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Abstract  

In the recent years, water pumping and other hydraulic applications are increasingly 

demanding motors capable to operate under different working conditions, including 

variable pressure and volumetric flow demands. Moreover, the technical evolution trend 

of pumping components is to minimize the size, offering compact and adaptable 

hydraulic units. Hence, the need to optimize the electric motor part to reduce the volume 

according this trend, maximizing the efficiency, decreasing material and fabrication 

costs, reducing noise and improving thermal dissipation have originated the research 

field of this project.  

So far different methodologies have been focused on designing electrical machines 

considering few aspects, such as the rated conditions with some size limitations. In 

addition, the optimization strategies have been based on single operation conditions, 

improving multiple aspects but not considering the overall performance of the machine 

and its influence with the working system. 

This research changes the design and optimization paradigm, focusing on defining 

beforehand the desired performance of the electrical machine in relation with the 

application system. The customization is not limited to an operating point but to the whole 

performance space, which in this case is the torque-speed area. Thus, the designer has 

plenty of freedom to study the system, and define the desired motor performance 

establishing the size, thermal and mechanical limitations from the beginning of the 

process. 

Moreover, when designing and optimizing electrical machines, the experimental 

validation is of major importance. From an industrial scope so far, the testing 

methodologies are focused on evaluating point by point the electrical machine 

performance, being a robust and trustable way to measure and validate the electrical 

machine characteristics. Nevertheless, this method requires a large time to prepare the 

experimental setup and to evaluate the whole motor performance. For this reason, there 

is a special interest on improving parameter estimation and performance evaluation 

techniques for electrical machines to reduce evaluation time, setup complexity and 

increase the number of physical magnitudes to measure in order to have deeper 

information. This research also develops methodologies to extend the electrical machine 

experimental validation providing information to evaluate the motor performance.  
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Sumario 

En los últimos años, el bombeo de agua, entre otras aplicaciones hidráulicas, exige cada 

vez más motores capaces de operar en diferentes condiciones de trabajo, incluyendo 

las demandas variables de presión y caudal volumétrico. Además, la evolución técnica 

de los componentes de bombeo está cada vez más minimizando el tamaño, ofreciendo 

unidades hidráulicas compactas y adaptables. De ahí la necesidad de optimizar la parte 

del motor eléctrico para reducir el volumen de acuerdo con esta tendencia, maximizando 

la eficiencia, disminuyendo los costos de material y fabricación, reduciendo el ruido y 

mejorando la disipación térmica. Todos estos factores han creado el campo de 

investigación sobre el cual se desarrolla este proyecto. 

Hasta ahora las metodologías se han centrado en diseñar las máquinas eléctricas 

considerando unos pocos aspectos técnicos, como las condiciones nominales con 

algunas limitaciones de tamaño. Además, las estrategias de optimización se han basado 

en condiciones de operación única, mejorando múltiples aspectos sin considerar el 

rendimiento general de la máquina y su influencia en el sistema de trabajo. 

Esta investigación cambia el paradigma de diseño y optimización centrándose en definir 

de antemano el rendimiento deseado de la máquina eléctrica en relación con el sistema 

de aplicación. La personalización no se limita a un punto de funcionamiento sino a todo 

el espacio de operación, que en este caso se expresa en el espacio par-velocidad. Así, 

el diseñador tiene libertad para estudiar el sistema, definir el rendimiento deseado del 

motor estableciendo el tamaño, limitaciones térmicas y mecánicas desde el inicio del 

proceso. 

Además, a la hora de diseñar y optimizar máquinas eléctricas, la validación experimental 

es de gran importancia. En el ámbito industrial hasta ahora, las metodologías de ensayo 

han sido enfocadas a evaluar punto por punto la máquina eléctrica, siendo una forma 

robusta y confiable de medir y validar sus características. Sin embargo, este método 

requiere mucho tiempo para preparar la configuración experimental y evaluar el motor 

en toda su zona de operación. Por esta razón, existe un interés especial en mejorar la 

estimación de parámetros y las técnicas de evaluación de la operación de las máquinas 

eléctricas reduciendo tiempo, complejidad y aumentando el número de magnitudes 

físicas a medir teniendo más información sobre la máquina. Esta investigación también 

desarrolla metodologías para extender la validación experimental de la máquina 

eléctrica proporcionando información para evaluar el rendimiento del motor. 
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1. Introduction 

This first chapter introduces the subject of research of this thesis. First, the research topic is 

introduced in section 1.1, exposing the market trends for water pumping applications and the 

electrical machines demands. Then, the working system is exposed in section 1.2. Subsequently, 

the hypotheses are postulated in section 1.3 providing the basis ideas from which the research 

and development of this thesis is oriented. Finally, and according to the hypotheses formulated, 

the objectives of this research are exposed in section 1.4, detailing the targets of the project.  
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1.1 Research topic 

In the recent years due to the wide range of applications where water pumping is required, the 

operational concept of this system is evolving. For water pumping applications, so far, the 

induction motor has been the most implemented electrical machine, usually conceived to operate 

in a fixed operating point for constant pressure and volumetric flow demands. Nevertheless, 

nowadays hydraulic applications are increasingly requiring systems capable to operate efficiently 

in different conditions. Some of the most demanding applications within water pumping industry 

which require multiple operational conditions to the electrical machine are listed below. 

- Water pumping for domestic residential: 

Domestic residential applications require a non-constant pressure and volumetric flow 

demands. For instance, for water supply, the volumetric flow demands changes 

depending of the number of terminals (washing machine, dishwasher, water taps, toilet 

tank, etc.).  

- Water pumping for collective residential: 

For collective residential, for instance, in pressurization of potable water, the pressure may 

change as a function of multiple factors forcing to adapt the motor operation to guarantee 

a target pressure in each of the required sectors in real time.  

- Water pumping for swimming pools: 

For some swimming pool applications such as integrated fountains with variable demands 

or for recreational applications with non-constant supply.  

- Water pumping for agriculture:  

For some agriculture applications it is necessary to adapt the water supply for different 

irrigation sectors. 

- Water pumping for water treatment:  

The applications for water treatment deal with intermittent processes. During a water 

treatment cycle divided in different sub-processes, each of these sub-processes requires 

different pressure and volumetric flow demands. In addition, the viscosity and density of 

the untreated water is not constant.  

- Pumping for industry and construction sector:  

In industry applications, including the construction sector, there are fluids with different 

viscosities, variable densities and different pressure requirements.  

Moreover, the industry trend for water pumping systems is to minimize the volume of all 

components, providing compact products for the same applications. All these aspects have 

opened a research field to implement new design and optimization methodologies for electrical 
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machines and specifically applied in water pumping systems. To contribute in this field, it is 

necessary to perform a deep analysis of the whole aspects involving the electric machine part. 

Regarding the electric motor, there are different topology options to be implemented in several 

applications. The first topology and the most used during the 20th century has been the induction 

motor (IM), from single to three phase windings. The main advantages of these motors are their 

high reliability in adverse conditions, self-starting capability, the absence of control strategy and 

the low cost of the materials. The second topology introduced recently in the industry is the 

permanent magnet synchronous motor (PMSM). This topology includes diverse rotor 

configurations with different features, such as the surface permanent magnet synchronous motor 

(SPMSM), or the interior permanent magnet synchronous motor (IPMSM) which at the same time 

have different magnet layouts. The third topology is the synchronous reluctance machine (SRM). 

This machine has the advantage of being a rare earth magnet-free machine, therefore the cost is 

much lower than PMSMs. An interesting variation of this machine topology is the permanent 

magnet assisted synchronous reluctance machine (PMA-SynchRM). This variation includes 

permanent magnets but their key role is to improve some features of the SRM, such as the power 

factor and the torque density. Therefore, the permanent magnets can be hard ferrites, keeping 

the cost of the machine low.  

Focusing on the tools available to design electrical machines, finite element analysis (FEA) has 

become the preferential tool, due to the high precision and the multiphysics capability. 

Nevertheless, one of the main drawbacks, is the computational burden, becoming incompatible 

for the everyday use, limiting its usability for industry projects where the available time to design 

an electric machine is long. For this reason, the research must consider the use of the most 

advanced design tools taking into account the feasibility in terms of time, computational resources 

and cost, becoming not only a functional but a practical tool to be used in industry applications.  

Furthermore, from an industrial scope so far, the testing methodologies are focused on evaluating 

point by point the electrical machine performance, being a robust and trustable way to measure 

and validate the electrical machine characteristics. Nevertheless, this method requires a large 

time to prepare the experimental setup and to evaluate the whole motor performance. For this 

reason, there is a special interest on improving parameter estimation and performance evaluation 

techniques for electrical machines to reduce evaluation time, setup complexity and increase the 

number of physical magnitudes to measure in order to have deeper information. For this reason, 

the research should not be developed only to design and optimize electrical machines, but also 
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to provide procedures to analyze and validate the motor performance as a complement of the 

standard test methodology.  

As a noteworthy point, so far the methodologies for designing and optimizing electrical machines 

consider only few aspects such the rated conditions with some size limitations. In addition, the 

optimization strategies have been based on single operation conditions, thus improving multiple 

aspects without considering the overall performance of the machine and its influence with the 

working system. 

This research changes the design and optimization paradigm focusing on defining in advance the 

desired performance of the electrical machine in relation with the application system. The 

customization is not limited to an operating point but to the whole performance space, which in 

this case is the torque-speed area. Thus, the designer has plenty of freedom to study the system, 

define the desired motor performance establishing the size, thermal and mechanical limitations 

from the beginning of the process. 

To summarize, this research work aims to develop a methodology to design and optimize 

electrical machines for hydraulic applications considering multiple operating points, being able to 

reduce volume and cost, using advanced design tools without avoiding functionality and 

practicability for industry applications. Moreover, the methodology must consider efficient 

techniques to validate experimentally the electric motor performance as a complement of the 

standard test procedure.  



 

 

5 

 

 

 

1.2 Working system 

The working system is presented. It is mainly composed of three components, the motor drive 

(MD), the electrical machine (M) and the water pump (WP). Figure 1 exposes the working system 

including the power network (NW) either three or single phase line. 

M WP
eP mP

FeP CuP
mlP

pumpP

winP

woutP

pumpH

pump

m

MDNW

mdP

nwP

 

Figure 1: Water pumping working system 

The water pump performance must be considered to give useful information about the electrical 

machine demands. To do so, as a first step, the hydraulic curves of the application are profiled, 

those are the hydraulic efficiency, pressure and required power over volumetric flow rate. 

 

(a) 

 

(b) 

 

(c) 

Figure 2: Hydraulic curves. (a) Pump efficiency (ηpump) (b) Height pressure (Hpump) (c) Mechanical power 

required by the pump (Ppump) over volumetric flow rare. 
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From the curves exposed in Figure 2, the motor requirements are calculated. Despite having the 

hydraulic curves, they are expressed as a function of the volumetric flow rate, which does not 

provide useful information about the motor requirements. To transform all available data to extract 

the motor demands some conversions are needed.  

First, the torque demands expressed as a function of the volumetric flow rate are obtained from 

the mechanical power (Ppump). 

Once the torque demands are calculated, for each angular speed the full torque range is known. 

Thus, along the rotational speed range, the torque area defining the working region of the 

electrical machine in torque-speed area is found.  

 

Figure 3: Water pump torque-speed operation area. 

Figure 3 shows the water pump torque-speed operation area. The superior and inferior envelopes 

define, respectively, the maximum and minimum torques demanded by the water pump for every 

rotational speed. 

For all operational points rearranged in the torque-speed plane, the hydraulic efficiency ηpump is 

available. Therefore, the hydraulic efficiency can be placed within the torque-speed map. This is 

named hydraulic torque-speed efficiency map as shown in Figure 4. 

  
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Figure 4: Water pump experimental torque-speed-efficiency map. 

The experimental torque-speed-efficiency map of the water pump is the basis and starting point 

from which the hypotheses are formulated and, therefore, the starting point to develop the design 

optimization methodology. The objective is to locate the region of interest where the system is 

required to operate. Thus, the designer can customize the motor adapting its performance to the 

given region. Special interest is brought to the efficiency due the overall system is intended to be 

improved by defining the electrical motor performance. 

For instance, Figure 5 shows a generic example where, starting from the experimental torque-

speed-efficiency map of the water pump, the area of interest is selected. Multiple electrical 

machine envelopes can be defined, i.e., rated torque, rated speed, maximum speed, etc. The 

design strictly depends on the designer criterion. 

Region of interest

Envelope 1Envelope 2

Envelope 3

11, bb T

2 2,b bT

3 3,b bT

 

Figure 5: Example of area of interest selection and motor profile characteristics 
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1.3 Hypotheses 

This section presents the hypotheses addressed for the research development. They are 

formulated to lay the foundation of the research and indicate the development field.  

1.3.1 Hypothesis 1: Electric machine geometry from the efficiency map 

Connecting with the example exposed in Figure 5, if the region of interest is selected and the 

electrical machine envelope is defined, the first hypothesis considers that it is possible to define 

on first hand, within a region, the electrical machine torque-speed-efficiency map and 

through an algorithm to find a suitable unique geometry which accomplish these 

characteristics. 
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(a) (b) 

Figure 6: From efficiency map to geometry. a) Desired efficiency map over specified torque-sped region b) 

Geometry representation  

The design optimization algorithm starts from the designer specifications, i.e., torque-speed 

envelope, region of interest and torque-speed efficiency map, and finishes with the electrical 

machine geometry accomplishing these requirements.  

1.3.2 Hypothesis 2: Optimization with finite element analysis (FEA) 

Computational resources are increasing with recent developments [1], and the modern 

optimization techniques allow the use of finite element methods to model electrical machines [2]. 

The third hypothesis considers, within the scope of this project, that it is possible to implement 

an optimization algorithm for electrical machines using finite element analysis (FEA) with 

low computational burden.  
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1.3.3 Hypothesis 3: Parameter estimation and performance evaluation methodology 

complementing standard test 

As commented in the introduction of this thesis, the standard testing methodologies are focused 

on evaluating point by point the electrical machine performance, being a robust and trustable way 

to measure and validate the electrical machine characteristics. Nevertheless, this method 

requires a large time to prepare the experimental setup and to evaluate the whole motor 

performance. Thus the third hypothesis postulates that it is possible to implement 

complemental algorithms and auxiliary test to expand the information of the electrical 

machine acquired from standard experimental test and reduce time when evaluating the 

motor performance.  
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1.4 Goals and objectives  

As stated the thesis aims change the design and optimization paradigm, focusing on defining 

beforehand the desired performance of the electrical machine in relation with the application 

system. Giving to the designer plenty of freedom to study the system, and define the desired 

motor performance establishing the size, thermal and mechanical limitations from the beginning 

of the process. Moreover, there is a special interest on improving parameter estimation and 

performance evaluation techniques for electrical machines to reduce evaluation time, setup 

complexity and increase the number of physical magnitudes to measure in order to have deeper 

information. Based on this explanation, this section exposes the main goals and objectives of the 

research project.   

1. To develop a novel design and optimization algorithm focusing on defining beforehand the 

desired performance of the electrical machine in relation with the application system. The 

customization must include the whole performance space, which in this case is the torque-

speed area. 

2. To adapt the methodology specifically for water pumping applications. Thus, requiring a 

deep knowledge of the electrical machine demand.  

3. To use finite element analysis (FEA) as a modelling technique. The model is aimed to be 

fast and precise in order to be used in optimization algorithms in affordable time. These 

desirable characteristics are of major importance in industry allowing to use the algorithm 

for different applications and perform multiple design changing the desired characteristics 

before prototyping stage. 

4. To develop parameter estimation algorithm to complement the electrical machine 

measures using the standard experimental validation.  

5. To develop a complementary test and algorithm which helps to evaluate the electrical 

machine performance. Thus providing a fast and efficient way to validate in second hand 

the motor performance reducing time and experimental complexity.  

6. The electrical machine designed for the hydraulic application must accomplish with IE4 

category from IEC 60034-30 efficiency standard. 
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2. State of the art 

This chapter introduces the background of the research field analyzing the strengths and 

weaknesses of the different methodologies. Based on this analysis, the importance of proposing 

a new design and optimization approach is justified.  

First of all, section 2.1 exposes the synchronous machine technology, showing the different 

topologies and explaining their differences. Section 2.2 describes the classical electromagnetic 

design by means of analytical equations. Section 2.3 details the improvement of the 

electromagnetic and thermal analysis with respect to the method exposed in section 2.2 by 

implementing reluctance and thermal networks, respectively. Section 2.4 Introduces another 

analytical methodology called anisotropic layer theory, which has provided good results within the 

design and optimization of electrical machines field. Section 2.5 introduces the methodologies to 

perform electromagnetic, thermal and mechanical analysis by using Finite Element Analysis 

(FEA). Section 2.6 describes the optimization methodologies. Sections 2.7 and 2.8 expose the 

recent developments of electrical machines design optimization methodologies including 

hydraulic applications. Finally, Section 2.9 exposes the state of art of testing, parameter 

estimation and performance analysis methodologies.  
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2.1 Synchronous machine technology 

This section reviews synchronous machine topologies and their evolution. Rotor wound 

synchronous machines are out of the scope of this study. 

2.1.1 Permanent magnet synchronous machines (PMSM) 

The concept of placing permanent magnets instead of coil excitation in synchronous machines 

predates the 20th century. The concept had to wait for developments in different related areas, 

such as in permanent magnet materials with more remanent flux density and higher coercive 

force to make them practicable. On the other hand, the control strategies had to develop in order 

to extract the high potentiality of these machines [3].  

One of the first permanent magnet materials for electrical machines was magnetic cobalt steel. It 

was commercially available in 1920 having an energy product of 1 MGOe. Nevertheless, due its 

low coercivity, it could demagnetize during normal operation. A publication in 1925 [4] shows the 

earliest examples of permanent magnet machines using cobalt-steel. 

Permanent magnet materials improved in posterior decades with the development of the family 

of Alnico magnets alloys. The energy product of these magnets occasionally reached 10 MGOe. 

These materials were developed between the 30’s and 60’s. Nevertheless, Alnico magnets still 

suffered from low coercivity. In order to overcome this inconvenient, the engineers designed a 

special pole shoe, to protect the magnets from demagnetizing magnetomotive force. These first 

prototypes, were constructed with line star squirrel cage, which represents the firsts hybridization 

of the asynchronous and permanent magnet synchronous machine [5].  

Ferrite ceramic permanent magnets became practicable in 1960’s, becoming a low cost 

alternative. The main inconvenient of these magnets is the low remanent flux density, typically 

0.4 T. Nevertheless, due to the low cost and its resistance to corrosion, they are a good alternative 

in commercial applications. In 1976 Volkrodt [3] exposed a Siemens interior permanent magnet 

synchronous machine based on ferrite magnets and a spoke rotor, thus allowing to increase the 

air gap flux density amplitude.  

The opportunity to extract reluctance torque from interior permanent magnet configurations in 

addition to the alignment torque became a subject of investigation in the earliest 70’s. The hybrid 

nature of the torque can be expressed in terms of direct-quadrature axis as:  

       ·  
2 2 2

q PM d q d q PM q d q d
m m m

T p i L L i p i p i L L i N m                   (3) 
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T  is the instantaneous torque produced by the machine, p is the number of pole pairs, Ψpm is 

the permanent magnet flux linkage, id and iq are the currents in direct and quadrature axis 

respectively and Ld and Lq are the inductances in the same axis reference. The first term, which 

includes the permanent magnet flux linkage, is the so called alignment torque or magnet torque. 

The second term, including the difference of direct and quadrature axis inductances is called 

reluctance torque. Analyzing the given equation, can be deduced that increasing the difference 

between direct and quadrature axis inductance increases the reluctance torque component.  

The incoming availability during the 1970’s of high strength magnets or also called rare earth 

magnets beginning with the Samarium-Cobalt (SmCo) and later in 1980’s the Neodymium-Iron-

Boron (NdFeB), made it possible to reach high values of torque and power density. Magnet 

manufacturers, mainly located in China, worked to decrease the cost of Neodymium magnets 

during the 1990’s. That opened the commercial availability of this material to construct electrical 

machines for different applications.  

2.1.1.1 Surface permanent magnet synchronous machines (SPMSM or SMPMSM) 

This rotor topology introduces the first type of permanent magnet machine. The permanent 

magnets are placed in the outer part of the rotor (SPMSM or SMPMSM). This machine is a non-

salient pole machine, i.e., the inductances in direct and quadrature axis can be considered equal. 

This particular feature has direct consequences on the control operation.  

This arrangement results in a higher air gap flux density because the magnet is facing directly to 

the air-gap without any interruption [6].  Nevertheless, they have lower structural integrity and 

mechanical robustness, making it feasible only for low speed applications if the rotor is large 

enough. Moreover, the construction, in some cases, requires bounding protection in order to avoid 

the magnets to be untapped from the rotor.  

2.1.1.2 Interior Permanent Magnet Synchronous Machines (IPMSM) 

The Interior or Inset Permanent Magnet Synchronous Machine (IPMSM) has the magnets placed 

within the rotor structure. There are several different magnet layout configurations within this 

family, such as the spoke topology or the V-shape, among others.  

Mechanically, this machine is robust, being practicable for high speed applications. Due to its 

geometrical disposition, the direct and quadrature axis inductances are different, generally the 

quadrature axis inductance is higher than the direct axis inductance by a maximum ratio of three. 

This characteristic allows the extraction of reluctance torque, which adds up to the alignment 

torque. Thus, this machine allows a high torque density with less magnet volume.  
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2.1.1.3 Neodymium price volatility  

The commercialization of Neodymium and in particular in form of NdFeB for permanent magnets, 

since 1980s, has had a huge effect for the PMSM development. The price of NdFeB magnets 

was high during the first years of commercialization. China had the main role in lowering the 

market price due its very large reserves of rare-earth materials in comparison with other countries, 

being the dominant NdFeB magnet manufacturer in the world.  

Figure 7 shows the price (CNY) of Neodymium since 2013 to 2021. It can be seen a decreasing 

trend from 2013 to 2017 which contributed positively into PMSM development, especially in 

electric vehicles sector. After that, the prices have increased with two historical peaks. The first 

peak of September of 2017 doubling the price of the beginning of the year and reaching values 

never seen since 2012. After this peak, the Neodymium price has been very unstable since the 

most recent raise experienced during March of 2021, where a price of 892463 CNY was reached 

mainly due the accident of EVER GIVEN in the Suez Canal [7].  

 

Figure 7: Prices (CNY) of Neodymium since 2013 to 2021, [8] 

This price volatility, mainly generalized for all the rare-earth materials, must be considered putting 

special attention when designing permanent magnet machines, due the economical aspect is of 

major importance to save material cost.  

2.1.1.4 PMSM market  

Three different PMSM family series have been selected to show an insight of the industry.  
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Yaskawa® PMSMs SS7-series eco family [9] cover power ranges between 2.2 kW and 300 kW. 

