block. In this regard, the electromagnetic torque is maximized.  
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Fig. 4. 51 The FOC strategy block diagram with MTPA [31] 

4.6.1. Simulation results 

In order to validate the IPMSM model, the MatLAB Simulink 
software was used. The FOC strategy implemented is based on the 
available model from the MatLAB library and adapted for the machine 
under test. This method was chosen due to its simplicity and good 
accuracy.  

In addition, for better performances, the MTPA strategy was 
introduced too. 

The validation of the machine consists in the development of 
four operating scenarios as follows: 

 starting the machine in no load operation mode and 
operating it at rated speed; 

 starting the machine in rated load operation mode and 
operating it at rated speed; 

 starting the machine in rated load operation mode and 
varying its speed; 

 acceleration up to the maximum speed and rated load. 
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4.6.2.1 No load operation 

The IPMSM was firstly tested for no load operation, at rated 
speed of 2800 rpm. As it can be noticed in the figure below, the machine 
reaches the rated speed in 0.15 seconds. Also, at that moment it can be 
seen that the machine reaches the static operation regime. The impact 
of acceleration can be observed in the case of currents and 
electromotive force. 

 
 

 
 

 
 

Fig. 4. 52 No load operation 
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4.6.2.2 Rated load operation 

In the case of rated load operation, the machine was tested at 
rated speed of 2800 rpm and rated torque of 58 Nm. As it can be seen in 
Fig. 4.53, both speed and torque closely follow the imposed references, 
therefore, it can be concluded that the machine operates as expected.  
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Fig. 4. 53 Rated load operation 

4.6.2.3 Rated load and variable speed 
operation 

For this simulation, the speed was increased in steps up to the 
rated speed of 2800 rpm, while the torque was kept constant at the 
rated value of 58 Nm. This simulation was performed by implementing 
the MTPA technique. As it can be noticed in the figure below, the 
machine operates as intended since it adheres both to the speed and 
torque profiles. The fluctuations observed in the case of torque and 
currents are due to the accelerations. 
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Fig. 4. 54 Rated load and variable speed operation  
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4.6.2.4 Acceleration up to the maximum 
speed and rated load operation 

This simulation scenario aims to validate the machine’s flux 
weakening operation regime. In this regard, a speed ramp starting from 
0 rpm to 7500 rpm was implemented, while the imposed torque was 58 
Nm. As it can be observed in the figure below, the torque is kept 
constant at the imposed value of 58 Nm until the machine reaches the 
rated speed of 2800 rpm. As the speed increases above the rated value, 
the torque decreases in order to maintain the mechanical power 
constant.  
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Fig. 4. 55 Acceleration up to the maximum speed 

Therefore, upon all the results previously illustrated, it can be 
concluded that the machine operates as intended since it adheres to 
imposed scenarios, both in no load and rated load operation.  
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5. Laboratory Testing 

5.1 Introduction 

The present chapter deals with the experimental validation of 
the machine under test. In this regard, the test bench on which the 
machine is mounted is presented. Next, the main electrical parameters 
of the machine are measured and compared with the theoretical ones. 
Further, the machine’s behaviour is tested on the test bench, for 
different operating scenarios. All the results are presented and analysed 
in this chapter.    

5.2 The test bench 

The IPMSM was built by ICPE București, based on the data 
obtained from the previously presented calculations and simulations. 
The two figures below highlight the machine’s stator core and the 
winding distribution, respectively the rotor core. 

a b 
Fig.5. 1 IPMSM prototype a. stator core and winding, b. rotor core 
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The experimental validation of the IPMSM under test was 
carried out through hardware-in-the-loop (HiL) simulation testing 
[1][2][3]. This method was chosen especially because it allows a quick 
prototyping of the system to be tested, given the fact that the models 
designed in MatLAB Simulink, for instance, or any other embedded 
software, can be loaded on the processing unit (in this case, dSpace 
MicroLab Box). In this way, real time read/write operations can be 
performed on the inputs and outputs of the processing unit. 

Fig. 5.2 highlights the main components of the testing set-up. 
These include, the 3-phase IPMSM to be tested, an inverter that supplies 
the necessary AC voltage, the power supply that feeds the inverter, an 
induction machine used as load, as well as the power supply that feeds 
the load.  

The induction machine that serves as load is controlled using the 
dSpace processing unit, in order to be able to impose the desired load 
torque. 