The rated speeds are 1150 rpm, 1450 rpm and 1750 rpm. The energy efficiency classes include 

IE3 and IE4. The motors include resolver position transducer together with speed drive.  

Bongfiglioli® BMD PMSM family [10] have a huge variety from 150 W to 30 kW. The torque range 

covers from 0.85 to 45 Nm, and the nominal rotational speed lies between 1600 rpm and 6000 

rpm.  

VEM® PMSMs [11] have a huge variety for different applications. For instance, for energy saving 

applications there are the PE1R/PE0R families covering power ranges from 0.09 to 75 kW with 

4, 6 and 8 poles. The speed ranges are between 750 to 3000 rpm with torques between 0.6 Nm 

and 860 Nm. On the other hand, for synchronous high power motors there are the P21R/P20R 

family. The power ranges include from 0.25 to 75 kW with 4, 6, 8 and 12 pole design from 500 to 

3000 rpm including torque ranges from 0.55 Nm to 700 Nm. Finally, for high torque application 

requirements there are the P2.F and P2.B family ranges covering powers from 12 to 471 kW, with 

sped ranges from 200 to 600 rpm. The torques are between 573 Nm to 7500 Nm. All the motors 

of these families have 12 pole extensions.  

2.1.2 Synchronous reluctance machines (Synch-RM) 

Synchronous reluctance machines (Synch-RM) base their operation mainly on the production of 

reluctance torque due the high saliency ratio. The basic concepts and theory of this machine was 

studied by Blondel in 1913 [12]. Commercial interest in the implementation of synchronous 

reluctance machines grew in the decades of 60’s and 70’s, especially for variable speed 

applications. 

Regarding the efficiency and power factor, in the early 20’s, Kotsko [13] reported low values of 

these characteristics, unless the machines were designed to have a high saliency ratio. Then, it 

was introduced a rotor structure divided into multiple sections, helping the flux to circulate in one 

direction (d axis) while avoiding the circulation in the perpendicular axis (q axis). The concept of 

this machine has evolved into sophisticated configurations in order to increase as much as 

possible the rotor saliency, increasing the efficiency and power factor capabilities.  

2.1.2.1 Synch-RM market 

Nowadays, synchronous reluctance machines and drives are commercialized by different 

companies. For instance, ABB group offers a product portfolio from 1.1 to 350 kW of output power. 

Some of them fulfill the IE4 efficiency standard [14].  
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2.1.3 Permanent magnet assisted synchronous reluctance machine PMASynch-RM 

The current trend during the last decade is to minimize the use of rare earth magnets as much as 

possible, due the price volatility and geographical economic factors. For this reason, the 

commercial trend, especially in the area of electrical vehicles propulsion, is innovating with the 

Permanent Magnet Assisted Synchronous Reluctance Machine. This machine is considered as 

a reluctance machine because the main torque production is due to the reluctance torque, 

nevertheless as the name indicates, it includes magnets. These magnets are placed basically to 

improve the power factor and to produce a minimum alignment torque assisting the principal 

reluctance component.  

Due the nature of torque production of these machines, it is possible to use hard ferrites magnets, 

thus keeping a competitive cost, being feasible for a huge range of applications in industry.  

2.1.3.1 PMASynch-RM market 

Nowadays permanent magnet assisted synchronous reluctance machines have low popularity in 

the market, nevertheless, Nidec® group have a huge catalogue [15] of this electrical machine 

family, covering powers from 11 kW to 200 kW for 1500 and 3000 rpm. 

2.2 Classical electromagnetic design 

Electrical machines design is a highly nonlinear problem. Thus, it is necessary an advanced 

design tool to represent accurately the electromagnetic and thermal behaviors. All these design 

tools have been introduced recently in industry, but since the 20th century, the design procedure 

was performed by means of analytical equations, general rules and experimental factors acquired 

by the experience of the engineers [16].  

This section exposes the basic concepts of the classical electromagnetic design, beginning with 

some initial constraints and assumptions. Next, the rotor sizing criteria is exposed, the calculation 

of the stator phase turns, the sizing of the magnet thickness using Ampere’s Law and placing the 

suitable stator sizes to work near the magnetic saturation point.  

2.2.1 Winding characteristics 

For winding it is important to determine the type, i.e., distributed or concentrated, aspects as the 

maximum filling factor and the maximum current density depending of the cooling method, etc. A 

practicable filling factor is between 0.4 and 0.6 [p.u], this value mainly depending on the 

manufacturing methodology.  
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 0.4 ~ 0.6uK   (4) 

The current density for synchronous machines considering the cooling method is summarized in 

Table 1  [17], [18]. 

Table 1: Allowable current densities for permanent magnets motors and cooling method 

 Direct air cooling Direct water cooling 

Current Density J [A/mm2] 4-7.5 10-28 

2.2.2 Mechanical load capacity  

The mechanical load capacity or commonly known as mechanical loadability [17] is a constant 

that expresses the maximum mechanical power per unit of volume without causing any 

deformation in the rotor structure. The value of this constant depends on the number of poles and 

mechanical power, as shown in Figure 8. 

 

Figure 8: Mechanical constant over mechanical power per pole for p=1-6 

2.2.3 Geometric aspect ratios 

When sizing the electrical machine, some geometrical ratios are defined. Two main aspect ratios 

are presented.  

- Inner to outer stator diameter ratio:  

Typically, for PMSMs this ratio is between 0.45-0.6. This magnitude depends of the 

application.  

- Length to outer rotor diameter ratio: 

The length to outer rotor diameter ratio is defined considering the angular speed of the 

rotor, because it can create bending modes. Typically, for synchronous machines with 

more than one pole pair this ratio is calculated as:  
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On the other hand, for a pole pair machines this ratio is typically between 1-3.   

2.2.4 Air gap length 

The air gap length selection is of major importance. It influences the eddy losses caused by the 

tooth apertures when rotating, as well as, to the surface losses in the rotor created by the current 

linkage of the stator winding. Thus, a large air gap reduces the rotor losses by using the low pass 

filter effect of the air gap. On the other hand, if a small air gap is selected, the magnet cost is 

reduced in case of PMSMs because less volume is needed, or in IM it reduces the copper losses 

but increasing the iron losses.  

Some empirical formulas [17] have been developed to design the air gap length as a function of 

the mechanical power. Nevertheless, no optimum value has been found in any case. Thus, the 

air gap length has to be calculated and optimized for each application.  
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2.2.5 Magnetic flux densities 

In order to attain maximum power per volume in an electrical machine, it is necessary to work 

within the iron saturation region. However, the motor efficiency decreases due the increment of 

iron losses. Typically, the design flux densities are: 

- Stator teeth: 

For the stator teeth a maximum flux density between 1.6 and 2 Tesla is recommended. 

This value oscillates depending of the tooth dimensions. When increasing the slot area, it 

is necessary to increase the tooth flux density to allow a feasible space for the winding 

regions. Other aspects must be considered, such as the number of turns, current density, 

efficiency, etc.  

- Stator yoke: 

For the stator yoke lower saturation is recommended easing the heat transfer in radial 

direction. The typical values are between 1.1 and 1.6 Tesla.  

- Rotor yoke: 
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Rotor yoke is designed below the saturation region. The objective is to reduce as much 

as possible the amount of rotor material without increasing the magnetic path reluctance. 

The typical values for this region are in between 1.0 and 1.5 Tesla.  

- Air gap: 

The air gap flux density peak is designed in correlation with the tooth peak value. To 

guarantee a suitable relation between the maximum peak induction of the teeth and air 

gap, respectively, the typical values are in between 0.8 and 1.0 Tesla.  

All the magnetic flux density peaks are summarized in Table 2. 

Table 2: Maximum magnetic flux density of synchronous machines 

Flux density peak [T] 

Stator teeth 1.6-2.0 

Stator yoke 1.1-1.6 

Rotor yoke 1.0-1.5 

Air gap 0.8-1.0 

2.2.6 Back electromotive force 

To calculate the number of stator turns, the back electromotive force at rated speed is calculated 

considering the power factor, typically the back electromotive force is guessed between 90-95% 

of the voltage source [19]. 

  0.9 ~ 0.95·  pm phE U V  (8) 

2.2.7 Rotor sizing 

To size the outer rotor diameter, the mechanical load capacity is used. Thus, when the rotor 

aspect ratio is selected [17], the air gap diameter is calculated. This diameter is set equal to the 

outer rotor diameter to keep the simplicity.  
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2.2.8 Stator phase turns 

The stator phase turns are calculated considering back electromotive force, air-gap flux density 

and fundamental frequency. Thus, using the Faraday’s induction law, the phase turns can be 

calculated as:  
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If the permanent magnet magnetization profile is non-sinusoidal, the fundamental harmonic 

component must be used. 

2.2.9  Stator geometry 

Previously, the magnetic flux densities in different electrical machine parts have been defined. 

Therefore, by applying Gauss’s law, the cross-sectional area of each stator part can be calculated, 

thus obtaining a basic sizing. On the other hand, considering the stator phase turns, the number 

of conductors per slot, the current density and the filling factor, the slot area can be calculated. 
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Figure 9: Stator geometry definition 

To obtain the yoke height, the magnetic flux densities through the air gap and the stator yoke are 

required,  
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Being ks the stacking factor, τp the pole pitch, Leff the effective air gap length, L the stack length 

and αpm the magnet coverage.  
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To take into account the fringing effect, the effective length of the cross-sectional area is 

determined by the following relation, 

 2effL L m  (13) 

Being δ the air gap height and L the stack length. 

Next, the tooth width is obtained following the same law. 
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τp being the slot pitch.  

The slot width is assigned as the remaining part of the slot pitch. 

 s s tw w m  (15) 

Once the slot width is obtained, the next step is to determine the suitable slot height to allocate 

the wires.  
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The tooth height is assumed to be equal to the slot height plus the height of the tooth aperture.  

   t s ta s soh h h h h m     (18) 

hso being the slot aperture height, and hta the tooth aperture height. They are assumed to be 

equal.  

Finally, once the tooth and stator yoke heights are known, it is possible to find the outer stator 

diameter.  

  2 2  os is t syD D h h m      (19) 

When dealing with concentrated and double layer winding types, the winding process requires 

some free area so that the winding needle can pass. 

2.2.10  Magnet Thickness 

When designing PMSMs, the magnet thickness is calculated by applying Ampere’s law. 
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- Air gap magnetic voltage: 
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- Stator yoke magnetic voltage: 
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- Stator tooth magnetic voltage:  

 ˆ ˆ
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- Rotor yoke magnetic voltage: 
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Being kc the Carter’s coefficient.  

Once the magnetic voltages are calculated, it is possible to calculate the permanent magnet 

height. First the ratio between the outer rotor surface and the magnet’s surface is calculated.  
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In case of being a surface mounted permanent magnet synchronous motor (SPMSM), the area 

of the magnet and the outer rotor surface are equivalent, and thus, 1pmR .  

Once calculated the surface ratio, the magnet height can be calculated using half of the magnetic 

circuit path. Depending of the rotor configuration can be defined in two different ways.  

- Surface mounted or interior permanent magnet: 
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- Spoke: 
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2.3 Reluctance and thermal networks  

2.3.1 Reluctance networks 

The reluctance networks method (RNM) [20] [21], is mainly based on Ohm’s Law in combination 

with Kirchhoff’s Laws applied to magnetic circuits.  

 Rei i iU  (27) 

Ui, Rei and ϕi being the magnetic voltage, reluctance and magnetic flux respectively of the 

component i respectively. 

Kirchhoff’s law for the magnetic flux in a node is as follows, 
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 (28) 

Kirchhoff’s law for the magnetic voltages of the meshes is as,  
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U  (29) 

This method is one of the oldest for modelling magnetic circuits in electrical machines and 

transformers. When the complexity of the system increases, it is required to develop extensive 

multimode reluctance networks systems. Moreover, taking into account the non-linearity of the 

ferromagnetic materials leads to a complex reluctance definition. One of the main advantages is 

the low computational burden.  

The RNM was first used by Janusz Turowski in 1960 [21] for two dimensional modelling of three 

phase transformers. The same author in 1969 [22] introduced the reluctance network model to 

be applied in three dimensional cases. Some other authors contributed to the theory of RNMs, as 

Davey and King [23] and Carpenter [24], Djurovic and Moson [25]. 

Some recent studies have implemented the reluctance networks to design and optimize electrical 

machines. For instance, López [26] uses reluctance networks to perform a range optimization of 

a synchronous reluctance motor and permanent magnet assisted synchronous reluctance 

machine taking into account the driving cycle. Raminosoa [27] presents a nonlinear reluctance 

network approach to compute the electromotive force waveforms of a synchronous reluctance 

machine. Asfirane [28] uses a mesh of reluctance network to evaluate the performance of linear 

permanent magnet machines.  
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2.3.1.1 Reluctance networks derived from finite differences 
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Figure 10: Rectangular element representation of the two dimensional reluctance grid where the numbers are 

nodes and the reluctances are defined as Rx and Ry 

Reluctance networks definition around node 0 where its magnetic vector potential is known as A0 

comes from Poisson equation for magnetic vector potential A in 2D Cartesian coordinates in 

regions including current sources is as, 
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 (30) 

The previous equation can be extended into difference equation by expressing it into Taylor series 

for x and y. (31) expresses the magnetic vector potential values of nodes 1 and 3 respectively.  
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Adding both sides of the equal and assuming the term A(x) = A0. 
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Therefore,  
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Adding the terms, a·h/μ and reluctances per linear meter as,  
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(35) 

It is obtained,  

 1 0 3 0 2 0 4 0 0y y x xA A R A A R A A R A A R I  (36) 

Being I0 the total current in a single mesh.  

Recalling the relations,  

 i i i i i

si

B ds A dl  
(37) 

For a rectangular mesh as represents the next figure,  

A3 A0 A1X · 
φ3 φ1

 

Figure 11: Mesh fluxes determination with magnetic vector potential example 

Therefore, the flux crossing along magnetic vector potential 3 and 0 is determined by the 

expression, 

 3 0 3A A  (38) 

The equivalent reluctance networks are as,  
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Figure 12: Equivalent reluctance circuit example 

Obtaining Kirchhoff and Ohm equations for magnetic circuits,  

 1 3 2 4 0y y x xR R R R I  (39) 

Giving a system of n current sources and m reluctances for each circuit the matrix expression is 

as, 
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2.3.2 Thermal networks 

The method of thermal networks is analogous to the reluctance networks method. The analogous 

relationships are listed in the following table.  

Table 3: Relation between electrical quantities and thermal quantities [29] 

 Electrical Quantities Thermal Quantities 

Potential V [V] Temperature θ [oK] 

Current I [A] Heat Q [W] 

Current density J [A/m2] Heat flux q [W/m2] 

Conductivity σ [S/m] Thermal conductivity λ [W/m·K] 

Resistance  R [Ω] Absolute thermal resistance Rth [K/W] 

Resistivity ρ [Ω/m] Thermal resistivity ρth [m·K/W] 

Capacitance C [F] Thermal capacitance Cth [J/oK] 
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In this way a thermal problem can be solved as an electrical circuit problem. The thermal 

conductance in solids across a homogeneous object can be calculated taking into account its 

thermal conductivity by:  
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A being the cross sectional area where the heat flow is passing through.  

On the other hand, for gases and fluids, it is necessary to represent not only the conductance, 

but also the convective heat dissipation.   

The thermal resistance due to the convection can be calculated as,  
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 (42) 

Being α the convection heat transfer coefficient [W/m2·K]. The calculus of this constant can be 

extracted from the experimental relation: 

 
2

air Nu

L
 (43) 

Being Nu the Nusselt number which describes the ratio of convective to conductive heat transfer 

perpendicular to the boundary of study.  

2.4 Design based on anisotropic layer theory machine analytic model  

In 1954 Mishkin [30] developed for the first time the anisotropic layer theory machine analytic 

model for induction machines derived directly from Maxwell equations. The model is simplified 

considering rectangular coordinates. Posterior studies applied the anisotropic layer theory for 

linear machines [31] or other machine topologies [32], [33]. 

2.4.1 Magnetic vector potential theory  

To obtain the magnetic vector potential, a cylindrical coordinate system is used [34]. The magnetic 

flux density Bn and magnetic field strength Hn have its components along the ϕ and θ axis. 

Considering the previous magnitudes, the magnetic vector potential for one material is as,  

 ˆ, ,
j t pe

n n zA t A e u  (44) 

The current density associated with the layer is as,  
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 the permeability tensor being defined as,  
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En being the electric field, vn the mechanical speed of the layer of analysis, and σn the electrical 

conductivity of the layer.  

2.4.2 Layer model 

Assuming the electrical conductivity of the layer null, the medium equation for the magnetic vector 

potential is as, 
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the external current density Jen is calculated as, 
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where, 

 
2 2n

n
n

p  
(49) 

2.4.3 Non-conductive layer, no excitation 

For a non-conductive layer with no excitation Jen = 0. 
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Then, based on the layer to model, specific equations can be derived. Solving the previous 

equation, 

 ˆ n n
n n nA a b  (51) 

Being the magnetic flux density the curl of the magnetic vector potential, ˆˆ
n nB A . 
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2.4.4 Non-conductive layer, imposed current 

For a non-conductive layer with excitation Jen≠0. Therefore,  
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The magnetic flux density components are,  
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2.5 Electromagnetic, thermal and mechanical finite element analysis 

For general physics problems, the description of the governing laws are expressed by means of 

partial differential equations (PDEs) [35]. Generally, these equations cannot be solved analytically 

when considering a specific geometry and boundary conditions. Thus, a discretization method is 

used to solve the PDEs by means of numerical equations.  

- Electromagnetic field: 

To determine the electromagnetic field within electrical machines, the finite element 

method solves the Maxwell’s equations with additional laws and boundary conditions to 

determine the interaction of electromagnetic fields with media.  

- Thermal field:  

For the thermal field it is considered the heat produced by the Joule effect in the wires and 

the heat produced by the hysteresis and eddy currents.  

- Structural mechanics: 

The deformations, stresses and strains are calculated in the region of study, so that rotor 

integrity and the deformation of the stator teeth are analyzed.  
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2.5.1 Electromagnetic analysis of electrical machines with magneto-static computations 

This subsection develops the general features when studying the electromagnetic field in 

electrical machines by means of magneto-static computations [36], [37].  

2.5.2 Reduction to a 2D problem 

Three-dimensional FEM analysis requires extensive computer resources, which is time-

consuming. For this reason, the problem is usually reduced to two-dimensional case, using the 

machine symmetry along the longitudinal axis. Thus, the magnetic fields along the z-axis 

(longitudinal axis) are assumed identical. The effect of the ending edges is considered or 

modelled via lumped parameters [38].  

2.5.3 Boundary conditions 

Proper boundary conditions leads into a simplification of the case [39], [37]. There are mainly 

three different boundary conditions.  

- Dirichlet’s boundary condition: 

The value assigned to the boundary is assumed to be constant, resulting as a magnetic 

insulator. Therefore, no flux lines cross the boundary.  

Dirichlet s 
Boundary  
Condition

 

Figure 13: Dirichlet's boundary condition along the outer stator diameter 
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Figure 14: Dirichlet's boundary condition in a symmetry sector 

- Neumann’s boundary condition: 

This condition imposes a continuity across the boundary. Thus, the partial derivative of 

the magnetic field perpendicular to the boundary is zero. The flux lines are forced to be 

perpendicular to the boundary line.  

Neumann s 
Boundary  
Condition

 

Figure 15: Neumann's boundary condition in a symmetry sector 

- Periodic conditions: 

When studying electrical machines, the magnetic field paths are repeated along the full 

circumference of the geometry. The number of repetitions depends on the machine 

periodicity, which is defined as the greater common divisor between the number of slots 

and the number of pole pairs. 
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The case presented in Figure 13 has 6 poles and 18 slots. So, the periodicity is 3. Thus, 

it is necessary to represent at least three slots in one symmetry sector. 

When only one pole is represented within the sector symmetry, it is called odd symmetry. 

Nevertheless, when the sector symmetry includes a pole pair, the sector symmetry is 

called pair. For example, when having 9 slots and 3 pole pairs. The periodicity is 3 slots, 

but in this case, these 3 slots include a pole pair, thus in this case the periodicity is pair. 

2.5.4 Permanent magnet flux linkage 

The flux linkage is defined as the flux passing through a phase winding multiplied by the number 

of effective turns of the winding. The permanent magnet flux linkage is obtained under no load 

conditions. So, it does not consider the flux created by the coil excitation. On one hand, the most 

important value to be obtained is the peak value of the flux linkage, which is obtained when the 

permanent magnet is aligned with the phase of study. Nevertheless, the flux linkage as a function 

of the rotor position is useful to find the back-electromotive force profile.  

2.5.5 Back electromotive force 

The computation of the back electromotive force can be obtained from a static simulation when 

the flux linkage profile over the rotor position is known [37]. Then, the instantaneous back 

electromotive force is defined as the product of the angular velocity and the flux linkage. 

2.5.6 Computation of the direct axis inductance 

The direct axis inductance is defined as the flux linkage divided by the current in the d axis. In 

permanent magnet synchronous motors (PMSM) this axis is aligned with the magnetic flux of the 

magnets. Nevertheless, in synchronous reluctance machines (Synch-RM) and permanent 

magnet assisted reluctance machines (PMASynch-RM) the main flux is produced by the stator 

excitation, thus the d axis is set in the minimum reluctance path, being the electrical orthogonal 

axis to the permanent magnet cavity [40]. 
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Figure 16: d-q axis criteria for different synchronous machine configurations 

The rotor d axis is aligned with the reference coil, or coil a. Then, the current space vector is 

pointed towards the direct axis: 
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Assuming a three phase system, the inverse Park transformation is as, 
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 Therefore, assuming the phase a aligned with the d axis:  
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From FEM results the d-axis inductance can be obtained as, 
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Being Ψd the total flux linkage in phase a, and Ψpm the total flux linkage of the permanent magnet.  

In the case a Synch-RM or PMASynch-RM configurations, the inductance can be calculated as, 
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Equation (63) considers no permanent magnet flux contribution along the d-axis.   

2.5.7 Computation of the quadrature axis inductance  

The quadrature axis inductance is calculated following the same strategy as explained in direct 

axis. For this study the current space vector is aligned with the q axis.  Since the rotor position 

convention remains constant, the current values are changed as, 
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(64) 

If a PMSM is considered, the permanent magnet flux is not linked in this axis. Therefore: 
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When considering a PMASynch-RM, the flux of the permanent magnets contributes to the stator 

flux linkage. Therefore, it is necessary to subtract the contribution of the permanent magnets.  
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2.5.8 Computation of d-q inductances considering cross-coupling effect 

In 2.5.6 and 2.5.7, the d-q axis were decoupled. However, in real applications the direct and 

quadrature axis inductances are not independent [40]. This is called cross-coupling effect [41], 

[42], which is due to the magnetic saturation. Thus, when injecting current in the d axis, the 

quadrature inductance is affected, and vice versa. Therefore: 
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In order to have enough information about this effect, a multi-static FEM analysis is proposed.  