In addition, in order to determine the currents, torque and speed 
of the machine under test, current/torque sensors, respectively an 
encoder were used. They communicate the collected information to the 
processing unit. 

Regarding the processing unit, as previously mentioned, the 
dSpace MicroLab Box was used, on which the Permanent Magnet 
Synchronous Machine control strategy was loaded. MicroLab Box is an 
all-in-one tool that combines a large number of input/output ports, a 
high-performance processor, and an FPGA into a single device, to 
provide users with a complete tool for real-time control applications. 
The device is equipped with a four cores Intel processor that ensure 
high performances in terms of computing, while the integrated FPGA 
that can be programmed in MatLAB Simulink offers high capabilities in 
terms of signal processing.   

For the user interface, ControlDesk software was chosen due to 
the advantages it offers in terms of data accessibility. 
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Fig.5. 2 Experimental set-up diagram for IPMSM testing 

5.3 Ld, Lq measurement 

In order to validate the machine, the d-axis, respectively q-axis 
inductances should be firstly measured.  

The method by which the inductivities were measured is based 
on machine’s circuit time constant (τ) [4]. 

τ =
𝐿

𝑅
 (5.1) 

Knowing that: 

𝐿ௗ =
ଶ

ଷ
𝐿, when d-axis is aligned with phase A (5.2) 

𝐿௤ =
ଶ

ଷ
𝐿, when q-axis is aligned with phase A (5.3) 
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 the d-, and q-axis components can be determined using: 

𝐿ௗ =
ଶ

ଷ
τ𝑅, when d-axis is aligned with phase A (5.4) 

𝐿௤ =
ଶ

ଷ
τ𝑅, when q-axis is aligned with phase A (5.5) 

The circuit time constant can be defined as the time interval 
from the voltage step start until the winding’s current reaches 63.2% of 
its final value [5]. Therefore, the circuit time constant can be 
determined by monitoring the winding’s current until its value is 
stabilized and computing the time until 63.2% of its total value is 
reached.  

To compute the inductance on d-axis, the circuit highlighted in 
Fig. 5.3 must be implemented. Firstly, the phase A is connected to the 
positive potential of the source, while B, respectively C phases are 
connected to the negative potential of the source. Now, the machine’s 
rotor is aligned with phase A and the machine is supplied with a low 
voltage. Next, the rotor shaft must be locked, phase A must be linked to 
the negative terminal, while phases B and C must be linked to the 
positive terminal (see Fig. 5.3 b). 

  
(a) (b) 

Fig.5. 3 d-axis circuit (a) positive supply, (b) negative supply 

Several tests were carried out at different DC voltage levels, 
starting with 0.2 V, up to 6 V, increasing the voltage with 0.2 V/test. 
Thus, the current was monitored, and for each case the time until the 
current reaches 63.2% of its final value was determined, therefore the 
circuit time constant for d-axis is known.  
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In order to determine the q-axis inductance, the same principle 
was applied, with the main difference that, in this case, the rotor was 
aligned with the q-axis. The circuit used for this situation is presented 
in Fig. 5.4. Now, the phase B is connected to the positive potential of the 
DC source, while phase C to the negative one. As it can be noticed in Fig. 
5.3 a, phase A is floating. The rotor shaft must be locked when the rotor 
is aligned with the q-axis, phase A should be connected to the positive 
potential, while phases B and C must be linked to the negative terminal 
(see Fig. 5.4 b). Next, the same tests as in the previous case are carried 
out, in order to determine the circuit time constant for q-axis. 

The measurements at higher voltages aim to determine how the 
saturation and cross-saturation phenomena influence the machine’s 
inductances. 

  
(a) (b) 

Fig.5. 4 q-axis circuit (a) positive supply, (b) negative supply 

Fig. 5.5 shows the measured d-, and q-axis inductances versus 
current, compared with the computed values. The differences between 
the measured and simulated values can be observed especially in the 
case of direct axis inductance, at higher currents. The measured d-axis 
inductance is higher than the computed one, and it is almost constant. 
Regarding the q-axis inductance, the differences between the measured 
and simulated values are small, and the measured values are lower than 
the computed ones. 
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Fig.5. 5 Measured and computed d-, and q-axis inductances vs current 

It can be noticed that the measured values for Lq are closer to 
the computed ones, while for measured Ld the values are decreasing 
more with the increasing of the phase current compared to the 
computed ones. This is due to the manufacturing tolerances. The 
current values went up to 60% of the current rated value, in order to 
avoid the demagnetization of the permanent magnets. 