The objective is to change gradually the space vector angle from the d axis to the q axis. 
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For PMSMs, the motoring operation is placed in the second quadrant. For PMASynch-RM and 

Synch-RM the motoring operation is placed in the first quadrant. For the sake of simplicity, the 

algorithm is explained for the PMSM case.  

Figure 17 shows a simplified case for PMSMs showing the working quadrant and a current space 

vector.  

q

dd

q

sI

qI

dI

 

Figure 17: IPMSM d-q axis representation with current space vector in motoring quadrant to perform the 

magneto-static computation 

First, the d axis of the rotor, where the PM flux is pointing outwards radially, is aligned with the 

reference phase, usually called phase a. Then, the current space vector is injected towards the 

negative d axis and the magneto-static FEA simulation is performed. This same process is 

repeated for different amplitudes and angles of the current space vector within the motoring 

quadrant. 

To decompose the linkage flux in d-q axis, the Park’s transform is applied.  

 

2 4
cos cos cos

3 3

2 2 4
sin sin sin

3 3

a
d

b
q

c

m  
(68) 

Figure 18 shows the Magneto-static computation algorithm to obtain the flux linkage and torque 

over the current space vector angle and module. 
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Figure 18: Magneto-static computation algorithm to obtain the flux linkage and torque over the current space 

vector angle and module  

2.5.9 Torque computation 

Torque computation by means of finite element analysis can be done in different ways [43]. The 

most used method is called Maxwell’s stress tensor. Nevertheless, some other methods can be 

used, as the Coulomb’s virtual work principle, magnetic co-energy derivation method, 

magnetizing current method, or Arkkio, method among others.  

- Maxwell stress tensor:  

Maxwell stress tensor is defined as, 

 
2

0 0

1 1

2
elec

s

T L r B n B B n ds  (69) 

where L is the air-gap length, B the magnetic flux density, r the air-gap radius and n  the 

normal direction of the surface integration.  

- Coulomb’s virtual work principle: 

This method computes the integration of virtual work over the finite elements between the 

fixed part and the moving part. The deformation of the moving part is understood as the 

work of a force acting through this boundary. The integral expression is expressed as, 
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The integration is performed in the finite elements adjacent to the moving boundary. G is 

the Jacobian matrix of the mesh’s deformation, and 
d G

d
 denotes the variation of 

deformation for a certain displacement.  

- Magnetic co-energy derivation method: 

When keeping the current constant, the torque can be calculated by deriving the magnetic 

co-energy W’. 
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The torque is calculated numerically from the difference of two adjacent co-energies, thus 

resulting the following expression:  
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- Magnetizing current method: 

This method calculates the magnetizing current and magnetic flux density over the finite 

element edges of the ferromagnetic materials and the air. The mathematical expression 

is as, 
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Bt1 and Bt2 are the tangential components of magnetic flux density in the ferromagnetic 

and air domains respectively, Bn2 is the normal induction of the air-gap domain. 

 

- Arkkio’s method: 

Arkkio’s method integrates the torque given by the Maxwell’s stress tensor in the air-gap 

volume.  
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Where Bt and Br are the tangential and radial components of magnetic flux density. On 

the other hand, rs and rr are the internal and external radius of the air-gap. 
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2.6 Electrical machines optimization methodologies 

The optimization methodologies for electrical machines have become important due to the 

increasing interest to boost energy efficiency for different engineering applications [2]. 

Nevertheless, due to the high nonlinearity and the number of parameters required, it leads to a 

very complex problem when optimization is desired. The recent algorithms developed for 

nonlinear optimization problems have opened a new design opportunity in the field of study [44]. 

Most of the electrical machine models are based on finite element methods, thus avoiding to apply 

analytical equations. However, FEA is time-consuming, so some advanced optimization 

algorithms are needed to reduce the optimization time.  

This subsection exposes different optimization methodologies used for electrical machines. First 

the general optimization workflow is exposed [45].  
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2.6.1 Electrical machine optimization work flow 
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Figure 19: Electrical machine generalized optimization work flow 

2.6.2 Genetic Algorithms  

Genetic algorithms (GA) create a set of electrical machines population represented by 

chromosomes [46]. The solutions from the first population, also called parent population, are 

evaluated and used to create the second generation of electrical machines. The new generation 

is created by means of evolutive techniques such as crossover, mutation and selection. From the 

parent population, the best individuals are selected to transfer their genetic information to the 

following generation, and so on. The algorithm repeats the process until reaching the target 

machine.  
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One of the features which makes GA algorithm suitable, is its capabilities to optimally find the 

global minima and avoiding local minima solutions [47]. However, from a computational point of 

view, GA is not considered efficient [48]. 

2.6.3 Differential evolution 

Differential evolution algorithms (DE) [49] have been the most widely used optimization methods 

for electrical machines optimization. The algorithm methodology works similar to GA. The first 

population is randomly created for the given constraints. The candidates are created following the 

techniques explained in GA algorithm, crossover and mutation. Nevertheless, DE always 

maintains the best candidate, even if it is from a past generation, and thus, after a certain amount 

of iterations, DE finds the best candidate.  

2.6.4 Particle swarm optimization 

Particle swarm optimization algorithm (PSO) is an evolutionary population algorithm. 

Nevertheless, the search criteria is based on the behavior of bird flocks searching for food [2]. 

PSO starts with an initial population, commonly called particles. Each particle has an intrinsic 

number of parameters. The group of particles are called compound swarm. The swarm starts 

searching for the best solution in the multidimensional parameter dimension, with a random 

search direction and without specified gradient. The swarm, then, starts to move within the 

searching space evaluating the fitness function. The particles move toward the best solution by 

regulating the speed, based in its own experience and searching information with other particles. 

Thus, in every iteration the particles update the current solutions and then, the swarm searches 

for the next steps, gathering the information and pointing the swarm towards the best solution.  

2.6.5 Surrogate models, multi-level and hybrid methods 

As commented before, FEA models require huge computational resources. In order to solve this 

inconvenient some techniques have been developed. The first approach are based on 

approximate models to solve the optimization problem [50]. The approximation models can be 

stablished as surrogate models for FEA or through lumped parameters circuits. Other techniques 

are based on using design of experiments (DoE) and statistical methods [51]. 

The most used surrogate models applied in electrical machines design are the response surface 

method (RS) [52] [53], which explores the relationship between the independent variables and 

the response or predicted variable. The main objective of RS is to first analyze a sequence of 

experiments derived from a (DoE) in order to obtain the optimal response of the system. On the 
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other hand, the second method is the Kriging model [46] which represents in terms of a model 

the relation between the design variables and the output function. Some recent studies use 

Kriging model-based optimization. Taran [54] uses Kriging models for electrical machines to 

achieve the optimum solution with three dimensional FEA optimization. Zhu [52] used a similar 

methodology for multi-objective optimization of a magnetic planetary geared permanent magnet 

brushless machine.  

Other alternative to surrogate models is the so-called multi-level optimization. This strategy is 

based on subdividing the design variables in many subsets, thus, the most sensitive variables are 

analyzed independently for a better search [55]. 

2.7 Recent developments in design optimization of PMSM  

Electrical machine design and optimization fields, with the research evolution are demanding 

algorithms faster and reliable for industry applications. PMSMs have been the preferential choice 

due to their features [17], [37]. Some earlier studies coupled the design and optimization 

algorithms with FEA. The aim was to maximize the electrical machine efficiency according to the 

driving cycle of an electrical vehicle [56]. However, FEA requires high computational resources, 

which forced the authors of [56] to perform the optimization in a reduce number of geometric 

parameters. Overcoming this drawback, posterior studies [57] used magneto-static FEA with 

lumped circuit modeling. References [26], [58] applied static analysis with reluctance networks. 

Nevertheless iron losses calculation in [26], [57], [58] do not consider the harmonic content of the 

electromagnetic variables, leading into considerable errors at high frequencies.  

By applying FEA jointly with magneto-static analysis using space-time transformation [59] allows 

transforming spatial quantities into the time domain. Further studies in this field applied space-

time transformation into design-optimization algorithms for electrical machines. For instance, [60] 

applied this method to analyze the driving cycle performance of a PMSM for traction application. 

Other studies focused on different electrical machine topologies. For example [61] optimized a 

brushless doubly-fed induction machine. In [62] a computationally-efficient FEA (CE-FEA) 

approach based on pseudo rotating position (PRS) is presented. This improvement allows 

comparing the performance of different optimization techniques. Further research works applied 

these concepts for designing and optimizing electrical machines by considering the rated 

conditions [63]. For instance, [64] uses the methodology to improve the rated output power without 

increasing the material cost. Other researches analyze a reduced number of operating points, 

knowing the driving cycle [65], whereas [57], [66] limited the number of variables to be optimized. 
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Focusing on related fields, there are researches focused on optimizing the efficiency distribution 

on a limited operating area. For example, [67] developed a design optimization algorithm 

combining FEA and mesh adaptive direct search (MADS), attaining maximum efficiency in 

maximum consumption areas for heavy duty electric vehicles (HD-EV). Similarly, reference [68] 

applies a multi-criteria design and optimization methodology to a PMSM considering the driving 

cycle using some efficiency points.  

Other studies avoid using FEA applying supervised machine learning [69] . As a main drawback 

these methods are limited to a specific machine topology, while increasing the complexity using 

analytical models to perform electromagnetic [70] or thermal analyses [71].  

2.8 Recent developments in design optimization of electrical machines for 

hydraulic applications 

Water pump applications are progressively demanding reduction of size in order to achieve 

compact designs and, at the same time, the capability of operating with multiple load conditions 

[72]. Within the pump system, focusing on the motoring part, and considering the aspects 

mentioned in previous sections, PMSMs have become the most suitable choice to achieve these 

characteristics, due to their superior capabilities [17], [37].  

Regarding the motor topologies used in water pumping, earlier studies compare the performance 

using PMSMs to actuate submersible pumps instead of IMs [73], concluding that power savings 

of around 20% are feasible. Posterior works show the feasibility of feeding autonomous solar 

powered water pumping systems with PMSMs, reducing economic costs and system complexity 

[74]. Reference [75] shows a solar water pumping system operating uninterrupted with PMSMs. 

Other studies focused on improving the PMSM control to adapt the operation for water pumping 

applications. For instance, in [76] a PMSM sensorless speed drive for single-stage photovoltaic 

(PV) water pumping applications is presented. It allows to remove current sensors, thus reducing 

installation costs, which is one of the most important requirements in this industry sector. Other 

studies as [77] improve PMSM drive, by proposing a fuzzy pre-compensated hybrid proportional 

integral (PI) controller, because it offers improved parameter sensitivity against conventional PI 

controllers with constant parameters.  

Recent studies regarding PMSM design optimization methodologies focus on pumping 

applications. For instance, [78] designs a low voltage (12 Vdc) PM motor for electric transmission 

oil pump applications, whereas in [79] a high power SPMSM directly coupled pump application 

using time-dependent FEA is designed. 
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Despite new contributions in this field, there is a lack of works focusing on the PMSM design for 

water pumping applications, so this thesis contributes in this area.  

2.9 Recent developments in parameter estimation and performance evaluation 

methodologies 

Parameter estimation for electrical machines is an extensive research field. The main purpose is 

to characterize the motor performance, as well as to improve the motor drive control, thus 

adapting the performance to the specific PMSM application [80]. As mentioned in previous 

chapters, PMSMs require special attention due their capabilities, such as high precision, high 

dynamic performance, adaptability, reduced power losses, high torque density, etc. To take full 

advantage of these potentialities, advanced vector control algorithm are used [81].  

FEA is commonly used to extract motor parameters [40] allowing to compute the motor 

performances under different operational conditions. Besides the great advantages, FEA has 

multiple drawbacks, thus making it difficult to be applied in industry applications. FEA requires a 

high computational burden, deep knowledge of geometry, winding topology, materials, etc. This 

increases the difficulty to characterize PMSM in industry applications because manufacturers 

usually do not provide the required data to reproduce the motor performance in FEA. Therefore, 

high interest has been put into parameter identification with measurable data, i.e., currents, 

voltages, or rotor speed among others [82]. 

Different methods can be found in the bibliography, which are divided in two main categories, i.e., 

online and offline parameter estimation [83]. Earliest studies such  [84] presented an experimental 

approach to identify model parameters of different types of synchronous machines by evaluating 

flux linkages from voltage acquisitions. Later variants were introduced, for instance in [85] the 

magnetic model is characterized exclusively from experimental data without requiring any offline 

mathematical manipulation. Other improvements are found in [86], where the cross magnetic 

saturation effect is considered at standstill operation with or without locking the rotor. Other 

estimation strategies focus on a specific magnitude such as the rotor position by analyzing the 

current waveforms [87], not only in PMSMs but also in switched reluctance machines without 

using a position sensor [88]. 

Online parameter estimation identifies PMSM parameters in real-time operation, i.e., it avoids 

stopping the motor operation to perform the identification. There are three main categories, 

numerical methods [89]–[91], observer-based methods [92]–[95] and artificial intelligence (AI)-

based methods [80][71]. Reference [96] analyzes the converter voltage disturbance influence on 
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the estimation, whereas [97] develops an online sensorless speed tracking for PMSMs. In [98] an 

active flux based sensorless control to estimate the rotor position at low speed is developed. 

Other improvements were introduced in [99], identifying the stator resistance and PM flux linkage. 

More recent studies lie on improving sensorless controls using parameter estimation algorithms, 

for instance [100] presents an online identification approach to detect the load current at low 

speed conditions, specially affected by the position estimation error. In [101] an online parameter 

estimation using high frequency (HF) signals estimated the impedance model, thus allowing to 

use this method either online or offline.  

Offline methods obtain data separately for further parameter estimation. It requires stopping the 

motor operation and perform required experiments to extract data. Three main categories are 

defined, frequency domain methods [102], [103], time domain methods [82], [104] and finite 

element methods [105].  

Performance evaluation of permanent magnet synchronous machines PMSM is an active 

research field, because it enables to reproduce the machine performance, reducing time, 

reducing costs and allowing to reproduce different scenarios [83]. Traditional testing 

methodologies require a great deal of time and efforts to prepare the experimental set up and to 

test different operating conditions. For instance, conventional tests include the non-load test, 

torque test, load test, loss test, thermal test and inductance test, among others. Data 

synchronization and the selection of the instrumentation in order to adapt the measurements to 

the specific application adds complexity to the problem.  

Some standardized tests to measure PMSMs parameters to characterize its performance have 

been proposed, as the standstill frequency response (SSFR) [102], [106], [107]. In [108] a test 

based on generating sinusoidal signals by using a voltage-source inverter has been proposed. 

The IEEE 115-2019 standard [109] for synchronous machines performance identification  

considers different testing methods, nevertheless most of them are not applicable to PMSMs. 

Some testing methodologies for PMSMs have been proposed in the literature. For instance, [110] 

proposes an indirect testing methodology to determine the mechanical characteristic of the 

multiunit PMSM under no load conditions. Other studies focus on analyzing the PMSM losses by 

indirect testing, as [111] or [112], which develops a practical testing solution to optimally design 

the stator harmonic currents to minimize the torque ripple using speed harmonics. Other studies 

focus on identifying the PMSM parameters to then reproduce the motor performance using 

mathematical models together with measurable data, as voltages currents or rotor speed [82]. 
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Different methodologies have been proposed in the literature, they being divided into online and 

offline parameter identification [83].  

2.10 Standards and regulations 

Electrical machines have to accomplish some standards and regulations if they are meant to be 

commercialized, which are listed in Table 4.  

Table 4: Rotating electrical machines standards and regulations  

Standard Title IEC Standard EN / DIN VDE 

Rotating electrical machines. Rating and performance EC 60034-1 

IEC 60085 
EN 60034-1 

Rotating electrical machines. Efficiency classes of single-

speed, three-phase, cage-induction motors 
IEC 60034-30 - 

Rotating electrical machines. Standard methods for 

determining losses and efficiency from tests 

IEC 60034-2-

1 

DIN EN 60034-

2-1 

Dimensions and output series for rotating electrical machines. 

Frame numbers 56 to 400 and flange numbers 55 to 1080. 
IEC 60072 EN 50347 

Rotating electrical machines. Terminal markings and direction 

of rotation 
IEC 60034-8 EN 60034-8 

Rotating electrical machines. Classification of types of 

construction, mounting arrangements and terminal box 

position. 

IEC 60034-7 EN 60034-7 

Rotating electrical machines. Thermal protection. IEC 60034-11 - 

Rotating electrical machines. Methods of cooling. IEC 60034-6 EN 60034-6 

Rotating electrical machines .Degrees of protection provided 

by the integral design of rotating electrical machines. 
IEC 60034-5 EN 60034-5 

Rotating electrical machines. Mechanical vibration of certain 

machines with shaft heights 56 mm and higher. 
EN 60034-14 EN 60034-14 

Rotating electrical machines. Noise limits. IEC 60034-9 EN 60034-9 

Rotating electrical machines. Starting performance of single-

speed three-phase cage induction motors. 
IEC 60034-12 EN 60034-12 

CENELEC standard voltages. IEC 60038 - 

Special attention requires the IEC 60034-30 standard for efficiency classes for low voltage AC 

motors. This standard was published by the International Electrotechnical Commission on March 

6 of 2014. The standard aims to harmonize the energy efficiency classes for electric motors. 

Compared with its previous version, i.e., IEC 60034-30:2008, the last update expands the range 

of products including 8 poles machines introducing the concept of IE4 efficiency performance 

class or super premium efficiency.  
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2.10.1 Efficiency class definition  

There are four different efficiency classes, standard, high, premium and super premium efficiency. 

Each of them named IE1, IE2, IE3 and IE4 respectively.  

Table 5: Efficiency classes 

Super-Premium efficiency IE4 

Premium efficiency IE3 

High efficiency IE2 

Standard efficiency IE1 

The power ranges cover from 120 W to 10 MW. The new standard includes: 

- Electrical machines with single speed, single phase and three phase at 50 and 60 Hz.  

- 2, 4, 6, or 8 poles.  

- Rated power from 120 W to 10 MW. 

- Motors with continuous operation in rated power conditions accomplishing the 

temperature raise allowable by the insulation class.  

- Ambient temperature from -20ºC to 60ºC.  

- Maximum altitude up to 4000 m above sea level. 

For instance, Figure 20 shows the efficiency levels versus the rated power for six pole machines 

at 50 Hz.  

 

Figure 20: IE Energy efficiency classes curves for 6 pole at 50 Hz machines 
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3. Research and Development Methodology 

This chapter introduces the development strategy to successfully achieve the objectives of the 

thesis.  The research is divided in four main stages, i.e., definition, design, optimization and 

validation stages. For each one, the planned tasks are exposed, detailing the objectives of each 

one.  

The aim of this chapter is to introduce the strategy of the project development to accomplish 

industrial doctorate goals either in terms of product development but as well as in scientific 

dissemination.  
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3.1 Methodology 

The methodology diagram is exposed in Figure 21. The whole project has been divided in four 

main stages. The first is the definition stage where the electrical machine selection, the 

optimization strategy, the modeling technique, the parameter estimation and performance 

analysis methodology are defined. The second is the design stage, where the electrical machine 

model, the optimization algorithm, the testing and parameter estimation methodology and 

performance analysis algorithm are developed. The last is the validation stage, where all 

algorithms are validated either numerically and experimentally. 
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Figure 21: Methodology for the development of the research work 

The methodology starts with the revision of state of art of whole disciplines related with the 

research field, such as the optimization techniques, electrical machines modeling, fault diagnosis, 
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parameter estimation algorithms, performance analysis, etc. As a result of this exhaustive review 

and considering the company needs as an industrial doctoral framework, the research 

requirements and the objectives are defined. 

The process is developed following the sequence exposed in Figure 21. 

1. Definition stage. 

The definition stage aims to deepen in the research field by identifying the frontier of 

knowledge, thus providing all the information required to identify and outline the research 

and development strategy. The steps contained in this stage are:  

1.1. Electrical machine selection. During this process the electrical machine is selected 

considering the water pump application. 

1.2. Modeling method for electrical machines considering the available resources and 

accuracy. 

1.3. Optimization strategy selection taking into account the modeling method and the 

available resources.  

1.4. Definition of the hydraulic applications.  

1.5. Parameter estimation and performance analysis techniques to characterize and 

complement the standard test once the electrical machine is designed. 

2. Design stage. 

The design stage includes three parallel fields of development. One is focused on the 

optimization seed creation, the second is focused on the development of the electrical 

machine model and optimization algorithm and the third is aimed to develop the 

parameter estimation and performance analysis. 

2.1. Analytical predesign process. As a first design approximation, the electrical 

machine is designed using analytical equations. This geometry is used as an initial seed 

for the optimization process. By using the correct relations, this step improves the 

optimization performance, thus reducing time and increasing the accuracy of the solution. 

2.2. Predesign FEA validation. A FEA analysis is conducted to validate the first 

candidate and check the predesign correctness.  

2.3. Once the design is validated trough FEA, there are the so called optimization seeds.   

2.4. The electrical machine magneto-static FEA modeling.   

2.5. The optimization algorithm model. 

2.6. Parameter estimation and performance analysis algorithms development to 

characterize and complement the standard test once the electrical machine is designed. 
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3. Optimization stage. 

Having the electrical machine seed, the FEA model and the optimization algorithm, the 

design optimization is run. This stage is divided in three tasks.  

3.1. Integration of models, variables, constraints and objectives.  

3.2. Electrical machine optimization.  

3.3. Optimal electrical machine selection.  

4. Validation stage.  

The validation stage, is aimed to manufacture, test and characterize the optimal 

electrical machine obtained during the optimization stage.  

4.1. Electrical machine manufacturing. During this process manufacturing aspects 

must be considered.  

4.2. Electrical machine test and characterization. With the available instrumentation, 

the simulation results will be reproduced. 

4.3. Results validation. By performing standard tests, the electrical machine 

performance is validated.  

5. Parameter estimation and performance analysis validation stage.  

5.1. Parameter estimation test. The manufactured machine is characterized, thus 

identifying the model parameters and validating its performance through the performance 

analysis algorithm.  

5.2 Results validation.  
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4. Design Optimization Methodology 

Electrical machines design and optimization is an active and wide area. Last trends focus on 

developing fast and reliable design algorithms using finite element analysis. As mentioned in the 

hypotheses section, the main objective is to design an electrical machine starting from the 

required characteristics found in the torque-speed-efficiency map. This chapter shows the 

methodology considering this main objective. The design optimization methodology is first 

validated with public experimental data from the Toyota Prius 2004 and Camry 2007 PMSMs. In 

the next chapter this algorithm is adapted for the electrical machine selected to the hydraulic 

application. 

The methodology proposed uses ultra-fast finite element analysis (UF-FEA) by applying magneto-

static computations together with a time-space conversion to compute the iron losses. It allows a 

great reduction of the computational resources and performing the design-optimization in an 

affordable time frame, while allowing to increase the number of variables to be optimized. The 

model considers the iron losses by using a time-space transformation together with pseudo 

rotating analysis, thus being possible to determine the magnetic flux density harmonic content 

using FEA. The torque-speed-efficiency map is calculated by applying a direct-quadrature (d-q) 

electrical model. The process designs the PMSM by adapting its performance to the predefined 

control strategy.  For the same geometry it is possible to analyze the performance based on 

different control strategies, i.e., maximum torque per ampere (MTPA), maximum torque per volt 

(MTPV), maximum efficiency (ME), or flux weakening (FW). The objective function uses a novel 

image comparison technique, the structural similarity index (SSIM), which allows comparing the 

similarity of two torque-speed-efficiency maps. 

Section 4.1 introduces the design optimization methodology, section 4.2 details the losses 

computation using magneto-static FEA computations, which have been one of the most difficult 

parts to develop, section 4.3 exposes the PMSM evaluation method developed to calculate the 

torque-speed-efficiency maps, section 4.4 shows the design optimization validation, and finally 

section 4.5 concludes the whole design optimization algorithm validation. 
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Nomenclature 

Bxy Magnetic flux density in a defined region [T] 

dwire Wire diameter [m] 

Dir Inner rotor diameter [m] 

Dis Inner stator diameter [m] 

Dor Outer rotor diameter [m] 

Dos Outer stator diameter [m] 

fobj Objective function [-] 

g Air gap length [m] 

hbrg Rotor bridge height [m] 

hPM Permanent magnet height [m] 

hrib Rotor rib height [m] 

hso Slot opening height [m] 

hsy Stator yoke height [m] 

ht Tooth height [m] 

id Direct axis current [A] 

iq Quadrature axis current [A] 

is Current space vector [A] 

Imax Maximum current [ARMS] 

L Stack lamination length [m] 

Ld Direct axis inductance [H] 

Lq Quadrature axis inductance [H] 

m Number of stator phases [-] 

n Mechanical angular velocity [rpm] 

Nph Number of phase turns [-] 

PU Output power [W] 

PFe Iron losses [W] 

PML Mechanical Losses [W] 

PCu Copper Losses [W] 

p Pole pairs [-] 

q Number of slots per pole and phase [-] 

RFe Iron resistance [Ω] 

Rs Phase winding resistance [Ω] 
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T Output torque [N·m] 

Udc DC bus voltage [V] 

wbrg Rotor bridge width [m] 

wPM Permanent magnet width [m] 

wso Slot opening width [m] 

wt Tooth width [m] 

wweb Rotor web width [m] 

αPM V-shape permanent magnet angle [rad] 

η Efficiency [p.u.] 

θe Electrical angle [rad] 

θm Mechanical angle [rad] 

ωe Electrical angular velocity [rad/s] 

Ψabc Phase flux linkage [V·s] 

ΨPM Permanent magnet flux linkage [V·s] 

Ψsd Direct axis flux linkage [V·s] 

Ψsq Quadrature axis flux linkage [V·s] 

  



 

 

55 

 

 

 

4.1 Design optimization algorithm  

This section introduces the design optimization algorithm to compute from a given torque-speed-

efficiency map the PMSM geometry. The algorithm is divided in six different steps. The first step 

sizes the PMSM geometry (pre-design) by applying analytical equations and known values. Next, 

the geometry is computed in the FEA interface using magneto static computations. From FEA 

computations the flux linkage, magnetic flux density distribution along the stator and the 

electromagnetic torque are obtained for different space vector currents and rotor positions. From 

data acquired, losses can be computed by using analytical expressions either mechanical, iron 

or joule losses. To compute the efficiency map, the d-q electric model is used. The algorithm uses 

an image comparison technique called structural similarity index (SSIM) [113] to optimize the 

objective function, which is commented in detail in this section. Figure 22 details the design 

optimization algorithm.  

4.1.1 Electromagnetic pre-design and geometry computation 

The first step aims to size the initial geometry, also called seed geometry, using analytical 

equations and load rules found in the bibliography [114]. Applying the right sizing laws, the seed 

geometry will provide an approximation of the optimum performance required. This step has 

special importance to reduce the optimization time. Once the seed is obtained, the second step 

consists in evaluating the geometry to validate the correctness and mechanical robustness before 

FEA simulations are carried out. 

4.1.2 Magneto-static study 

The third step performs the magneto-static FEA study. As detailed in the state of the art chapter, 

the geometry is evaluated for different current space vectors and rotor positions. First, the positive 

direction of the direct axis belonging to the rotor, i.e., where the PM flux is facing outwards, is 

aligned with the stator reference phase. Once aligned, the different current space vectors are 

evaluated in the motoring quadrant for different rotor angles. Figure 23 details the algorithm 

described. 

From the magneto static analysis, the flux linkage, magnetic flux density distribution along the 

stator and the electromagnetic torque are obtained for different space vector currents and rotor 

positions, thus having full information about these quantities for different operational scenarios.  
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Figure 22: PMSM design optimization algorithm 
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1: Set the Current magnitude and angle steps:  

    
max0: i :s s si i  , : : / 2e e      

2: Set the mechanical angle steps: 0: : / 2m m s     

3: for 
e  to / 2e   do 

4: for 0si   to 
maxs si i  do 

5:        for 0m   to / 2m s   do 

6:      Magneto-Static Analysis 

7:        end 

8: end 

9: end 

Figure 23: Magneto static computations algorithm 

4.2 Losses computation 

When performing the magneto static analysis, the magnetic flux density along the motor for 

different conditions is available. All these data allow to calculate different losses using novel 

strategies, which are explained in this subsection.  

4.2.1 Copper losses 

The copper resistance of each phase is needed to compute the Joule effect losses. FEA software 

provides a fast method to provide this magnitude. Copper losses are calculated as,  

 
2 2,

2
Cu d q s d q

m
P i i R i i  (75) 

4.2.2 Mechanical losses 

Mechanical losses for electrical machines depend mainly on vibrations and frictions, including 

bearings and air friction. These can be calculated using external models [17], [37].  

4.2.3 Iron losses 

Iron losses calculation in electrical machines using magneto-static FEA is a challenging point. 

The common model to evaluate iron losses is time-dependent Bertotti equations. They consider 

the time dependence of the magnetic flux density for every finite element. Magneto-static FEA 
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gives the magnetic flux density without time dependence.  For this reason, this research proposes 

a new methodology to compute iron losses using magneto-static FEA. 

The method considers the magnetic flux density spatial distribution to estimate the time evolution 

for a given finite element. This approach avoids using the loss function to compute the efficiency 

maps [115], thus providing high precision. The B-H curve of the corresponding ferromagnetic 

material is included the FEA software considering the saturation effects.  

4.2.3.1 Magnetic flux density distribution  

Two main regions are considered to evaluate the magnetic flux density distribution along the 

stator, the tooth and yoke regions. Each region is considered as a repeatable part along the stator. 

Therefore, for a given time instant, each of the repeatable parts represent a discrete state of the 

period. To do so, the spatial distribution of each of these elements is monitored. The magnetic 

flux density is integrated for each domain,  

 
s

B
ds

s
  (76) 

Being ds the differential surface, sΔ the finite surface composed by the finite elements mesh and 

BΔ the mean of magnetic flux density correspondent for each finite surface. Figure 24 shows the 

discrete magnetic flux density distribution along the commented regions.  
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(b) 

Figure 24: Magnetic flux density discrete distribution over the stator teeth and yoke regions (a). Toyota Prius 

2004 magnetic flux density distribution at id = -270 A and iq = 270 A (b) 

The prior hypothesis to approximate the space variation as a representative state of the time 

variation is because the time variation of the magnetic vector potential is almost negligible due to 

the small value of the electrical frequencies dealt with. Therefore, the values of magnetic vector 

potential in the time domain are equivalent to those of the static domain.  
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The term  /A t    can be neglected due its low contribution. Another aspect to consider when 

modelling ferromagnetic materials using two dimensional FEA is that eddy currents are not 

simulated.  

4.2.3.2 Harmonic wave decomposition  

Considering the space distribution of the magnetic flux density, the equivalent wave is 

decomposed in harmonic components.  The time-space conversion is applied to transform Bertotti 

equations from time dependent to the equivalent space distribution.  
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 (78) 

The magnetic flux density integration is merged in Bertotti equations applying the time-space 

conversion. The modified Bertotti equations to calculate iron losses using magneto static FEA are 

as follows,  
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4.2.4 d-q Electrical model computation 

The d-q electrical model is used to compute the PMSM torque-speed-efficiency. Figure 25 shows 

the electrical representation.  
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Figure 25: (d-q) electrical model representation 

Considering the components in Figure 25, the transient equations can be derived from this model. 

For the purpose of representing the torque-speed-efficiency map, the quasi static equations are 

used [42]. The main advantage of using d-q modeling is the possibility to evaluate different control 

strategies, being a huge advantage over other available models [116]. 

First, from magneto static FEA computations, the d-q flux linkages are obtained,  
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Then, from these magnitudes together with the electrical angular speed, the back electromotive 

force (BEMF) can be obtained as,  
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Each of the current space vector evaluated during the magneto static FEA computation 

determines the ioq and iod values.  

The iron losses are modeled by means of a parallel resistance.  
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The currents corresponding to the iron losses resistance, i.e., icd and icq are calculated as,  
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(85) 

The total currents id and iq are calculated from icd, icq, ioq and iod. 
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Finally, the voltage equations are as,  
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Figure 26 details the procedure to compute the torque-speed-efficiency map using a d-q electrical 

model. 
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1: Extract magneto-static FEA data:          , , , , , , , , , ,a d q b d q c d q xy d q d q si i i i i i B i i T i i R     

2: Extract losses from magneto-static FEA data:      , , , , ,Fe d q ML Cu d qP i i f P f P i i  

3: Torque-speed domain discretization: 
max max0: : , 0 : :e e eT T T         

4: Control strategy selection (MTPA, ME or MTPV) 

5: Compute BEMF for all 
e : ,oq d e od q eu u        

6: Compute iron resistance 
FeR for all

e :    2 2 / 2Fe od oq FeR m u u P     

7: Compute d-q iron currents
cdi , 

cqi  for all 
e : / , /cd od Fe cq oq Fei u R i u R   

8: Compute d-q currents 
di , 

qi  for all  
e : 

d od cdi i i 
q oq cqi i i   

9: Compute copper losses for all 
e :    2 2/ 2Cu s d qP m R i i     

10: Selection of the magnitudes from control strategy 

Figure 26: (d-q) electrical model algorithm to compute the torque-speed-efficiency map considering the 

control strategy 

4.2.5 Torque-speed efficiency maps comparison  

From previous steps, the PMSM geometry is evaluated by using magneto-static FEA 

computations. Later, losses are derived to compute the d-q electrical modeling and thus, torque 

speed efficiency map is computed. Now, the solver needs to compare the torque-speed-efficiency 

map evaluated against the reference one. To do so, the structural similarity index is used [113], 

[117]. 

4.2.5.1 Structural similarity index SSIM 

The SSIM returns a normalized value between 0 and 1 to indicate the similarity between two 

matrices. The SSIM considers three main parameters: Intensity, standard deviation and data 

structure. Each of the commented aspects provides different information about the images x and 

y.  

The mean value of the reference matrix x is defined as, 
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Being N the total number of component s of the matrix N=Ni·Nj and xij the (i,j) component of the 

matrix.   

The intensity is defined as,  
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x and y are the comparison matrices and C1 and constant used to avoid computational instabilities 

when μx
2+μy

2≈0. 

The standard deviation is defined as,  
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The indicator which compares the standard deviation of matrices,  
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Last indicator evaluates the normalized matrices analyzing the data structure. It is defined as,  
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σxy is the correlation coefficient between matrices.  
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Finally, the structural similarity index SSIM is defined as,  

      , · , · ,SSIM l x y c x y s x y  (94) 

 

4.2.6 Optimization solver 

After calculating the SSIM, the objective function is computed. As the objective is to minimize the 

difference between the two images, the objective function is defined as, 

 1objf SSIM   (95) 

Based on this objective function, the solver modifies the geometric parameters in order to 

approach as much as possible to the required solution. The solver selected for this study is pattern 

search solver from Matlab®. It is suitable for non-continuous and non-differentiable objective 

functions. 
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Figure 27: Pattern search optimization solver algorithm description 

4.3 PMSM torque-speed-efficiency map evaluation based on magneto static FEA 

model validation 

The experimental data of PMSM of Toyota Prius 2004 [118] is used to validate the magneto static 

FEA together with the d-q electrical model (geometric dimensions, currents, voltages, materials, 

power losses, temperature, etc.). The experimental torque-speed-efficiency map  [118] is used 

as a reference. Then, introducing the original PMSM geometry to the magneto-static FEA model, 

the torque-speed-efficiency map obtained is compared against the original map obtained 

experimentally in [118]. Thus validating the magneto-static FEA model as an evaluation tool.  

Ten operational points are selected to compare the efficiency values obtained using the magneto 

static FEA model with the losses model, which are exposed in Table 6. Figure 28 shows the 

PMSM Toyota Prius 2004 torque-speed-efficiency map obtained through experiments in [118] (a) 

and obtained using the magneto static model proposed in this thesis (b).  
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(a) 

 

(b) 

Figure 28: PMSM Toyota Prius 2004 experimental efficiency map (a). PMSM Toyota Prius 2004 magneto static 

model torque-speed-efficiency map. 

Table 6: PMSM Toyota Prius 2004 torque-speed-efficiency  

Regime Characteristics Isostatic model 

 Efficiency (p.u) 

Experimental 

 Efficiency (p.u) 
Relative error (%) 

Angular velocity (rpm) Torque (Nm) 

611.2 92.91 0.8888 0.8780 1.23 

1051 171.3 0.9024 0.8807 2.46 

978 313 0.8203 0.8195 0.10 

1455 254.3 0.8915 0.8836 0.89 

1846 104.3 0.9401 0.9303 1.05 

2164 37.31 0.9133 0.9101 0.35 

2677 89.1 0.9327 0.9330 0.03 

3704 27.41 0.8772 0.8929 1.75 

3887 63.21 0.9144 0.9070 0.82 

5281 41.88 0.8842 0.8735 1.22 
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According to the values exposed in Table 6, the relative error between the efficiencies measured 

by [118] and those obtained through magneto static FEA method is below 2% for every 

operational point. As explained previously, the SSIM index compares the similitude between two 

matrices, in this case between both torque-speed-efficiency maps (Figure 28 (a) and (b)) the 

SSIM is 0.958. As mentioned previously, iron losses are the most complex magnitude to estimate 

when using magneto static FEA computations. For this reason, the losses model is compared 

against time-dependent FEA. To carry out the comparison ten points are chosen to determine the 

difference between them. Table 7 summarizes the values.  

Table 7 PMSM Toyota Prius 2004 iron losses magneto static method vs time dependent FEA 

Regime Characteristics 
Magneto Static 

ML Model (W) 

Time Dependent 

ML Model (W) 

Relative error 

(%) Angular velocity 

(rpm) 

d-axis current 

(A) 

q-axis current 

(A) 

431.3 -101.1 106.1 38.61 36.31 6.33 

1479 -28.47 45.88 128.74 121.16 6.26 

4005 -69.25 23.97 597.43 585.73 2.00 

4005 -132.1 27.65 947.82 921.47 2.86 

5792 -114.3 18.28 1584.14 1680.78 5.75 

6038 -79.28 16.59 1299.93 1348.71 3.62 

As can be observed in Table 7, the relative error between both approaches is below 6.33 %, this 

maximum error corresponding to low speed operation. Finally, in order to validate the iron losses 

taking as a reference the Toyota Prius 2004 PMSM, transformations are needed in order to 

decouple experimental iron losses from experimental data. 

 /Fe U U Cu MLP P P P P     (96) 

 

(a) 
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(b) 

Figure 29: PMSM Toyota Prius 2004 torque-speed-iron losses map, experimental (a) vs magneto static FEA 

model (b) 

Figure 29 shows great similarity between experimental and magneto static FEA model. Thus, the 

iron losses model is validated.  

The magneto static FEA together with d-q electrical model applying iron losses model, show high 

accuracy analyzing PMSMs geometries and calculating its performance characteristics. 

Therefore, the evaluation tool can be incorporated into an optimization environment providing a 

fast and accurate of the machine.  

4.4 PMSM torque-speed-efficiency map design and optimization validation  

PMSMs Toyota Prius 2004 [118] and Camry 2007 [119] public experimental data are used to 

validate the entire design optimization process using magneto static FEA together with a d-q 

electrical model. First, a seed geometry is defined. Due to space constraints, the outer stator 

diameter is constant during the optimization process, whereas the shaft diameter remains 

constant due to the defined torque requirements. Some other parameters remain constant during 

the pre-design stage in order to provide mechanical robustness and winding process feasibility 

(hbrg,  hrib,  hso, wso, wbrg). Moreover, these parameters have low impact in the PMSM performance 

characteristics. 

Table 8 shows the predesign constant parameters against the reference geometric variables of 

the Toyota Prius 2004/Camry 2007 PMSMs predesign parameters. The optimization parameters 

range is defined by the designer considering the application, space constraints and manufacturing 

tolerances.  
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Table 8: PMSM Toyota Prius 2004/Camry 2007 predesign parameters 

Geometry Parameter 
Seed values 

Prius/Camry 
Optimized values Prius/Camry 

Reference values 

Prius/Camry 

hbrg [mm] 1.5/2.0 1.5/2.0 1.65/2.04 

hrib [mm] 2.5/0 2.5/0 2.8/0 

hso [mm] 1.0/1.0 1.0/1.0 1.1/1.02 

wbrg [mm] 2.0/3.5 2.0/3.5 2.09/3.8 

wso [mm] 2.0/2.0 2.0/2.0 1.93/1.88 

wweb[mm] 0/1.5 0/1.5 0/1.65 

4.4.1 PMSM Toyota Prius 2004 validation  

Table 9 summarizes the predesign seed parameter values, the optimized geometry parameters, 

the original Toyota Prius 2004 PMSM geometry values and the relative error between the real 

and optimized values. 

Table 9: PMSM Toyota Prius 2004 geometric parameters comparison 

Parameter Seed value Lower/upper optimization bounds Optimized geometry  Toyota Prius geometry Error (%) 

g [mm] 1 0.2/1.5 0.747 0.75 0.40 

Dor [mm] 190 115/230 161.38 160.5 0.55 

ht [mm] 20 5/60 32.84 33.5 1.97 

wt [mm] 4 2/10 7.51 7.6 1.18 

hsy [mm] 18.6 5/60 20.32 20.1 1.09 

hPM [mm] 8 3/10 6.77 6.5 4.15 

wPM [mm] 15 10/25 17.61 18 2.17 

L [mm] 60 1/300 81.59 83.6 2.40 

Nph 100 8/200 80 72 11.11 

dwire [mm2] 0.85 0.5/1.5 0.89 0.91 2.20 

αPM [°] 95.3 90/180 135.75 145 6.38 

As observed in the previous table, the geometry obtained through the design optimization 

methodology reproduces with high fidelity the original PMSM Toyota Prius 2004 geometry. The 

highest parameter divergence is observed in the number of turns per phase, which the model 

converges with one conductor per slot more with respect to the original winding. Nevertheless, 

this conductor per slot has low effect on the torque-speed-efficiency maps because the 

optimization compensates this extra conductor per slot by decreasing the magnet size and stack 

length, thus obtaining similar torque-speed characteristics.  
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(a) 

 

(b) 

Figure 30: PMSM Toyota Prius 2004 seed torque-speed-efficiency map (a) and design optimization geometry 

(b) 

Table 10 compares the torque-speed-efficiency values in different operating points of the 

optimized machine against the original geometry. The relative errors validate the design 

optimization accuracy not only evaluating PMSMs geometries but providing the original geometry 

by giving the torque-speed-efficiency map.  

The SSIM between the torque-speed-efficiency map seed and experimental motors is 0.701, 

whereas after the optimization is 0.929. 
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Table 10: PMSM Toyota Prius 2004 experimental and design optimization magneto static efficiency map 

comparison 

Regime characteristics Optimized geometry 

 efficiency (p.u) 

Experimental 

 efficiency (p.u) 
Relative error (%) 

Angular velocity (rpm) Torque (Nm) 

611.2 92.91 0.8982 0.8780 2.30 

1051 171.3 0.9109 0.8807 3.43 

978 313 0.8390 0.8195 2.38 

1455 254.3 0.8763 0.8836 0.83 

1846 104.3 0.9413 0.9303 1.18 

2164 37.31 0.9152 0.9101 0.56 

2677 89.1 0.9303 0.9330 0.29 

3704 27.41 0.8769 0.8929 1.79 

3887 63.21 0.9128 0.9070 0.64 

5281 41.88 0.8826 0.8735 1.04 

4.4.2 PMSM Toyota Camry 2007 validation 

Following the same procedure as previously exposed, PMSM Toyota Camry 2007 experimental 

data are used to validate on second hand the design optimization algorithm giving the torque-

speed-efficiency map. Table 11 shows the seed values of the optimization parameters including 

the geometry solution after the optimization process.  

Table 11: PMSM Toyota Camry 2007 geometric parameters comparison 

Parameter Seed value Lower/upper optimization bounds Optimized geometry  Toyota Camry geometry Error (%) 

g [mm] 1 0.2/1.5 0.738 0.75 1.60 

Dor [mm] 190 115/230 162.203 160.5 1.06 

ht [mm] 20 5/60 28.97 30.9 6.25 

wt [mm] 4 2/10 7.613 7.6 0.17 

hsy [mm] 18.6 5/60 21.2 20.1 5.47 

hPM [mm] 8 3/10 6.477 6.6 1.86 

wPM [mm] 15 10/25 18.42 19.1 3.56 

L [mm] 40 1/300 62.311 60.6 2.82 

Nph 80 8/200 56 56 0.00 

dwire [mm2] 0.63 0.5/1.5 0.881 0.812 8.50 

αPM [°] 95 90/180 141.59 145 2.35 

 
As can be observed in the previous table, the geometry obtained after the design-optimization 

process matches with the original PMSM Toyota Camry 2007 geometry. 
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Figure 31 (a) shows the PMSM Toyota Camry 2007 torque-speed-efficiency map obtained using 

public data. (b) shows the torque-speed-efficiency map evaluating the original geometry using 

time-dependent FEA. Finally, (c) shows the torque-speed-efficiency map obtained through the 

design optimization algorithm using magneto static analysis together with d-q modelling.  

 
(a) 

 
(b) 

 
(c) 

Figure 31: PMSM Toyota Camry 2007 torque-speed-efficiency map (a) Obtained through experimental data (b) 

Obtained using original geometry through time-dependent FEA model (c) Obtained through design 

optimization algorithm using magneto-static FEA model 
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Analyzing the figure above, the SSIM between the torque-speed-efficiency map obtained with 

experimental data and the one obtained using time dependent FEA is 0.9695, whereas against 

the design optimization algorithm using magneto static FEA is 0.9571. These values inform about 

the accuracy when finding the original geometry from the torque-speed efficiency map.   