5.4 Testing the machine at no load operation 

Firstly, the no load operation of the machine was tested. In this 
regard, the IPMSM was tested at different speeds (250 rpm, 500 rpm, 
1500 rpm, 1733 rpm, and 2000 rpm) and the results were compared 
with the simulated results.  

Next, the most significant results obtained at the previously 
mentioned speed values are given. In all the cases the plots versus time 
of the measured/simulated speed, phase currents, measured/simulated 
direct and quadrature currents, and measured induced electromotive 
force are depicted. 
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Fig.5. 6 No load  operation – 250 rpm 
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Fig.5. 7 No load  operation – 500 rpm 
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Fig.5. 8 No load  operation – 1500 rpm 
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Fig.5. 9 No load  operation – 1733 rpm 
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Fig.5. 10 No load  operation – 2000 rpm 
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Table 5. 1 The RMS values of the measured vs. simulated phase 
current and voltage. 

 250   
[rpm] 

500   
[rpm] 

1500 
[rpm] 

1733 
[rpm] 

2000 
[rpm] 

IRMS_measured 
[A] 0.0253 0.0225 0.219 0.0243 0.0231 

IRMS_simulated 
[A] 0.05 0.097 0.21 0.21 0.24 

URMS_measured 
[V] 3.93 7.93 23.87 27.84 31.77 

URMS_simulated 
[V] 2.96 5.81 21.63 26.98 31.59 

 

5.5 Testing the machine at constant torque and 
variable speed 

In order to perform this test, the machine’s torque was kept 
constant, at 30Nm, while the speed was varied in steps, from 800 rpm 
to 2800 rpm. In the figures below it can be seen that the IPMSM 
operates as expected, the results being comparable to those obtained in 
simulations. 
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Fig.5. 11 Constant torque operation 

 



170 

 

5.6 Testing the machine at constant speed and 
variable torque 

The following measurement was carried out with the machine 
operating at speed of 490 rpm, while the torque was varied in three 
steps, at 7.94 Nm, 12.49 Nm, and 14.33 Nm, respectively.  

The following figures depict the most important results 
extracted from the performed measurement. As it can be noticed, the 
measured results correspond to the simulated values, the machine 
under test closely respecting the given profile. 
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Fig.5. 12 Constant speed operation 
 

This chapter was intended to validate the developed IPMSM 
experimental model. In conclusion, by performing all the analyzes 
previously described, the theoretical results were validated by the 
experimental measurements, as the machine operates as expected on 
the test bench.  
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6. Conclusions, Contributions, and Future 
work 

6.1 Final conclusions 

The main purpose of this thesis is to design an IPMSM for the 
propulsion system of an electrical vehicle. The first chapter highlights 
the context of the work by presenting the PMSM, its particularities, 
advantages, and disadvantages compared to other available machines 
on the market, the principle of operation, as well as the constructive 
elements and variants. 

Regarding this particular application, a set of requirements were 
imposed. The author had to transform these requirements in 
specifications of the propulsion system in order to be able to design an 
electrical machine suitable for the given application. 

Once the machine’s specifications were established, the IPMSM 
pre-sizing stage began. In this regard, a pre-sizing algorithm was 
developed, based on which the main dimensions of the machine were 
determined, the materials from which the main elements of the 
machine will be built, as well as details such as: the slots-poles 
combination or the winding configuration. In addition, to determine the 
main dimensions of the machine to be designed, the limitations 
imposed by the manufacturing company were also taken into account.  

Next, the electromagnetic analysis of the machine was 
performed using JMAG Designer software package. Based on the results 
obtained in the pre-sizing stage, the machine’s model was built. Firstly, 
the machine’s rotor and stator were modelled, followed by the 
winding’s modelling. Then, the materials from each part is built were 
assigned, as well as the conditions of the analyses. Next steps consisted 
in implementing the machine’s circuit, setting the mesh and the 
simulations parameters.  
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After all the steps above mentioned have been completed, the 
electromagnetic analysis of the machine was performed. For the 
simulations, two scenarios (no-load operation, rated-load operation) 
were considered.  

For the no-load analysis the magnetic flux density distribution, 
the magnetic flux lines, the cogging torque, the induced electromagnetic 
force and its harmonics, as well as the magnetic flux density in the air-
gap and other different point of the machine and their harmonics were 
taken into account. 