4.4.3 Target completion of PMSMs Toyota Prius 2004 / Camry 2007 

For the design optimization algorithm, a target degree of 5% when computing the objective 

function 1-SSIM is defined.  

For Toyota Prius 2004 PMSM, the SSIM between the geometry obtained using the design 

optimization algorithm and the experimental map is 0.929, thus obtaining a relative deviation of 

3.03%. In the case of Toyota Camry 2007 PMSM the deviation is less than 1.28%.  

 

(a) 

 

(b) 

Figure 32: Patternsearch optimization convergence (a) PMSM Toyota Prius 2004 (b) PMSM Toyota Camry 

2007 
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As can be observed in Figure 32 the optimization solver required around 1100 iterations to 

converge.  

4.4.4 Computational burden  

The design optimization algorithm requires 30 to 40 seconds to perform one optimization 

evaluation. This time depends on the saturation conditions of the iron material. Patternsearch 

algorithm optimizer available in Matlab® required 5 days to find the optimum solution. The number 

of function evaluations is limited to 10000. The available resources are Intel® Core™ i9-7940X 

3.10 GHz processor with 64 GB RAM memory. 

The time required is reasonable, since the algorithm allows to obtain the correct PMSM geometry 

by giving beforehand the torque-speed-efficiency map with high precision. Moreover, if the 

algorithm is used as a design tool, the time is considered competitive avoiding several design 

iterations to manufacture the prototype, saving time labor and cost.  

4.5 PMSM design optimization conclusions 

A methodology for designing and optimizing permanent magnet synchronous motors (PMSM) by 

combining magneto-static FEA and direct-quadrature (d-q) electrical modeling has been 

developed. This method presented huge advantages as decreasing computational burden 

compared to conventional methods FEA methods. The input of the optimization algorithm is the 

target torque-speed-efficiency map. The design-optimization process searches the motor 

geometry fitting its torque-speed-efficiency map to the target. Maps comparison is performed 

using an image comparison technique known as structural similarity index (SSIM). To calculate 

the torque-speed-efficiency map, a magneto-static FEA combined with (d-q) electrical modeling 

algorithm is developed considering iron, mechanical and copper losses. For Iron losses 

calculation, it is considered the magnetic flux density spatial harmonic components. 

To validate the methodology, public experimental data of Toyota Prius 2004 PMSM was used. 

The torque-speed-efficiency map is calculated using the original PMSM geometry, and then it is 

compared with the experimental one. According to the values presented, the relative error of the 

experimental efficiencies and those obtained by means of the proposed method is below 2% in 

the whole torque-speed plane. Results show high accuracy of the algorithm when reproducing 

the PMSM characteristics of a verified geometry. 

Finally, once the magneto-static FEA model was validated, the accuracy of the whole design-

optimization algorithm method was assessed by using the experimental torque-speed-efficiency 
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maps of the Toyota Prius 2004 and Toyota Camry 2007 PMSMs as target objectives. It was found 

that the geometries obtained in both cases through the optimization process were very similar to 

these of the original machines, thus confirming the accuracy of the proposed design-optimization 

method. 

For Toyota Prius 2004 PMSM the SSIM index resulting from the comparison of the seed torque-

speed-efficiency map and the experimental one is 0.701, whereas the SSIM index between the 

torque-speed-efficiency map of the optimized motor and the experimental one is 0.929. For 

Toyota Camry 2007 PMSM. The SSIM index between the seed torque-speed-efficiency map and 

the experimental one is 0.7978, whereas the SSIM index between the torque-speed-efficiency 

map of the optimized motor and the experimental one is 0.9571. 
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5. Water Pumping design application 

This chapter presents the PMSM design optimization methodology focused on hydraulic 

applications and concretely, for the industrial application of this project. Due to its features, PMSM 

is the main topology to work with in this study as explained at the beginning of this chapter. The 

methodology presented and validated in the previous chapter is adapted for water pumping 

applications. 

This research work develops a methodology to design and optimize PMSMs by defining the 

desired torque-speed-efficiency map adapting its performance to the water pump (WP) hydraulic 

characteristics. Once the hydraulic efficiency is known, the approach presented in this paper 

offers the designer plenty of freedom to customize the design of the PMSM by defining the target 

efficiency map in the torque-speed plane, while ensuring the desired performance of the WP-

PMSM system. Finally, the proposed methodology is validated experimentally by designing and 

testing a PMSM adapted to a real WP. 

Section 5.1 introduces the electrical machine topology and concentrated double-layer winding 

selection including the number of poles and slots, section 5.2 details the PMSM design for water 

pumping applications based on efficiency maps, section 5.3 shows the PMSM characteristics, 

section 5.4 exposes the PMSM time dependent FEA validation, section 5.5 gives information 

related to the computational burden, and finally section 5.6 exposes the conclusions. 
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Nomenclature 

Bxy Magnetic flux density [T] 

Dir Inner diameter of the rotor [m] 

Dis Inner diameter of the stator [m] 

Dor Outer diameter of the rotor [m] 

Dos Outer diameter of the stator [m] 

fobj Objective function [-] 

g Air gap length [m] 

hPM Permanent magnet height [m] 

hsy Height of the stator yoke [m] 

ht Height of the tooth [m] 

Hpump Pump pressure [mH2O] 

id Direct axis current [A] 

iq Quadrature axis current [A] 

is Current space vector [A] 

Imax Maximum stator current [ARMS] 

L Length of the stack laminations [m] 

Ld Inductance in the direct axis [H] 

Lq Inductance in the quadrature axis [H] 

m Phases number [-] 

n Rotor angular speed [1/min] 

Nph Turns per phase [-] 

p Pairs of poles [-] 

PCu Copper losses [W] 

PFe Iron losses [W] 

Pml Mechanical losses [W] 

Ppump Pump input power [W] 

q Slots per pole and phase [-] 

Qpump Volumetric flow rate [L/h] 

RFe Resistance of the iron [Ω] 

Rs Resistance of the stator windings  per phase [Ω] 

T Output mechanical torque [N·m] 

Udc Voltage of the DC bus [V] 
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wPM Width of the permanent magnets [m] 

wt Width of the stator tooth [m] 

η Energy efficiency [p.u] 

ηpump Pump efficiency [p.u] 

θe Electrical angular position [rad] 

θm Mechanical angular position [rad] 

ωm Electrical angular speed [rad/s] 

τs Slot pitch angle [rad] 

Ψabc Flux linkage in the stator [V·s] 

ΨPM Flux linkage of the permanent magnets [V·s] 

Ψsd Flux linkage in the direct axis [V·s] 

Ψsq Flux linkage in the quadrature axis [V·s] 
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5.1 Electrical machine topology selection 

This section exposes the process followed to select the electrical machine topology. The selection 

process has been done considering multiple incoming aspects from the available resources, 

company needs and research trends in water pumping field.  

5.1.1 Product requirements   

The product requirements were introduced by the company based on the market trends and 

features of competitor’s products.  

Table 12: Product requirements  

DC bus voltage 200 V 

Maximum power 600 W 

Maximum speed 6000 rpm 

Rated speed 4500-5000 rpm 

Maximum torque ripple 10 % 

Maximum pole pairs 8 

Number of phases 3 

Maximum stator diameter 90 mm 

Maximum stack length 60 mm 

Winding type concentrated 

Refrigeration type Water  

Noise Low noise 

As can be seen, the rated speed is not defined, because it is a design variable. The efficiency 

requirements of the electrical machine and the whole system respectively are defined in Table 

13. 

Table 13: Efficiency requirements 

Angular speed (rpm) Torque (Nm) 
System Efficiency 

 (p.u.) 

PMSM Efficiency 

(p.u.) 

5200 1.00 - 0.84 

4700 0.70 0.50 - 

As can be seen in the previous table, there are two important points to be considered when 

designing the electrical machine. At 5200 rpm and 1 Nm, i.e., 545 W, the PMSM is aimed to 

accomplish IE4 premium efficiency standard. Moreover, in order to improve the whole product 

efficiency and provide energy saving system over competing products, the system efficiency is 

aimed to be 50 % at 4700 rpm. 
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5.1.2 Synchronous machine topology selection 

Due to the requirements of the application, i.e., high efficiency, low ratio between the maximum 

angular speed and the rated angular speed and on the other hand considering the motor drives 

available for this product, the preferable synchronous machine topology is the permanent magnet 

synchronous machine. 

5.1.3 Poles and slots for winding selection 

The correct selection of poles and slots to implement a concentrated fractional slot winding is of 

major importance because it presents multiple advantages, such as reduction of end winding 

losses, reduction of torque ripple by reducing the periodicity between the number of slots and 

pole pairs, reduction of mutual coupling between phases, etc. [120].  

5.1.3.1 Poles and slots combinations options 

Considering the manufacturing aspect, the type of winding to be used is a double layer 

concentrated winding, because it is easier to manufacture than the single layer concentrated type. 

Different options are considered on first hand, with 4, 6, 8 and 10 poles respectively, taking into 

account the first harmonic winding factor. 

Table 14: Fundamental winding factor for 4, 6, 8 and 10 poles / 6, 9 and 12 slots 

Slots\Poles 4 6 8 10 

6 0.866 - 0.866 0.5 

9 0.617 0.866 0.945 0.945 

12 1 - 0.866 0.933 

Five different options arise from this first selection. First, the winding layouts for each of the 

candidates are shown.  

 

(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

Figure 33: Double layer winding layout candidates (a) 4 poles 6 slots, (b) 6 poles 9 slots, (c) 8 poles 9 slots, 

(d) 10 poles 9 slots and (e) 10 poles 12 slots [121].  

5.1.3.2 Star of slots  

This formulation to analyze double layer concentrated windings will provide information about the 

harmonic order content as well as the sequence of phasors [120]. To do so, some properties are 

defined.  

- Machine periodicity: The machine periodicity t corresponds to the identical parts in which 

the machine can be divided. It is defined as the greatest common divisor between the 

number of slots and the pole pairs.  

 . . ,t G C D Q p  (97) 

- Winding feasibility: A winding is feasible when, the following relation is an integer value.  

 
Q

m t
 (98) 

- Spokes: The spokes are the number of slots contained in one machine periodicity or the 

number of arrays containing the star of slots.   

 
Q

t
 (99) 

- Angle between phasors: This is the angle between two phasors in electrical degrees. 

 
2e

s p
Q

 (100) 

- Angle between two spokes: 

 
2

/
ph

Q t
 (101) 
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5.1.3.2.1 4 poles 6 slots:  

Table 15: Star of slots properties for 4 poles and 6 slots 

Machine periodicity, t = G.C.D {Q,p} 2 

Winding Feasibility, Q/mt 1 

Spokes, Q/t 3 

Angle between phasors, 
e
s  2π/3 

Angle between two spokes, ph  2π/3 

 

 

Figure 34: 4 poles 6 slots machines star of slots for three phases 

Being the relation Q/t an odd number, this winding produces odd and even magneto motive force 

harmonics by an order of t=2. The following table shows the harmonic magneto motive force 

components.  

Table 16: MMF harmonic content of 4 poles 6 slots for double layer concentrated winding 

Harmonic 1 2 3 4 5 6 7 8 9 10 11 

MMF 

[p.u] 
0.866 0.433 - 0.217 0.173 - 0.124 0.108 - 0.087 0.079 
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5.1.3.2.2 6 poles 9 slots:  

Table 17: Star of slots properties for 6 poles and 9 slots 

Machine periodicity, t = G.C.D {Q,p} 3 

Winding Feasibility, Q/mt 1 

Spokes, Q/t 3 

Angle between phasors, 
e
s  2π/3 

Angle between two spokes, ph  2π/3 

 

 

Figure 35: 6 poles 9 slots machines star of slots for three phases 

Being the relation Q/t an odd number, this winding produce odd and even magneto motive force 

harmonics by an order of t=3. The following table shows the harmonic magneto motive force 

components.  

Table 18: MMF harmonic content of 6 poles 9 slots for double layer concentrated winding 

Harmonic 1 2 3 4 5 6 7 8 9 10 11 

MMF 

[p.u] 
0.866 0.433 - 0.217 0.173 - 0.124 0.108 - 0.087 0.079 
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5.1.3.2.3 8 poles 9 slots:  

Table 19: Star of slots properties for 8 poles and 9 slots 

Machine periodicity, t = G.C.D {Q,p} 1 

Winding Feasibility, Q/mt 3 

Spokes, Q/t 9 

Angle between phasors, 
e
s  8π/9 

Angle between two spokes, ph  2π/9 

 

 

Figure 36: 8 poles 9 slots machines star of slots for three phases 

Being the relation Q/t an odd number, this winding produce odd and even magneto motive force 

harmonics by an order of t=1. Nevertheless, this combination produces super harmonics multiples 

of 0.25 of the fundamental frequency.  

The following tables show the harmonic magneto motive force components. 

Table 20: MMF super harmonic content of 8 poles 9 slots for double layer concentrated winding 

Harmonic 0.25 0.5 1.25 1.75 2.5 2.75 3.25 3.5 4.25 4.75 5.5 5.75 

MMF 

[p.u] 
0.243 0.28 0.756 0.08 0.024 0.051 0.291 0.27 0.014 0.013 0.172 0.164 

Harmonic 6.25 6.5 7.25 7.75 8.5 8.75 9.25 9.5 10.25 10.75 11.5 11.75 

MMF 

[p.u] 
0.022 0.009 0.019 0.122 0.016 0.007 0.007 0.015 0.092 0.013 0.005 0.012 
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Table 21: MMF harmonic content of 8 poles 9 slots for double layer concentrated winding 

Harmonic 1 2 3 4 5 6 7 8 9 10 11 

MMF 

[p.u] 
0.945 0.03 - 0.035 0.028 - 0.009 0.118 - 0.095 0.006 

5.1.3.2.4 10 poles 9 slots:  

Table 22: Star of slots properties for 10 poles and 9 slots 

Machine periodicity, t = G.C.D {Q,p} 1 

Winding Feasibility, Q/mt 3 

Spokes, Q/t 9 

Angle between phasors, 
e
s  10π/9 

Angle between two spokes, 
ph

 2π/9 

 

 

Figure 37: 10 poles 9 slots machines star of slots for three phases 

Being the relation Q/t an odd number, this winding produce odd and even magneto motive force 

harmonics by an order of t=1. On the other hand, this combination produces super harmonics of 

order 0.2 of the fundamental frequency.  

The following tables show the harmonic magneto motive force components. 
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Table 23: MMF super harmonic content of 8 poles 9 slots for double layer concentrated winding 

Harmonic 0.2 0.4 0.8 1.4 1.6 2.2 2.6 2.8 3.2 3.4 3.8 4.4 

MMF 

[p.u] 
0.303 0.35 1.182 0.1 0.038 0.064 0.364 0.334 0.044 0.018 0.016 0.215 

Harmonic 4.6 5.2 5.6 5.8 6.2 6.4 6.8 7.4 7.6 8.2 8.6 8.8 

MMF 

[p.u] 
0.205 0.012 0.011 0.024 0.152 0.148 0.021 0.008 0.018 0.115 0.016 0.007 

Harmonic 9.2 9.4 9.8 10.4 10.6 11.2 11.6 11.8 12.2 12.4 12.8 13.4 

MMF 

[p.u] 
0.007 0.015 0.096 0.013 0.006 0.012 0.081 0.080 0.011 0.005 0.005 0.071 

Table 24: MMF harmonic content of 8 poles 9 slots for double layer concentrated winding 

Harmonic 1 2 3 4 5 6 7 8 9 10 11 

MMF 

[p.u] 
0.945 0.03 - 0.035 0.028 - 0.009 0.118 - 0.095 0.006 

5.1.3.2.5 10 poles 12 slots:  

Table 25: Star of slots properties for 10 poles and 12 slots 

Machine periodicity, t = G.C.D {Q,p} 1 

Winding Feasibility, Q/mt 4 

Spokes, Q/t 12 

Angle between phasors, 
e
s  10π/12 

Angle between two spokes, 
ph

 2π/12 
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Figure 38: 10 poles 12 slots machines star of slots for three phases 

In this case the relation Q/t is an even number, this winding produce even magneto motive force 

harmonics by an order of t=1. This winding does not produce odd magneto motive force 

harmonics due there is always two opposite coils with reverse orientation, the harmonics of even 

number produced in two opposite coils are compensated mutually. Nevertheless, this winding 

produces super harmonics multiples of 0.2 of the fundamental frequency.  

The following tables show the harmonic magneto motive force components. 

Table 26: MMF super harmonic content of 8 poles 12 slots for double layer concentrated winding 

Harmonic 0.2 1.4 2.2 2.6 3.4 3.8 4.6 5.8 6.2 7.4 8.2 8.6 

MMF 

[p.u.] 
0.335 0.666 0.03 0.026 0.274 0.246 0.015 0.161 0.15 0.009 0.114 0.108 

Harmonic 9.4 9.8 10.6 11.8 12.2 13.4 14.2 14.6 - - - - 

MMF 

[p.u.] 
0.007 0.007 0.088 0.006 0.005 0.070 0.005 0.005     

Table 27: MMF harmonic content of 8 poles 12 slots for double layer concentrated winding 

Harmonic 1 2 3 4 5 6 7 8 9 10 11 

MMF 

[p.u.] 
0.933 - - - 0.013 - 0.010 0.085 - - 0.085 
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5.1.3.3 Poles and slots combination selection 

Considering the analysis of each of the combinations selected and based on the harmonic 

content, the combination of 6 poles and 9 slots is selected. The reasons of discarding the other 

options are listed below. 

- 4 poles 6 slots: Despite having the same MMF harmonic content than the selected 

combination, and the same fundamental winding factor, there are different drawbacks. 

The first is related to the magnet size, since a 4-poles combination requires larger magnets 

for each pole for the same torque density. Therefore, the magnet associated with one pole 

is larger in size, increasing the manufacturing process complexity, because larger 

magnets are more difficult to insert in the rotor slots, thus increasing the probability of 

breaking them. Another aspect to consider, is the possibility of reducing the iron core 

material in the yoke in a 6-poles machine compared to a 4-poles machine.  

- 8 poles 9 slots: This combination has the main drawback in the MMF harmonic content, 

specially the MMF of 0.756 at 1.25 times the fundamental frequency. This MMF super 

harmonic is 80% of the fundamental MMF component. This would lead into unstable and 

potentially harmful operation. 

- 10 poles 9 slots:  This combination, as the previous has the main drawback in the MMF 

harmonic content, specially the MMF of 1.182 at 0.8 times the fundamental frequency. 

This MMF super harmonic is 125% of the fundamental MMF component. This would lead 

into unstable and potentially harmful operation. In addition, 10 pole combinations have 

higher iron losses contributions, because for the same rotational speed the fundamental 

frequency is higher. 

- 10 poles 12 slots: This combination, as the two last options, has the main drawback in 

the MMF harmonic content, specially the MMF of 0.666 at 1.4 times the fundamental 

frequency. This MMF super harmonic is 71% of the fundamental MMF component. This 

would lead into unstable and potentially harmful operation. Furthermore, 10 pole 

combinations have higher iron losses contributions, because for the same rotational speed 

the fundamental frequency is higher. 
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5.2 PMSM-WP design methodology with efficiency maps 

This section introduces the PMSM design optimization methodology for water pumping 

applications using torque-speed-efficiency maps using the methodology explained in the previous 

chapter.  

The methodology to apply the design optimization algorithm to water pumping applications is 

divided in five steps, which are exposed in Figure 39. The algorithm starts from the hydraulics 

characteristics. The characteristics are WP efficiency (ηpump), pressure (Hpump) and mechanical 

pump power (Ppump). Using these curves, the WP torque-speed-efficiency map is obtained. This 

transformation allows to express the hydraulic characteristics within torque-speed plane. As 

exposed in the previous section, the PMSM design optimization starts defining the desired torque-

speed-efficiency map. This efficiency distribution is meant to be customized by the designer 

based on the required PMSM performance in a selected torque-speed area.  

PMSM rated characteristics, power envelope and losses distribution are defined in the initial 

stage. The objective is to provide the designer with plenty of freedom to design the motor 

according to the hydraulic application requirements. 

According to the hypothesis section, the process starts with the hydraulic characteristics [122], 

efficiency (ηpump), pressure (Hpump) and power (Ppump) over the volumetric flow rate (Qpump) for 

different angular speeds.  

As introduced in the hypothesis section, from the pump power demand Ppump for every angular 

speed n, the torque demand can be calculated for all analyzed points as equation (1). 

Knowing the torque demands for all operational points Tpump (Qpump,n) and having the associated 

hydraulic efficiency ηpump (Qpump,n), magnitudes are rearranged to express hydraulic efficiency 

over torque and rotational speed ηpump (n, Tpump). This conversion was introduced in the hypothesis 

section (equation (2)).   

 

  
 ,

,
pump pump

pump pump

P Q n
T Q n

n
  (1) 

      , , , ,pump pump pump pump pump pumpT Q n Q n n T   (2) 



 

 

89 

 

 

 

INPUTS

Hydraulic Characteristics

Hpump [mH2O], Ppump [W], ηpump vs Qpump[L/h]

Torque Demand Calculation

HYDRAULICS TORQUE DEMAND

1

HYDRAULICS CHARACTERISTICS

HYDRAULICS 

TORQUE-SPEED-EFFICIENCY MAP

Hydraulics Efficiency Map2

PMSM DESIGN PROCESS

PMSM Reference 

Efficiency Map
3.1

PMSM EXPERIMENTAL RESULTS

PMSM Experimental 

Efficiency Map
4

Hydraulics-PMSM  

Experimental Efficiency Map
5

Magneto-Static 

Computation

Geometry 

Construction

Losses 

Computation 

(d-q) Model 

Computation

MAGNETO-STATIC FEA

3.3

3.4

3.5

3.6

FEA MAGNITUDES POST-

PROCESSING

Analytical 

Pre-Design

PRE-DESIGN SEED SIZING

3.2

OUTPUTS

Objective Function

EFFICIENCY MAPS COMPARISON 

RESULTS

1Obj Efff SSIM 

fObj 

min?

New 

Geometry

DESIGN RESULTS

OUTPUTS

Optimal 

geometry

 , , , , ...os is or irGeom D D D D L

PMSM Model 

Efficiency Map
3.7

 

Figure 39: PMSM design methodology for WP applications using torque-speed-efficiency maps 
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Figure 4 showed the experimental WP torque-speed-efficiency map. If this map is known, it is 

possible to select an area of interest in order to design the motor. By knowing the WP efficiency 

characteristics, the PMSM efficiency can be defined before starting the design process. This 

ensures the required system efficiency for the selected application.  

The proposed method is divided in seven steps following the design-optimization process (3.1 to 

3.7 from Figure 39). Step 3.1, the target torque-speed-efficiency map is defined. This first step is 

the most important design stage, because the designer sets the desired motor performance within 

the torque-speed plane and the algorithm performs the designs taking into account these 

characteristics. After this, the geometry of an initial PMSM is calculated by means of analytical 

equations (step 3.2). This was used in previous study to calculate the optimization seed in order 

to find PMSMs Toyota Prius 2004 and Camry 2007 solutions. The objective, in this case, is the 

same, i.e., to provide a seed geometry for the optimization process. Once the seed geometry is 

calculated, a magneto-static electromagnetic analysis is performed (3.3 and 3.4 from Figure 39). 

Motor losses are calculated from data (3.5), the torque-speed-efficiency map is computed using 

a d-q circuit model (3.6 and 3.7 from Figure 39). This map is compared with the reference 

efficiency map defined in Section 3.1. To do this comparison, the structural similarity index SSIM 

[113] is used to compute the objective function. The SSIM index calculates the similarity degree 

between two different matrices, the matrices in this case are two torque-speed-efficiency maps. 

SSIM returns a normalized output within 0 and 1, being 0 the minimum and 1 the maximum 

similarity respectively. The optimization algorithm minimizes the objective function, i.e., f = 1 - 

SSIM changing the geometrical parameters at each iteration.  

5.2.1 PMSM Reference Torque-Speed-Efficiency Map 

A PMSM reference torque-speed-efficiency map is defined as a first design step. The aim is to 

provide the motor performance for the application. The designer has full freedom to define the 

efficiency values and the distribution along the torque-speed map. This step is of major 

importance because the PMSM to be designed strictly depends on the efficiency map defined. 

The algorithm aims to achieve the motor characteristics which matches as much as possible to 

the defined performance.  

5.2.2 Analytical Pre-Design and Geometry Construction 

Once the torque-speed-efficiency map is defined, following the same procedure than with the 

Toyota Prius 2004 and Camry 2007, a seed geometry is needed to start the design-optimization 

process. This initial geometry is calculated using analytical equations and general design rules, 
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thus ensuring a solution nearby the optimum [114], [123]. Table 28 shows the design optimization 

geometric parameters. 

Table 28: Design-optimization geometric parameters 

Parameters Information 

dwire Diameter of the conductors [m] 

Dir Inner diameter of the rotor [m] 

Dis Inner diameter of the stator [m] 

Dor Outer diameter of the rotor [m] 

Dos Outer diameter of the stator [m] 

g Length of the air gap [m] 

hbrg Height of the bridges in the rotor [m] 

hPM Height of the permanent magnets [m] 

hrib Height of the rotor ribs [m] 

hso Height of the slots opening [m] 

hsy Height of the stator yoke [m] 

ht Height of the tooth [m] 

L Length of the stack laminations [m] 

Nph Turns per phase [-] 

wbrg Width of the rotor bridges [m] 

wPM Width of the permanent magnets [m] 

wso Width of the slot openings [m] 

wt Width of the tooth [m] 

wweb Width of the rotor web [m] 

A total of 19 parameters are optimized. Due to the defined equality and inequality rules (see Table 

29), the number of parameters is reduced to 16. 
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Table 29: PMSM geometric rules 

Linear Equality Rules 

The inner stator diameter must be equal to the outer rotor diameter plus 

two times the airgap length 
Dor+2·g = Dis 

The inner stator diameter plus two times the tooth height plus two times the 

stator yoke height must be equal to the outer stator diameter 
Dis+2·ht+2·hsy=Dos 

Linear Inequality Rules 

The outer rotor diameter has to be always bigger than the inner rotor 

diameter. 
Dor > Dir 

The outer stator diameter has to be always bigger than the inner stator 

diameter. 
Dos > Dis 

The height of the stator tooth is bigger than the slot opening height. ht > hso 

The rotor bridge and rib height will never be smaller than 0.5 mm to 

guarantee physical robustness. 

1mm ≥ hbrg ≥ 0.5 mm 

1mm ≥ hrib ≥ 0.5 mm 

Stack length L has to be greater than zero and always as maximum as Dos. 0 < L ≤ Dos 

Non-Linear Equality Rules 

The permanent magnet width plus the rib height plus the rotor bridges 

projected in the same line have to be equal than the projection of the pith 

arc. 

ribh

PMw PMw

a a

arc

 

Non-Linear Inequality Rules 

The stator tooth width has to be always smaller than slot pith arc projected 

in the line. The values are taken for the mid-height of the tooth. 

tw

s

 

The ratio between the wire section taking into account the isolation times the number of wires corresponding per slot 

over the total slot section has to be less or equal than 0.5 

Once the geometric parameters are obtained, either the seed geometry or the geometry found 

during the optimization process, and the correctness of the geometry is verified, the geometry 

can be built into the FEA environment.  

Table 30 shows the materials used in the PMSM. The B-H curve of the laminations is included in 

the COMSOL Multiphysics® FEA software.  
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Table 30: Design optimization materials 

Stator laminations M400-50A 

Rotor laminations M400-50A 

Permanent magnets Nd35H 

Winding Copper 

Some parameters are settled considering manufacturing reliability and simplicity. These 

parameters are exposed in Table 31. 

Table 31: Design optimization fixed parameters 

Number of pole pairs 3 

Number of stator slots 9 

Winding typology Concentrated 

Number of layers 2 

Rotor topology Interior PMSM 

5.2.3 PMSM design optimization results 

The PMSM design-optimization algorithm is validated for a specific hydraulic application. 

Figure 40 shows the experimental hydraulic torque-speed-efficiency map of the water pump 

application. This map, as explained in the hypothesis and introduction sections, is extracted using 

equations (1) and (2). 

 

Figure 40: Water pump experimental torque-speed-efficiency map 

Table 32 summarizes the operational points of the water pump efficiency map highlighted in 

Figure 40. 
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Table 32: Water pump efficiency map data labels 

Angular velocity (1/min) Torque (Nm) 
Efficiency 

 (p.u.) 

4242 0.4819 0.7377 

4270 0.2799 0.3345 

4509 0.6239 0.6928 

4635 0.4692 0.5489 

4849 0.3345 0.0603 

4837 0.0895 0.6149 

4974 0.6657 0.5094 

5158 0.9861 0.5606 

5.2.4 Reference PMSM torque-speed-efficiency map  

Once the hydraulic torque-speed-efficiency map is known, the PMSM reference efficiency map 

distribution is designed. In this study, five initial torque-speed-efficiency points of the WP-PMSM 

system are imposed. Table 33 shows the two imposed system efficiencies. 

Table 33: Reference efficiency distribution levels 

Angular velocity (1/min) Torque (Nm) 
System Efficiency 

 (p.u.) 

WP Efficiency 

(p.u.) 

PMSM Efficiency 

(p.u.) 

5200 1.06 0.43 0.512 0.84 

5100 1.00 0.45 0.542 0.83 

5000 0.90 0.48 0.578 0.83 

4900 0.80 0.49 0.598 0.82 

4700 0.70 0.50 0.626 0.80 

The first requirement is to have a system efficiency of 0.5 at 4700 rpm and 0.7 Nm. The second 

requirement is to accomplish with the IE4 PMSM standard [124] efficiency at 5200 rpm and 1.06 

Nm, leading to a system efficiency of 0.43. The other operational points are interpolated. It results 

in four levels of PMSM efficiency, i.e., 0.84, 0.83, 0.82 and 0.80 respectively.  
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Figure 41: PMSM design optimization reference torque-speed-efficiency map 

5.2.5 PMSM torque-speed-efficiency map 

A PMSM is designed applying the design optimization algorithm introduced in this section starting 

from the torque-speed-efficiency map defined in Figure 41. Once designed the motor is 

manufactured and tested to experimentally validate the torque-speed-efficiency map. 

 

(a) 
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(b) 

Figure 42: PMSM torque-speed-efficiency map with design optimization FEA model (a) and experimental test 

(b) 

The torque-speed-efficiency maps shown in Figure 42 have high degree of similarity.  

Table 34: PMSM torque-speed-efficiency map  

Angular velocity (1/min) Torque (Nm) 
PMSM Model Efficiency 

 (p.u.) 

PMSM Experimental Efficiency 

 (p.u.) 

750.3 1.2110 0.6240 0.5997 

1501 0.7998 0.7844 0.7316 

2001 0.5940 0.8082 0.7660 

2501 1.2010 0.8084 0.7928 

3001 0.7060 0.8236 0.8006 

3251 0.4012 0.7836 0.7413 

3501 0.2006 0.6724 0.6449 

4002 1.2010 0.8405 0.8477 

4200 0.7008 0.8234 0.7832 

4502 0.4012 0.7601 0.6754 

The SSIM between reference and the design optimization FEA algorithm torque-speed-efficiency 

map is 0.983. That means that the algorithm converges with a relative error of 1.7 %. The SSIM 

between design optimization FEA algorithm and experimental maps is 0.96, therefore the relative 

error between both maps is 4%. 

5.2.6 Torque-speed-efficiency map of the system  

System (PMSM-WP) efficiency map obtained with design-optimization FEA model can be 

compared with the experimental one. Figure 43 (a) and (b) show the system (PMSM-WP) torque-
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speed-efficiency map achieved through the design-optimization model and the one obtained 

through experimental validation respectively.  

 

(a) 

 

(b) 

Figure 43: PMSM-WP FEA torque-speed-efficiency map (a) design optimization FEA model (b) experimental 

The SSIM between both maps is 0.99, i.e., the FEA model and experimental system torque-

speed-efficiency maps have a relative error of 1%.  

Table 35 shows the data labels of Figure 43, which are the efficiency values for different operating 

conditions. Analogously, Table 36 shows the comparison against the reference torque-speed-

efficiency targets. 

Analyzing the experimental values, it is observed an overall efficiency decrement for the 

experimental values. This results deviation shows the importance of taking into account other 

parameters when designing PMSMs, such as the mechanical tolerances, increment of iron losses 

due the manufacturing process or changes in the winding resistance, among others. Besides this, 
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the absolute errors remain low enough, i.e., around 2% of the rated power (19.6 W, 14.6 W, 14.8 

W, 12.4 W, 14 W) validating the design-optimization process.  

Table 35: PMSM-WP system torque-speed efficiency map values comparison 

Angular velocity 

(1/min) 

Torque 

(Nm) 

Hydraulic-PMSM Model Efficiency 

(p.u.) 

Hydraulic-PMSM Experimental Efficiency 

(p.u.) 

4242 0.4819 0.5827 0.5285 

4270 0.2799 0.2377 0.2160 

4509 0.6239 0.5613 0.5293 

4635 0.4692 0.4267 0.3873 

4849 0.3345 0.0436 0.0376 

4837 0.0895 0.5078 0.4791 

4974 0.6657 0.4133 0.3757 

5158 0.9861 0.4683 0.4375 

 
 

Table 36: PMSM-WP efficiency labels comparison against reference map 

Angular velocity (1/min) Torque (Nm) 
Efficiency 

 (p.u.) 

Efficiency Model 

(p.u.) 

Efficiency Experimental 

(p.u.) 

5200 1.06 0.43 0.4306 0.3967 

5100 1.00 0.45 0.4534 0.4261 

5000 0.9 0.48 0.4875 0.4561 

4900 0.8 0.49 0.4939 0.4638 

4700 0.7 0.50 0.5302 0.4893 
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5.3 PMSM Characteristics 

The characteristics of the PMSM are presented in this section. Some geometric variables are 

discussed, as well as the performance under rated conditions. Figure 44 shows the PMSM 

prototype and the PMSM-WP assembly. 

 

Figure 44: (a) PMSM prototype assembly (b) PMSM-WP system (c) PMSM test bench 

The outer stator diameter Dos was fixed due a direct size limitation of the application. Based on 

this parameter restriction and the geometric rules, the design optimization algorithm finds the 

PMSM geometry attaining the performance defined by the designer. Table 37 summarizes the 

PMSM geometric variables.  

Table 37: PMSM geometry values 

Geometry Parameter Values 

g [mm] 0.29 

Dor [mm] 54 

Dos [mm] 90 

L [mm] 30 

hPM [mm] 2.7 

Nph 210 

dwire [mm] 0.6 

Table 38 summarizes the general characteristics of the PMSM. 

  

 
(a) 

 
(b) 

PMSM 
(MOTOR)

PMSM 
(LOAD)

HBM 
T20WN

(c) 
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Table 38: PMSM characteristics 

Characteristics Value 

Number of phases 3 

Rated power [W] 585 

Rated Voltage [VRMS] 200 

Rated Current [IRMS] 2 

Rated Torque [N·m] 1.24 

Rated Speed [rpm] 4501 

Rated Efficiency [%] 84.2 

Pole Pairs 3 

Number of Slots 9 

d-axis Inductance Ld [mH] 4.2 

q-axis Inductances Lq [mH] 11.2 

As shown in Table 38, the rated power of the motor is 585 W. Considering the IEC 60034-30-1 

standard for electrical machines, the premium efficiency class (IE4) for machines with rated power 

of 600 W is 84 %. Therefore, the PMSM designed by means of the design-optimization algorithm 

fulfills the requirements of the premium efficiency standard.  

Figure 45 shows the experimental setup used to validate the PMSM performance. 
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Figure 45: PMSM experimental setup for evaluating motor performance 

5.4 PMSM validation by means of Time Dependent FEA Validation 

Time-dependent FEA study is performed to validate the PMSM design under rated conditions. 

Results are compared against experimental acquisitions. Time-dependent FEA simulation is 

performed using 200 VRMS pure sinusoidal voltage sources. The same operational point is 

evaluated using the RENESAS YROTATE-IT-RX32T converter, which applies sinusoidal pulse 

width modulation (SPWM). Figure 46 shows the time evolution of the phase current and 

mechanical torque.  
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(a) 

 

(b) 

Figure 46: (a) PMSM phase current at rated conditions experimental versus FEA (b) Torque at rated 

conditions experimental versus FEA 

Figure 46 (a) shows the experimental and FEA time evolution of the experimental and FEA phase 

currents, respectively. The experimental acquisition includes winding unbalance effects. The 

RMS values of the experimental and FEA currents are 2.09 and 2.02 A, respectively. Analogously 

Figure 46 (b) shows the experimental and FEA torque waveform. The difference observed is 

mainly because the torque transducer is detecting the torque ripple of the PMSM as well as the 

torque ripple of the load PMSM, which adds some distortion. The mean experimental and FEA 

torques are 1.237 and 1.240 Nm, respectively.  

5.5 Optimization Convergence and Computational Burden 

Target completion for optimization convergence is 2% using the structural similarity index SSIM, 

therefore the objective function is fobj = 1 - SSIM = 0.02. The Patternsearch optimization solver 
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from MATLAB® is used. The design optimization algorithm converges with a relative difference 

of 1.7%, thus accomplishing the defined target value.  

PMSM design-optimization process required 4 days and 8 hours with an Intel® CoreTM i9-7940X 

3.10 GHz processor with 64 GB of RAM memory. Every optimization iteration required between 

24-40 seconds, being strictly dependent on the iron saturation. To limit the design-optimization 

time, the number of optimization iterations were limited to 10000. The time required to design the 

PMSM is affordable and avoids manufacturing costs, saving time and resources.  

5.6 PMSM design and optimization methodology. Conclusions 

A design-optimization methodology to design and optimize PMSMs has been developed. The 

core idea of the process starts by defining the desired torque-speed-efficiency map by adapting 

its performance to the hydraulic characteristics of a specific WP application. It allows the designer 

to have full freedom to define the efficiency levels and distribution along the torque-speed map, 

including implicitly the distribution of power losses and power rating. The algorithm calculates the 

PMSM characteristics matching the required performance defined by the designer at the 

beginning of the design process. The methodology is validated by designing and testing a PMSM 

adapted to a water pumping application. Two main points of the whole system are designed 

according to the initial specifications. The values imposed by the designer are the torque, speed 

and system efficiency. After locating these main conditions, extra operating points were defined 

in order to increase the resolution of the objective torque-speed-efficiency map. By knowing the 

reference map, the design-optimization process starts. The PMSM was designed using the 

methodology proposed, the torque-speed-efficiency map obtained, and the efficiency targets 

were attained for the torque-speed-area, The SSIM between the reference and the design 

optimization map was 0.983, thus the algorithm converges with 1.7% of similarity error. Next, the 

prototype was manufactured and tested. The torque-speed-efficiency map obtained shows high 

fidelity between the FEA and experimental values. The relative similarity error between both maps 

is 4 %. Once the PMSM performance was validated, the system efficiency was compared with 

FEA and experimental values, obtaining a relative error of 1% in the target efficiencies. 
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6. PMSM Parameter Estimation   

During last decades, special attention has been put in parameter estimation methods for electrical 

machines, today becoming an active topic. Such methods allow a better characterization, thus 

enabling to improve motor design and control. PMSMs have been of special interest with respect 

other electrical machines due to their superior capabilities, such as torque density, position 

precision, high efficiency, etc.  

This chapter presents a novel PMSM parameter estimation method. The PMSM designed through 

the design-optimization methodology is used. First, the method characterizes the motor 

parameters by considering its performance on the entire torque-speed range, thus, allowing to 

find the parameter variations as a function of the load conditions. Moreover, as a main novelty, 

the identification method finds the values of the d-q inductances from the differential power factor 

due to the harmonic distortion. This method calculates the d-q inductances as a function of the 

space vector current and angle, thus providing superior accuracy compared to most of the 

approaches found in the literature. The proposed method finds the vector magnitudes and angles 

without requiring any position sensor, motor geometry information or prior knowledge of the 

applied FOC strategy. This approach uses a d-q electrical model considering the harmonics of 

the electrical magnitudes, and does not apply any optimization algorithm for the identification, 

thus reducing computational requirements. By considering the harmonics, the d-q inductances 

are characterized, allowing an enhanced characterization of the machine.   

The method starts from electrical and mechanical measurements (voltages, currents, torque and 

speed), the d-q inductances of the PMSMs are inferred in the entire torque-speed map as a 

function of the operating point. These parameters are usually obtained by means of FEM models, 

so they are not directly measured. In case of being measured, a test bench equipped with an 

accurate position sensor on the motor shaft is required, thus carrying out a set of tests for each 

rotor angular position. The method presented in this research avoids the need for such a position 

sensor. 

The proposed method is first validated experimentally by comparing the d-q current space vector 

against that acquired by using the position provided by a resolver connected to an ABB DGV700 

converter that applies a 90º current control without flux weakening capability. The method is 

further validated by using the designed PMSM connected to a Renessa’s YROTATE-IT-RX23T 

motor control platform, which applies a sensorless 90º current control with flux weakening 

capability. The d-q inductances are validated for all experimental operational points. 
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This chapter is divided in five sections. First section 6.1 overviews the PMSM parameter 

estimation methodology, section 6.2 introduces the PMSM testing procedure detailing the 

experimental setup and measurement issues, section 6.3 details the parameter estimation 

algorithm, section 6.4 exposes the validation results and section 6.5 exposes the conclusions.  
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Nomenclature 

ADAQ DAQ accuracy [V] 

At Total measurement accuracy [V] 

ATrans Transductor accuracy [V] 

cos(φ) Power factor [-] 

epm-1st 1st Harmonic permanent magnet stator back-electromotive force [V] 

Es Stator back-electromotive force [V] 

Iabc Stator phase currents [A] 

id Direct axis current [A] 

iq Quadrature axis current [A] 

is Current space vector [A] 

is-nth n-th harmonic of the current space vector [A] 

Is Rated stator current [A] 

Ld Direct axis inductance [H] 

Lq Quadrature axis inductance [H] 

m Phases number [-] 

n Rotor angular speed [rpm] 

nmax Maximum rotor angular speed [rpm] 

p Pairs of poles [-] 

PFe-mec Iron and mechanical losses sum [W] 

PRs Copper losses [W] 

PU Useful mechanical power [W] 

q Number of slots per pole and phase [-] 

RFe Iron resistance [Ω] 

Rs Stator windings per phase resistance [Ω] 

Rso Phase stator resistance at ambient temperature [Ω] 

T Output mechanical torque [N·m] 

Tamb Ambient temperature [ºC] 

Tw1 Winding temperature (front coil head) [ºC] 

Tw2 Winding temperature (rear coil head) [ºC] 

Uabc Stator phase voltages [V] 

ud Direct stator voltage [V] 

uq Quadrature stator voltage [V] 



 

 

107 

 

 

 

us Voltage space vector [V] 

us-nth n-th harmonic of the stator voltage space vector [V] 

u (xi) Standard uncertainty 

uc (y) Combined standard uncertainty 

u2 (xi) Estimated variance 

uc
2 (y) Combined estimated variance 

Udc Voltage of the DC bus [V] 

Us Rated stator voltage [V] 

α Angle between the 1st harmonic of the stator flux linkage and the current [rad] 

β Angle between the 1st harmonic of the stator voltage and the back-electromotive 

force 

η Energy efficiency [p.u.] 

θe Electrical angular position [rad] 

θis-1st First harmonic current space vector angle [rad] 

θm Mechanical angular position [rad] 

θres Resolver angular position [rad] 

θus-1st First harmonic voltage space vector angle [rad] 

φ  First harmonic power factor angle [rad] 

ωm Electrical angular speed [rad/s] 

Ψabc Stator flux linkage [V·s/rad] 

Ψd Direct axis flux linkage [V·s/rad] 

Ψpm Permanent magnets flux linkage [V·s/rad] 

Ψpm-1st 1st harmonic permanent magnets flux linkage[V·s/rad] 

Ψq Quadrature axis flux linkage [V·s/rad] 

Ψs-1st 1st harmonic stator flux linkage [V·s/rad] 
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6.1 PMSM parameter estimation methodology overview 

This subsection shows the parameter estimation methodology. Figure 47 shows the process 

diagram, which is divided in two main stages, i.e., the experimental tests and the parameter 

estimation stage. The parameters to be known before starting the identification are the rated 

magnitudes, such as the line voltage, phase current, rated speed and maximum speed, rated 

torque, number of phases and number of poles. All this data is usually found in the motor 

nameplate provided by the manufacturer. Next, some optional tests can be performed to obtain 

the permanent magnet flux linkage and phase resistance if these values require to be updated. 

Then, these values are taken as seed values for the solution, and they will be corrected when 

identifying the PMSM parameters. After this, the motor is tested and the phase currents, line 

voltages, load torque, angular speed, resolver or encoder position if available and the winding 

temperature are acquired. Finally, the parameter estimation algorithm is applied to identify the 

FOC strategy and the electromagnetic parameters over the whole torque-speed range.  