On the other hand, for rated-load operation, flux density 
distribution, the magnetic flux lines, the electromagnetic torque with its 
components and the torque ripple content, the magnetic flux density in 
the air-gap and other different point of the machine and their 
harmonics were analysed. In addition, the machine’s parameters, such 
as the d- and q-axis inductances were computed. Moreover, to compute 
the machine’s inductances, the saturation and cross-saturation 
phenomena were taken into account in order to analyse the influence of 
these phenomena on machine’s behaviour.  

Furthermore, the efficiency map of the machine was computed 
in the speed range of 0-8000 rpm (the maximum speed). This was 
aimed at identifying the efficiency of the machine on the mechanical 
characteristic, thus, the following was concluded: 

 the machine’s efficiency at rated speed and torque is over 
91% (the imposed efficiency by requirements); 

 the machine could operate at this efficiency and rated 
torque up to a speed of 4000 rpm; 

 on the curve related to constant power, the machine’s 
efficiency is over 70%. 

Moreover, the thermal analysis of the machine was performed 
and the results show that the machine does not present any problems 
from a thermal point of view, as the temperature does not exceed the 
maximum allowed value. 
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In addition, in order to obtain to complete the analysis of the 
machine under study, a control strategy will be implemented and 
tested. For this particular case, the FOC strategy was chosen because of 
its advantages and simplicity. In addition, to maximize the control 
performances, FOC was combined with MTPA technique. Upon the 
performed simulations, it can be concluded that the machine operates 
as intended since it adheres to the requirements. Moreover, the results 
of these simulations validate the results obtained in JMAG Designer, 
being very similar to them.  

Next, to validate the machine’s prototype, a laboratory test 
bench was built in the Electrical Machines Research Laboratory of the 
Technical University of Cluj-Napoca. The first measurement was 
performed to determine the d- and q-axis inductances, and the obtained 
measurements were compared with the simulated one. It was 
concluded that the small differences between data are related both to 
the material imperfections and manufacturing process. After that, the 
machine was tested on the test bench. In this regard, three operation 
scenarios were implemented (no load operation at different speed, 
constant torque and variable speed operation, constant speed and 
variable torque operation) and the results are presented in Subsections 
5.4 to 5.6. 

By comparing both theoretical and experimental results, it was 
concluded that the designed IPMSM works properly and as expected.  

Therefore, it can be concluded that the proposed design, namely 
the IPMSM having a configuration of 10 poles and 24 slots, meets all the 
application requirements. In addition, all the analysis, applied 
techniques, and devices were completely competent to validate the 
proposed design.  

6.2 Personal contributions 

The main contributions of this work are summarized below, as 
follows: 
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 performing a comprehensive literature review regarding 
the Permanent Magnet Synchronous Machines used for 
electrical vehicles propulsion system, based on the 
available specialized books and papers; 

 identifying the main requirements of a propulsion system 
for electrical vehicles; 

 identifying the best-fitted electrical machine for the given 
application, by reviewing the literature; 

 defining the specifications of the electrical machine to be 
designed; 

 defining the IPMSM design algorithm; 
 pre-sizing the electrical machine, including the 

computation of the main dimensions of the machine 
(such as, the inner/outer stator/rotor diameter, the 
machine’s length, the PMs/slots dimensions , the choice 
of the optimal combination between the number of poles 
and number of stator slots, the materials from which the 
machine’s components are made, etc.); 

 analysing the influence of winding configuration on the 
machine’s performances; 

 development of the Interior Permanent Magnet 
Synchronous model in JMAG Designer; 

 performing the electromagnetic analysis of the machine; 
 analysing the influence of saturation and cross-saturation 

phenomena on the machine’s performances;   
 performing the thermal analysis of the machine; 
 implementing the FOC and MTPA strategies to validate 

the machine; 
 testing the machine on the test bench; 
 interpreting the results obtained, comparing them with 

the simulated results and validating the machine. 

6.3 Future work 

Regarding the future work, the following items should be 
implemented:  
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 performing a 3D analysis and comparing the results 
obtained via 2D and 3D simulations; 

 performing  structural analysis of the machine; 
 performing the optimization of the machine under test; 
 designing new models and analysing the differences 

between them and the machine that make the object of 
this thesis in terms of performances; 

 improving the laboratory set-up to obtain a wider 
spectrum of experimental results. 
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