INPUTS

specfications

Us [Vrms], Is [Arms], n 

[rpm], nmax [rpm], T 

[Nm], m, p

No load test

(1000 rev/min) and 

Rs measurement

OUTPUTS

Es [V], 

Ψpm [Vs/rad], Rs [Ω]

PMSM EXPERIMENTAL TESTS

1

Different load tests2

OUTPUTS

Iabc(t) [A], Uabc(t) [V], 

T(t) [Nm], n(t) [rpm], 

Θres(t) [rad], Tw1 [°C], 

Tw2 [°C]

Parameter and FOC 

strategy 

identification 

algorithm

OUTPUTS

ud(T,n), uq(T,n)

iq(T,n), id(T,n), Ld(id,iq), 

Lq(id,iq),

Ψd(id,iq), Ψq(id,iq) 

PARAMETER AND FOC STRATEGY IDENTIFICATION

3

 

Figure 47: PMSM parameter estimation methodology overview 

6.2 PMSM testing procedure 

This subsection details the experimental procedure to extract the experimental data. Most of the 

input data are usually available in the motor nameplate. Some other parameters can be obtained 
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and updated, because they can change due to different reasons as tolerances, manufacturing 

process, aging or faults among others. Figure 48 summarizes the PMSM testing process.  

INPUTS
Specfications
Us [Vrms], Is 

[Arms], n [rpm], 
nmax [rpm], T 

[Nm], m, p

No Load Test
n = 1000 rpm

OUTPUTS
Es [V], Ψpm [Vs/rad]

PMSM NO LOAD TEST

1

Rs Measurement2
OUTPUTS

Rso [Ω], Tamb [°C]

PMSM LOAD TEST

Torque-Speed 
Discretization

3
OUTPUTS

Ti = [Tmin, ,Tmax]
ni = [nmin, ,nmax]

Test First 
Operational Point 

(Tmin,nmin)
4

Extract Data5

OUTPUTS
Iabc(t) [A], Uabc(t) [V], 
T(t) [Nm], n(t) [rpm], 
Θ(t) [rad], Tw1 [°C], 

Tw2 [°C]

Last 
Operational 

Point ?
6

PMSM Test 
Finalization

7

RMS Electrical 
Values

OUTPUTS
Iabc [ARMS]
Uabc [VRMS]

PMSM DATA POST-PROCESSING 

9

No

Yes

Mean 
Mechanical 

Values

OUTPUTS
nmean [rpm]
Tmean [Nm]

10

Data Filtering and 
FFT

8
OUTPUTS
Filtered 

Data

Power Factor 
and Efficiency 

Calculation

OUTPUTS
Cos(ϕ)

η
11

Test Next 
Operational Point 

(Ti,ni)

 

Figure 48: PMSM parameter estimation testing process 
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6.2.1 No load test for PMSM 

The no load test is first performed at 1000 rpm to acquire the time dependent back-electromotive 

force (steps 1 and 2), and the harmonic components are extracted. The winding resistance is also 

measured at ambient temperature. These values are updated during the estimation process.  

6.2.2 Load test for PMSM 

The PMSM is connected to the load motor, which in this case is a SPMSM. The load test consists 

in testing different operating points within the torque-speed plane (steps 3 to 7).  

6.2.2.1 Torque-speed discretization  

To test the PMSM, the torque-speed plane is discretized considering the rated torque and the 

rated and maximum angular speeds. The maximum power envelope is considered to limit the 

maximum speed for each torque value.  

6.2.2.2 Operating point test and data acquisition 

Once discretized the torque-speed map, time-dependent measurements are performed. Data 

includes phase currents, line voltages, dynamic torque, dynamic angular speed, motor resolver 

position and winding temperature. On the other hand, if a position sensor is available, it is used 

to validate the accuracy of the current space vector angle estimation. 

Table 39 shows the measurement and acquisition details for the instrumentation selected. 

Table 39: Measurement and acquisition devices details 

Magnitude 
Sampling 

Frequency 

Number of 

samples 

DAQ Input 

Range 

DAQ 

Sensitivity 

DAQ 

Accuracy 

Transducer 

Accuracy 

Angular speed 

sensor 

200 kS/s 200 kS 

±5 V 56 μV 1.01 mV 0.15 V 

Current sensors ±1 V 12.8 μV 0.22 mV 5 mV 

Torque sensor ±10 V 112 μV 1.92 mV 0.02 V 

Voltage sensors ±5 V 56 μV 1.01 mV 3 mV 

Temperature 

sensors 
1 S/s 1 S ±1 V 12.8 μV 0.22 mV 88 μV 

6.2.3 PMSM data processing  

The data acquired is post-processed (steps 8 to 11). This stage includes different steps which are 

described below. 
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6.2.3.1 Data filtering and calculations  

Table 39 indicates the sampling frequency (200 kS/s) during 1 second for each operational point. 

The PMSMs has six pole extensions, its maximum angular speed is 6000 rpm, so the maximum 

fundamental harmonic frequency is 300 Hz, corresponding to 66 samples per period, thus this 

system allows acquiring up to the 83th harmonic. The data is filtered by using a first-order low-

pass filter with a stopband attenuation of 60 dB. The cut-off frequency is set to the frequency of 

the 7th electrical harmonic, the highest relevant harmonic for a proper operation. 

6.2.3.2 Fast Fourier Transformation (FFT) 

After the data is acquired and filtered, a harmonic analysis is performed extracting the amplitude 

and phase of the first, third and fifth harmonics.  

6.2.4 Experimental setup  

Figure 49 exposes the experimental setup used to apply the parameter estimation methodology. 

It is worth to mention that this configuration is the same as the experimental setup used to 

evaluate the motor performance following the standard procedure. Therefore, this method is 

aimed to complement and expand the measured parameters.  
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Figure 49: PMSM setup for parameter estimation 

Table 40 summarizes the instrumentation used in the experimental part. 

Table 40: PMSM parameter estimation instrumentation 

Converter ABB - DGV 700 / YROTATE-IT-RX23T 

Angular speed sensor ABB-DGV700 (A I/O: ±15V, 1%) 

Current sensors Tektronix A622 (10 mV/A o 100 mV/A, sensitivity: 0.06 mV/A) 

Torque sensor HBM T20WN/20NM (Torque: 0-10 V, ± 0.2 %) 

Voltage sensors ABB VS750B (750 V, 0.3-0.9 %) 

Temperature sensors Type K Thermocouple, (0.75 %) 

Data acquisition device DAQ NI PCI-6259 - NI SCB 68 (±5V, 56μV), 16 bits  

Acquisition software Python 
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6.2.5 Standard uncertainty and combined standard uncertainty analysis 

Standard uncertainty analysis is performed in this section. To perform the analysis, the accuracy 

of each transducer is considered to be overlapped with the accuracy of the DAQ. To illustrate 

that, Figure 50 shows conceptually the accuracy disposition.  

Transducer

DAQ DAQ

...

 

Figure 50: DAQ and transducer accuracy overlap 

Making the above assumption the worst case scenario is being considered, therefore the total 

accuracy is the sum of accuracies.  

 t Trans DAQA A A   (102) 

Considering a coverage factor of 3, the standard uncertainty is calculated as,  

  
3

t

i

A
u x   (103) 

The estimated variance is as,  

     
22

i iu x u x  (104) 

The combined variance of a function of interest is defined as, 

    
2

2 2

1

N

c i

i i

f
u y u x

x

 
  

 
  (105) 

The combined standard uncertainty is used to calculate the accuracy of estimated values, being 

the square root of the combined variance, 

    2

c cu y u y  (106) 

Table 41 shows the standard uncertainty for the measurement devices considering its overlapping 

region with DAQ accuracy. 
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Table 41: Standard uncertainty considering the measurement devices 

Magnitude 
DAQ 

Accuracy 

Transducer 

Accuracy 

Total 

Accuracy 

Standard Uncertainty 

(Acquisition magnitude) 

Standard Uncertainty 

(Physical magnitude) 

Angular speed 

sensor 
1.01 mV 0.15 V 151 mV 50.30 mV 20.12 rpm 

Current sensors 0.22 mV 5 mV 5.22 mV 1.74 mV 0.0087 A 

Torque sensor 1.92 mV 0.02 V 21.9 mV 7.30 mV 0.0146 Nm 

Voltage sensors 1.01 mV 3 mV 3.01 mV 1.003 mV 0.15 V 

Temperature 

sensors 
0.22 mV 88 μV 0.31 mV 0.103 mV 0.18 ºC 

 

6.3 Parameter estimation algorithm to identify inductances and FOC strategy 

This subsection details the parameter estimation algorithm aimed to identify the PMSM 

inductances over d-q currents and the FOC strategy for each operational point.  

6.3.1 Space vector current discretization and harmonic decomposition 

The first step is the discretization of the current space vector. The discretization is carried out 

within the motoring quadrant, which for PMSMs is the second quadrant. Considering this 

discretization together with the available data, it is possible to extract the magnitudes to identify 

by applying some calculus.   

Figure 51 shows a generic d-q vector diagram for PMSM, where can be seen magnitudes as 

voltage, currents and flux linkages. The harmonic components of voltages and currents are 

determined, i.e., the fundamental frequency, amplitudes and phase angles. As explained later, 

the third and fifth harmonics are used for identification of the inductances for all operating points.  



 

 

115 

 

 

 

 

Figure 51: PMSM vector diagram of the fundamental magnitudes. 

Figure 52 shows the third and fifth current harmonic vector diagram. Therefore, when identifying 

the d-q currents, it is necessary to decouple the harmonic components, as well as for the voltage 

and flux linkage vectors.  

 

Figure 52: PMSM vector diagram including the harmonic vector representation. 

6.3.2 Winding resistance adjustment, iron resistance and stator flux linkage calculation 

Knowing the fundamental electrical magnitudes, the winding resistance is corrected according to 

the acquired temperature. 
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  1
os s Cu w ambR R T T        (107) 

The stator resistance power losses are calculated considering the contribution of the third and 

fifth harmonics.  

  2 2 2

1 3 5
2sR s st s rd s th s

m
P i i i R           (108) 

From the power balance, the iron and mechanical power losses in all operational points are 

determined. 

 
s

U

Fe mec U R
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P P P




 
   
 

    (109) 

The iron and mechanical losses are represented as a parallel resistance in the d-q electrical 

model, 

       2 2 2

1 1 3 3 5 5· · ·
2

Fe mec s st s s st s rd s s rd s th s s th
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m
R u R i u R i u R i

P
      



      


 (110) 

Rs, us-1st, is-1st, us-3rd, is-3rd, us-5th and is-5th are obtained by averaging the magnitudes of each of the 

m phases. Voltages and currents are expressed in peak values. 

The first harmonic of the back electromotive force is as, 

 1 1 1s st s st s st se u i R      (111) 

Once the back electromotive force and the electrical angular velocity are known, the absolute 

stator flux linkage can be determined as, 

 1 1 /s st s st me      (112) 

6.3.3 Differential voltage due to the current harmonics and angles determination 

After having the harmonic decomposition, the phase angles for every component are obtained. 

The first harmonic power factor averaged over m phases is calculated as, 

  
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𝜃𝑢𝑠−1𝑠𝑡,𝑖
 and 𝜃𝑖𝑠−1𝑠𝑡,𝑖

 are the angles of voltage and current vectors respectively for phase i. 

Considering the harmonic contribution, the total power factor is as,  
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The differential power factor angle Δϕ is calculated as,  
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
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The angle between is-1st and Ψs-1st is calculated in this stage. Figure 53 shows the angles which 

will remain fixed during the identification process. ϕ is the angle between the first harmonic of the 

stator current and voltage, β is the angle between the first harmonic of the stator voltage and the 

back-electromotive force and α the angle between the first harmonic of the stator flux linkage and 

current. Using the sinus theorem, angle β is calculated as,  
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1

sin sin s st s

s st

i R

e
  




             (116) 

The angle between the stator flux linkage and the current is,  

 
2


                 (117) 

These angles fix the relative position of all space vectors, allowing only one degree of freedom 

when finding the control angle. 

 

Figure 53: PMSM current, voltage and flux linkage 1st harmonic Blondel diagram 

6.3.4 Inductance calculation 

First, the current space vector is decomposed in the d-q plane. 
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Next, knowing the angle between the stator flux linkage and the current, the stator flux linkage is 

obtained as follows. 
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               (119) 

Unstable values are obtained when calculating the inductance from the first current harmonic 

components. Critical values are reached when the d-q current has a small value, i.e., when the 

current angle is nearby the q-axis (θis ≈ π/2) or with the d-axis (θis ≈ π). An alternative way to 

calculate the d-q inductances is proposed in this thesis, which considers the third and fifth 

harmonics of the current and the differential power factor angle Δϕ.  

The differential d-q voltages are calculated as,  
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          (120) 

Next, the inductances using the methodology proposed in this thesis are calculated as,  
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(121) 

Once the d-q inductances are known, the d-q flux linkages are compared with the calculated ones. 
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(123) 

The angle θis-1st providing the minimum flux linkage error is considered as the nearest solution of 

the real control angle.  
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Once the optimal angle θis-1st is found, the first harmonic components are calculated and 

compared against experimental data. 
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 2 2

s calc d calc q calcu u u                 (125) 

The power factor is extracted from the d-q voltages and the current vector as,  
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The torque generating currents iod and ioq are calculated as,  
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Finally, the torque is calculated as,  
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Relative errors are calculated as,  
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(129) 

 

Figure 54 summarizes the parameter estimation algorithm to identify inductances and FOC 

strategy. 
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1: Set the Current Angle Steps: 
1 1

/ 2 : :
s st s sti i   
 

   

2: List the Operational Points: 

 
min min min max

max min max max

, ... ,

... ... ...

, ... ,
i iT n

T n T n

P

T n T n

 
 


 
  

 

3: for 
min minT nP  to 

max maxT nP  do 

4:        FFT Electrical Magnitudes: 

  1 ,3 ,5 1 ,3 ,5, i ,coss st rd th s st rd thu  
 

5:        Winding Resistance Temperature Correction: 
sR  

6:        Iron and Mechanical Losses: 
Fe mecP 

 

7:        Equivalent Iron-Mechanical Losses Resistance: 

 
Fe mecR 

 

8:        Back-Electromotive Force: 
1s ste 

 

9:        Stator Flux Linkage: 
1s st 

 

10:  for 
1

/ 2
s sti 


  to 
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  do 

11:             d-q Currents: 
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12:             d-q Flux Linkages: 
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13:             d-q Differential Voltages: 
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14:             d-q Inductances:  
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15:             Calculated d-q Flux Linkages:  
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16:             d-q Flux Linkages errors: 
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17:  end 

18:  Minimum Flux Linkage error selection. 
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                                          2 2
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20:  Power Factor:  
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22:  Torque:  
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23:  Error: 
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24: end 

Figure 54: PMSM parameter estimation algorithm overview 
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6.4 Parameter estimation results 

This subsection summarizes the results obtained using the parameter estimation. The method is 

validated at the first instance, using an ABB PMSM driven by a DGV700 ABB converter, which 

has a resolver, thus allowing to acquire the rotor position for validation purposes. The method is 

further validated using a PMSM from Midtal Talentos S.L driven by a RENESAS® sensorless 

FOC control platform YROTATE-IT-RX23T with flux weakening capability. 

6.4.1 ABB PMSM  

Table 42 summarizes the ABB PMSM characteristics. 

Table 42: ABB PMSM characteristic 

Manufacturer ABB 

Converter model  DGV 700 

Rated Voltage [VRMS] 380 

Rated Current [ARMS] 2.9 

Rated Torque [N·m] 2.3 

Rated Speed [1/min] 6000 

The model is applied to the ABB PMSM. Figure 55 compares in a Blondel diagram the values of 

the d-q currents estimated by the model against the experimental values acquired from resolver 

position.  

 

Figure 55: ABB PMSM d-q Blondel current diagram, estimated versus experimental 



 

 

122 

 

 

 

As can be seen in Figure 55, the model calculates correctly the control angle. The ABB PMSM 

drive applies a 90-degree current angle control without flux weakening capability.  

6.4.2 GNC PMSM 

A PMSM driven by a RENESAS sensorless FOC control platform YROTATE-IT-RX23T with flux 

weakening capability is studied as a second validation stage.   

Table 43 summarizes the basic characteristics of the GNC PMSM. 

Table 43: GNC PMSM characteristics  

Manufacturer Midtal Talentos S.L 

Converter model  RENESAS YROTATE-IT-RX32T 

Rated Voltage [VRMS] 200 

Rated Current [ARMS] 3 

Rated Torque [N·m] 1 

Rated Speed [1/min] 4600 

Figure 56 shows the d-q space vector currents estimated by the algorithm. As can be seen, the 

major part of the working points are aligned with the quadrature axis. On the other hand, by 

validating the drive strategy control, the flux weakening operating points can be located.  

 

Figure 56: GNC PMSM d-q Blondel diagram parameter estimation values of current 
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6.4.3 Reference method for inductance measurement 

The identified values of the inductance are compared with those obtained from a reference 

experimental method described in [125], using a DC biased AC source. The reference method 

allows measuring the d-q inductances under different load conditions. The AC signal peak value 

is small compared with the DC voltage bias. In this case the peak-to-peak is 1 V, whereas the DC 

component is changed from 5 to 15 V. The DC component represents the d-q voltage component.  

Figure 57 shows the experimental setup required for the reference experimental method.  

GNC 
PMSM

AC SOURCE
SP300VAC600W

DIGITAL 
OSCILLOSCOPE 

RTH1004

CURRENT CLAMP 
FLUKE i30s

 

Figure 57: Experimental setup required t measure the reference inductances  

Table 44 summarizes the instrumentation used to test the reference method. 

Table 44: Instrumentation used for reference inductance method 

AC Source  
APM SP300VA600W  

(Imax=5.6A, Pout=600 W, 0.5 %) 

Current Transducer Fluke i30s (± 30A, 100 mV/A, 1%) 

Oscilloscope 
ROHDE & SCHWARZ RTH1004  

±(0.05% +0.03%) 

Once applied the reference method, Figure 58 and Figure 59 show the d-q inductance values for 

all operational tested points. The obtained inductance values are compared point by point.  
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(a) 

 

(b) 

Figure 58: Ld estimation versus reference method. (a) Ld versus id (b) Ld versus id. 

 

(a) 

 

(b) 

Figure 59: Lq estimation versus reference method. (a) Lq versus id (b) Lq versus id. 

The reference method averages the inductance over one period of the current waveform. 

Moreover, during the tests it is required to block the rotor, so the measured inductance values 

depend on the rotor position. A characteristic of the method proposed in this thesis is that it 

calculates the inductance for every working condition when the motor is running in normal 

operation. Considering this difference, the mean value is compared with that of the reference 

method.  

Table 45 compares the reference values of the inductances and the PM flux linkage against the 

ones obtained by applying the proposed methodology.  
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Table 45: Inductance and PM flux linkage parameters mean values comparison, parameter estimation method 

versus reference method 

Magnitudes Identified values  Experimental  

Direct inductance Ld [mH] 3.91 (mean value) 4.18 

Quadrature inductance  

Lq [mH] 
12.10 (mean value) 13.40 

Permanent magnet flux linkage ΨPM-1st [V·s/rad] 0.080 0.083 

As can be seen in Table 45, the mean values obtained with the thesis methodology show a great 

similarity with the mean values of the reference method allowing to validate the parameters 

identified.  

6.4.4 Accuracy of the estimated parameters  

The accuracy of the estimated parameters is studied in this subsection using the combined 

standard uncertainty. The combined standard variance of the d-q inductances uc-Ld
2 and uc-Lq

2 is 

calculated as, 
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The d-q inductances are found from the d-q voltages, angular speed and the 3rd and 5th current 

harmonic components. The expressions differentiated result as, 
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(132) 

The terms  2

du u ,  2

qu u ,  2

mu  ,  2

3s rdu i  and  2

5s thu i   are replaced by the values exposed in 

Table 45. The standard variance of the electrical angular speed,  2

mu   , is directly obtained from 

the FFT analysis and taking into account the fundamental frequency, which has an accuracy of 

1.0 Hz. The standard uncertainty is the square root of (131) and (132). The accuracy is calculated 

multiplying the standard uncertainty by a coverage factor of 3 to ensure a 99% confidence level. 

In (131)-(132) the current components are dividing, therefore, low currents have a large 

contribution in the combined variance, this contribution being increased at lower speed 

operations. 

Figure 60 and Figure 61 show the accuracy values for all operational points. 

 

(a) 

 

(b) 

Figure 60: Ld axis accuracy (ALd), (a) ALd versus id (b) ALd versus iq. 
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(a) 

 

(b) 

Figure 61: Lq axis accuracy (ALq), (a) ALq versus id (b) ALq versus iq. 

The accuracy is reduced at lower currents and lower angular speeds. Therefore, the accuracy 

increases with the angular speed (Y values of data labels in Figures). 

Table 46 shows the mean accuracy of the estimated d-q inductances by applying (131)-(132). 

The accuracy is calculated with a coverage factor of 3, ensuring a confidence level of 99%.  

Table 46: Accuracy mean values for d-q inductances estimation 

Magnitudes Absolute accuracy [mH] 

Direct inductance accuracy ALd [mH] 0.56 mH (mean value) 

Quadrature inductance accuracy ALq [mH] 0.56 mH (mean value) 

6.4.5 Computational burden 

The parameter estimation method requires 0.66 seconds to calculate all points displayed in Figure 

58 and Figure 59  using an Intel® CoreTM i9-7940X 3.10 GHz processor with 64 GB RAM memory. 
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6.5 Parameter estimation methodology conclusions 

A parameter estimation method to estimate the PMSM inductances and current control magnitude 

and angle has been developed. The method estimates these magnitudes from its performance 

test on the entire torque-speed range, thus, finding parameter variations as a function of the load 

conditions. The main novelty on the identification of inductances is related to the use of the 

differential power factor due to the harmonic distortion. The method does not require geometry 

information, knowledge of the control strategy or a position sensor. It uses a d-q electrical model 

with harmonic decomposition and avoids applying any optimization solver, thus greatly reducing 

the computational burden. The method is considered off-line, however, although it can be applied 

on-line to identify parameters from a unique operating point. The algorithm has been validated 

using two different PMSMs. Results show an accurate identification of current space vector 

magnitudes and angle and inductances values. The computational burden is low, and thus, the 

estimation is performed in an affordable time.  
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7. PMSM Performance Evaluation 

The limitations when testing the performance of PMSMs arise when using current strategies. The 

complexity increases when the whole torque-speed-map is tested, due to the number of 

experiments to carry out, set up the correct discretization, prepare the experimental setup, etc. 

Moreover, most of the instrumentation needed is expensive, especially if high precision 

measurement devices are required. For all the exposed reasons, a new methodology to evaluate 

the performance of PMSMs is developed, easing the whole process and reducing the 

requirements of the instrumentation required. 

This chapter presents a novel PMSM performance estimation method based on the blocked rotor 

test. The method does not require to know the geometry of the PMSM. This method avoids the 

use of expensive measurement devices and does not require a complex experimental setup. 

Moreover, as the parameters are identified as a function of the load conditions, this method allows 

to reproduce the PMSM performance by applying different control strategies using a d-q electrical 

model. The method does not require any optimization algorithm, thus simplifying and speeding 

up the process to reproduce the performance. The method is validated experimentally by 

comparing the performance of the PMSM designed for hydraulic applications. The torque-speed-

efficiency map and electromagnetic parameters are validated using finite element analysis (FEA) 

simulations and they are compared with the performance evaluated in Chapter 5. 

This chapter exposes the methodology to reproduce the performance of a PMSM by applying a 

parameter estimation approach based on a stand still test. First, section 7.1 exposes the 

methodology, section 7.2 shows the experimental results validation and finally, section 7.3 

concludes the methodology results.  
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Nomenclature 

es Stator back electromotive force [V] 

id Direct axis current [A] 

iq Quadrature axis current [A] 

is Stator phase current [A] 

icd Iron losses direct axis current [A] 

icq Iron losses quadrature axis current [A] 

iod Effective direct axis current [A] 

ioq Effective quadrature axis current [A] 

Ls Parameter estimation inductance [H] 

Lls Leakage inductance [H] 

Lms Magnetizing inductance [H] 

Ld Inductance in the direct axis [H] 

Lld Leakage inductance in direct axis [H] 

Lmd Magnetizing inductance in the direct axis [H] 

Lq Inductance in the quadrature axis [H] 

Llq Leakage inductance in quadrature axis [H] 

Lmq Magnetizing inductance in the quadrature axis [H] 

m Phases number [-] 

n Rotor angular speed [1/min] 

p Pairs of poles [-] 

PCu Copper losses [W] 

PFe Iron losses [W] 

Pml Mechanical losses [W] 

RFe d-q model resistance of the iron [Ω] 

RFe-test Identification model resistance of the iron[Ω] 

Rs Resistance of the stator windings  per phase [Ω] 

T Output mechanical torque [N·m] 

ud Direct axis voltage [V] 

uq Quadrature axis voltage [V] 

us Stator phase voltage [V] 

uLs Parameter identification inductance voltage [V] 

Udc Voltage of the DC bus [V] 
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θe Electrical angular position [rad] 

θm Mechanical angular position [rad] 

ωm Electrical angular speed [rad/s] 

Ψabc Flux linkage in the stator [V·s] 

ΨPM Flux linkage of the permanent magnets [V·s] 

Ψd Flux linkage in the direct axis [V·s] 

Ψq Flux linkage in the quadrature axis [V·s] 
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7.1 PMSM blocked rotor test and performance analysis methodology 

The blocked rotor test and performance analysis methodology for PMSMs is presented in this 

subsection. As a first step, experiments with blocked rotor are performed. The procedure consists 

in connecting a single-phase voltage source to a three-phase PMSM. The positive terminal of the 

AC source is connected to one of the motor phases, which is set as the reference phase by 

convention, on the other hand, the negative terminal is connected to the two phases remaining. 

Instantaneous voltage and current are acquired. There are three main changing parameters 

during the experimental procedure, which are the frequency, RMS voltage and rotor angle. Figure 

62 shows the experimental setup, including the instrumentation used and the experimental 

procedure.  

INPUTS

Voltage, Frequency, Rotor 

position ranges

Us = [Usmin, ,Usmax]

f = [fmin, ,fmax]

θ = [θmin, ,θmax]

EXPERIMENTAL PROCEDURE

GNC PMSM

Point Evaluation

Us = Usx, f = fx, θ = θx

Save Waves

Us(t), Is(t)

fmax?

Usmax?

θmax?

Usx = Usx+1

θx = θx+1

fx = fx+1

End of experiment

AC SOURCE
SP300VAC600W

CURRENT 
CLAMP 

FLUKE i30s

10 kΩ 

160 Ω 

NI-6353

 

Figure 62: PMSM blocked rotor test experimental setup and procedure algorithm 

Once the instantaneous voltage and currents are acquired, these magnitudes are post-processed 

to identify the electromagnetic parameters and iron losses, which will allow to reproduce the motor 

performance.  

Two electrical models are used, the first electrical model allows extracting the PMSM parameters, 

whereas the second model allows reproducing the PMSM performance. Figure 63 shows both 

models respectively. The inductance is split into the leakage and linkage components, 

respectively. 
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(b) 

Figure 63: Electrical models used to (a) identify the PMSM parameters and (b) to reproduce the PMSM 

performance 

7.1.1 Parameter estimation electrical model  

The magnitudes to be identified are the iron losses and stator inductance as a function of current 

and supply frequency, which are required in the d-q electrical model. A low-pass filter is applied 

to the acquired data. This filter is a first-order low-pass with a stopband attenuation of 60 dB and 

cut-off frequency corresponding to the 11th electrical harmonic frequency.  

The voltage drop considering iron losses and inductance is, 

           
2

s s s

m
e t u t i t          (133) 

The instantaneous iron power is computed as, 

           ´·si s sP t e t i t        (134) 

The mean power of the iron resistor model is calculated as,  

        Fe Test siP mean P t         (135) 

The equivalent series resistor modeling the iron losses for parameter estimation is computed as,  
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





        (136) 

The instantaneous iron losses are computed as,  

          
2

·Fe Test Fe Test sP t R i t         (137) 

The instantaneous power in the inductor, whose mean value is zero because it ideally does not 

consume power, is calculated as,  

           Ls si Fe TestP t P t P t         (138) 

The voltage drops across the inductor is determined as, 

           Ls s Fe Test su t e t R i t          (139) 

The temporal expressions of the voltage drop across the inductor and the current are known, 

therefore, by solving the differential equation in (111) Ls(t) can be calculated.  

         
 

 
 s s

Ls s s

di t dL t
u t L t i t

dt dt
           (140) 

When the instantaneous values of the inductance are known, the values to be found corresponds 

to those corresponding to the maximum current instant. In this case Ls (t) = Lls (t) + Lms (t) is 

defined as the sum of the leakage and linkage terms. 

Ls(t) become unstable when the current reaches its maximum, i.e., when the term dis(t)/dt is zero. 

For this reason, in order to avoid numerical instabilities, the values to consider are the ones 

corresponding to 3 electrical degrees before and after the maximum of the current. For instance, 

considering that within an electrical period the maximum and minimum current values are reached 

at 90º and 270º, the angles to select the inductance are 87º and 93º.  

Then, all values gathered at each peak are averaged to obtain a unique inductance for each 

studied case, whose value is Ls(id,iq). Next, the values obtained from the parameter estimation 

process are used to calculate the differential stator flux linkage, i.e., the flux linkage generated by 

the stator windings as ΔΨs(id,iq) = Ls(id,iq)·is. Then, considering the electrical angle, this flux linkage 

is projected along the d-q axis reference, thus obtaining the d-q fluxes generated by the stator 

windings. The permanent magnet flux linkage is usually found in the machine nameplate. If this 

magnitude is not provided, an open circuit test can be performed to obtain the first harmonic of 

the back-electromotive force produced by the permanent magnets. Therefore, the direct axis flux 

linkage is obtained as the sum of the permanent magnet flux linkage and the differential flux 
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linkage generated by the stator windings, Ψd = ΨPM+ΔΨs(id,iq)·cos(θe) = ΨPM+Ld(id,iq)·id. The 

quadrature axis flux linkage is directly the projection of the flux linkage produced by the stator 

windings along the q axis, Ψq = ΔΨs(id,iq)·sin(θe) = Lq(id,iq)·iq.  

The values obtained are used to calculate the d-q inductances of the electric model defined in 

Figure 63 (b). The inductance obtained through the parameter estimation process identifies the 

magnetizing and leakage inductances together, so the d-q inductances derived from this process 

consider the leakage and linkage terms with the same magnitude. 

Finally, the instantaneous power losses have the shape of a corrected sinusoidal wave. The 

peaks, are the losses to take into account as a reference for normal operating conditions.  

Figure 64 shows the instantaneous iron losses identified applying the procedure previously 

exposed. Those iron losses are not directly the running operation losses for PMSM but the 

magnetic losses of the experiment. From this temporal expression the PMSM steady state losses 

are calculated when running at normal operation.  

 

Figure 64: Instantaneous iron losses for parameter identification electrical model 

As shown in Figure 64, the peaks of the iron resistance losses are those corresponding to the 

maximum current space vector. There are two different peaks, the higher peaks corresponding 

to those contributing to the permanent magnet flux direction. Therefore, the peak values are the 

values acquired to represent the PMSM losses for the space vector in question for normal 

operation. The main principle behind this approximation comes from the definition of the magnetic 

losses, recalling Bertotti equations in time domain. 

      
22

0
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Fe Eddy
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
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  
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1

1
n

h

Fe Hyst m i

i md

K
P B B d

T B

 




 
        

 
        (142) 



 

 

136 

 

 

 

      
1.5

0

T

exc

Fe Excess

d

K dB
P d dt

T dt






  
    

 
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Considering equations (111) to (114), the losses are expressed as a function of the time variation 

of the magnetic flux density. Therefore, for a small time variation dt, the analogy is a current space 

vector variation by a differential angle d when the PMSM is operating under normal conditions. 

It is used the space-time conversion. It is noted that B is the magnetic flux density, σ is the 

electrical conductivity of iron, h the laminations thickness, dⱯ the differential volume, T the time 

period, Kh the hysteresis constant, dt the differential time, ρ the iron laminations density, α and β 

the hysteresis exponents, and Kexc the excess constant. 

      
e

e e e

dB dB dt dB dB

d dt d dt d


  

        
            
        

       (144) 

The losses obtained are the total magnetic losses, because the algorithm is applying the space-

time conversion with a current space vector. Therefore, the process considers the three phases 

contribution to the losses. 

Figure 65 summarizes the parameter identification algorithm.  
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1: Take  ´su t  and  ´si t  for each voltage, frequency and rotor position 

combination. 

2: Apply a digital low pass filter. 

3: Compute iron losses and inductance voltage drop: 

     
2

s s s s

m
e t u t i t R     

4: Compute instantaneous power:      si s sP t e t i t   

5: Compute mean iron losses power:   Fe siP mean P t  

6: Compute equivalent iron losses resistor: 2/Fe Fe mean s RMSR P i   

7: Compute instantaneous iron losses:    
2

Fe s FeP t i t R   

8: Compute instantaneous reactive power:      Ls ti FeP t P t P t   

9: Compute linkage + leakage induction voltage:      
sL s s f FeU t E t I t R    

11: Linkage + leakage inductance calculation:  

      
s f s

s s s f

dI dL
E t L t I t

dt dt



     →  sL t  

12: Stator inductance as a function of the d-q currents:  sL t  →  ,s d qL i i  

13: Compute the flux linkage gradient using the stator inductance 

 ,s d qL i i : 

    , ,s s d q s d qL i i i i i    

14: Determination of the d-q flux linkage: 

   

   

cos ,

sin ,

d PM s e PM d d q d

q s e q d q q

L i i i

L i i i

    

  

       


    

 

15: Selection of representative inductance for the space vector current:  

    

   

cos ,

sin ,

d PM s e PM d d q d

q s e q d q q

L i i i

L i i i

    

  

       


    

 →  ,d d qL i i ,  ,q d qL i i  

16: Selection of iron losses for real operating conditions:  , ,Fe d qP i i f  

Figure 65: Parameter identification algorithm to extract inductances and iron losses 
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7.1.2 Performance analysis using d-q electrical model 

As mentioned in previous chapters, the d-q electrical model is useful when representing the 

PMSM performance along the torque-speed map.  

First, the od and oq currents are discretized (Figure 63b) within the second quadrant, i.e., negative 

d axis and positive q axis. Once having discretized the odq currents, the values of the parameter 

estimation inductance are calculated. 

 
      

 

,

,

d od oq

q od oq

L i i

L i i






       
(145) 

Next, the flux linkages can be computed, Considering the d-q currents and inductances calculated 

in the previous step, the d-q flux linkages are calculated. The permanent magnet flux linkage is a 

nameplate parameter. If this magnitude is not provided, an open circuit test should be performed 

in order to obtain the first harmonic of the back-electromotive force produced by the permanent 

magnets. 

 
     ·

·

d PM d od

q q oq

L i

L i

 



 




       
(146) 

 

The torque can be computed at this stage using the d-q expression for electromagnetic torque. 

Then, taking the od and oq current values, the iron losses, which have been previously identified, 

are extracted, 

       , ,Fe od oq mP i i         (147) 

The back electromotive force is computed at this stage for each angular discretized speed. As 

the magnetic losses are known, the parallel resistance representing that losses is calculated. 

         2 2 / 2Fe od oq FeR m u u P           (148) 

The currents icd and icq are calculated from the iron resistance. Therefore, the total current id and 

iq can be easily calculated. Then, voltage equations are computed.  

Finally, the points are selected as a function of the control strategy defined.  

Figure 66 summarizes the PMSM performance reproduction algorithm using the d-q electrical 

model.  
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1: od and oq current discretization. 

2: d-q inductances values:  

 

,

,

d od oq

q od oq

L i i

L i i




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3: Flux linkage calculation:  

 

, ·

, ·

d PM d od oq od

q q od oq oq

L i i i

L i i i

 



  




 

4: Torque computation: 

         · , ,
2

PM oq q od oq d od oq od oq

m
T p i L i i L i i i i        

5: Iron losses extraction:  , ,Fe od oq mP i i   

6: back electromotive force:  

  

,

,

od e q od oq oq q e

oq e d od oq od PM d e

u L i i i

u L i i i

  

   

       



     

 

7: Iron resistance loss:    2 2 / 2Fe od oq FeR m u u P     

8: Iron resistance currents cd/cq: /

/

cd od Fe

cq oq Fe

i u R

i u R



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9: Voltage equations: 

       

   

, ,

, ,

d s d d od oq od e q od oq oq

q s q q od oq oq e d od oq od e PM

d
u R i L i i i L i i i

dt

d
u R i L i i i L i i i

dt



 


       


          


 

10: Selection of the magnitudes from control strategy. 

Figure 66: PMSM performance reproduction algorithm using d-q electrical model 
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7.2 Parameter estimation and performance evaluation results 

To verify the parameter estimation feasibility together with the performance evaluation, the PMSM 

designed in this thesis is used. The results compare the identified parameters and performances 

with those obtained from experimental tests and FEA analysis. 

The magnitudes acquired are the temporal values of the voltage and current for each rotor angle 

and frequency combination. Then, the process described is applied to extract the d-q flux linkages 

and the iron losses. To validate the parameter estimation procedure, first the d-q flux linkages as 

a function of the d-q currents are compared against the results provided by the finite element 

analysis (FEA). The absolute error between the identified and FEA values are provided point by 

point. The software used to this purpose is Altair Flux 2019 ®.  

Once the d-q flux linkages are validated against FEA results, the PMSM performance is validated 

using the iron losses obtained by means of the parameter estimation process. To do so, the 

torque-speed-efficiency map is calculated using the d-q flux linkages identified previously. Once 

the torque-speed-efficiency map is obtained using exclusively the parameter estimation process, 

it is compared against the torque-speed-efficiency map evaluated using the FEA model 

developed in Comsol Multiphysics® where the copper and iron losses are modelled. In addition, 

for a deeper analysis, the experimental torque-speed-efficiency map is obtained from a previous 

study thus obtaining its performance in real conditions. Finally, the computational burden is 

estimated. 

Figure 67 shows the estimated iron losses versus the d-q currents and frequency. As can be 

observed, the losses follow a quadratic behavior. Lower frequencies, in this case 100 Hz, show 

wider current range for the experiment because they present lower impedance.  

 

Figure 67: Iron losses estimation versus d-q currents and frequency 
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7.2.1 d-q flux linkages comparison  

First, the d-q flux linkages can be computed versus the d-q currents. These magnitudes are very 

important when reproducing performances because the torque and voltage computation directly 

depend from these magnitudes. In addition, the use of flux linkages simplifies the characterization 

and computation, providing higher computational stability. 

Figure 68 and Figure 69 show the direct and quadrature axis flux linkage versus the d-q currents, 

respectively. Each figure compares the flux linkage obtained through the parameter estimation 

methodology and FEA. 

 

 

(a) 

 

(b) 
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(c) 

Figure 68: (a) Parameter estimation d flux linkage map versus d-q currents. (b) FEA d flux linkage map versus 

d-q currents. (c) Absolute error between FEA and experimental maps. 

The d axis flux linkage maps are similar. The distribution that can be observed in FEA is more 

linear in the d axis and constant in the q axis. On the other hand, in the identified parameter, the 

distribution is quadratic in both axes. These differences can be due to manufacturing tolerances 

of the iron lamination sheets and magnets. 
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(c) 

Figure 69: (a) Parameter estimation q flux linkage map versus d-q currents. (b) FEA q flux linkage map versus 

d-q currents. (c) Absolute error between FEA and experimental maps. 

For q axis flux linkage, a great similarity is observed, thus validating the flux linkage identification 

for both axes.  

As observed, the parameter estimation does not cover the whole currents circle. This effect is 

originated when defining the discretization of frequencies and rotor angles. Therefore, considering 

more rotor angles, the map obtained will be smoother using the same parameter estimation 

methodology. In addition, the currents identified in the direct axis have higher magnitude than the 

values of the current in the quadrature axis. This is because the inductance is higher in the 

quadrature axis, thus resulting a higher impedance. 

7.2.2 PMSM performance evaluation 

The torque-speed-efficiency map of the PMSM is reproduced, as explained in the methodology 

subsection. A 90-degree current control strategy with flux weakening capability is computed.  

Figure 70 shows the PMSM torque-speed-efficiency map for different evaluation methods. As can 

be seen, the performance evaluation using the parameter estimation magnitudes matches with 

high accuracy the PMSM performance.  
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(d) 

Figure 70: PMSM torque-speed-efficiency map (a) Parameter estimation performance evaluation, (b) FEA and 

(c) Experimental. (d) Absolute error between model and FEA maps.  

The PMSM torque-speed-efficiency map reproduced using parameter estimation magnitudes 

matches with high accuracy with the performance reproduced with FEA and directly measured 

from experimental tests. Thus the parameter estimation magnitudes al-low to reproduce with high 

fidelity the PMSM real performance using the d-q electrical model with losses. 

7.3 PMSM performance evaluation from parameter estimation conclusions 

In this thesis a new methodology to identify PMSM parameters to reproduce the PMSM 

performance has been presented. The parameter identification is performed by means of stand-

still experiments. The method does not require any geometry knowledge and it reduces the 

complexity. A d-q electrical model is used to reproduce the PMSM performances considering 

copper and iron losses.  

The method has been validated using the designed PMSM. First, the d-q flux linkages are 

compared against those obtained through FEA, showing similar values. A second validation is 

performed calculating the torque-speed-efficiency map. Then, it is compared against FEA and 

experimental maps. Results show high accuracy when reproducing PMSM performances. 

Therefore, the parameter estimation method is validated, providing detailed information of the 

PMSM performance.  
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8. Thesis Conclusions  

In the recent years, due to the wide range of applications where water pumping is required, the 

operational concept of this system is evolving. So far, water pumping applications have been 

based on induction motors, usually conceived to operate in a single operating point. Nevertheless, 

nowadays hydraulic applications are increasingly requiring systems capable to operate efficiently 

under different pressure and volumetric flow demands. Some of the most demanded applications 

of water pumping are for domestic residential, collective residential, swimming pools, agriculture, 

water treatment, construction sector, etc. Moreover, the industry trend for pumping systems 

requires to reduce the volume of all components, providing compact products for the same 

applications.  

Focusing in the tools available to design electrical machines, finite element analysis (FEA) has 

become the preferential tool due to the high accuracy and the capability of considering 

multiphysics. Nevertheless, one of the main drawbacks of this tool is the high computational 

burden, becoming incompatible everyday use, limiting its usability for industry projects. For this 

reason, the research must consider to use the most advanced design tools but taking into account 

the feasibility in terms of time, computational resources and costs, making not only a functional 

but a practical tool to be used in industry applications.  

Furthermore, from an industrial scope so far, the testing methodologies are focused on evaluating 

point by point the electrical machine performance, being a robust and trustable way to measure 

and validate the electrical machine characteristics. Nevertheless, this method requires a large 

time to prepare the experimental setup and to evaluate the whole motor performance. For this 

reason, there is a special interest on improving parameter estimation and performance evaluation 

techniques for electrical machines to reduce evaluation time, setup complexity and increase the 

number of physical magnitudes to measure in order to have deeper information.  

All these features of the water pumping industry market and scientific trends justified this work 

within the industrial doctorate plan. 

In the introductory chapter, after exposing the research field and the objectives, three main 

hypotheses were postulated: 

 It is possible to define on first hand, within a region, the electrical machine 

torque-speed-efficiency map and through an algorithm find a suitable 

unique geometry which accomplish these characteristics. 
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 It is possible to implement an optimization algorithm for electrical machines 

using finite element analysis (FEA) with low computational burden. 

 It is possible to implement complemental algorithms and auxiliary test to 

expand the information of the electrical machine acquired from standard 

experimental test and reduce time when evaluating the motor performance. 

These three hypothesis aimed to be the basis of development of this research changing the 

design and optimization paradigm focusing on defining beforehand the desired performance of 

the electrical machine in relation with the application system. This approach allows the designer 

plenty of freedom to study the system, define the desired motor performance and set the sizing, 

thermal and mechanical limitations from the beginning of the process. Moreover, providing 

auxiliary tools to deepen the standard test information and complementary test to validate de 

motor performance.  

The research and development strategy is divided in four stages, i.e., definition, design, 

optimization and validation stages. The definition stage was aimed to provide scientific 

background to study the scientific frontiers and clarify the research and development direction of 

this work. During the definition stage the electrical machine is selected, the modelling and 

optimization method are defined, the hydraulic application is studied and the parameter estimation 

and performance analysis techniques are studied to characterize the motor. During the design 

stage all the models are developed, i.e., the finite element design and optimization tool, the 

parameter estimation and performance analysis tests procedures and algorithms. The 

optimization stage is where the motor is designed and optimized based on the hydraulic 

application in question. Finally, after manufacturing the prototypes, during the validation stage the 

FEA design and optimization process, the parameter estimation and performance evaluation tools 

to characterize the motor are validated.  

Focusing on the FEA design optimization algorithm, a tool was developed focusing on PMSM 

motor topologies. A combination of magneto-static FEA and d-q electrical modelling is used 

greatly reducing the computational burden compared to conventional methods based on time-

dependent FEA. Thus the second hypothesis of this thesis is validated. As mentioned in the 

introduction, the input of the optimization algorithm is the target or objective torque-speed-

efficiency map, therefore, the design-optimization process searches the motor geometry. In each 

iteration the algorithm approaches the torque-speed-efficiency map, i.e., the process uses the 

entire map to compute the objective function. To do so, an image comparison technique called 

structural similarity index (SSIM) is used, giving in only one indicator between 0 and 1 the equality 



 

 

148 

 

 

 

between the optimization and target maps. The design optimization tool takes into account iron, 

mechanical and copper losses. To perform Iron losses using magneto-static FEA considering 

harmonic contents, time-space conversion theory is applied. This combination allows having high 

precision tool with low computational burden. To validate the method before designing the 

electrical machine aimed for this study, the public experimental data of the Toyota Prius 2004 and 

Toyota Camry 2007 PMSMs were used. Results presented in this work show the high accuracy 

evaluating and finding the original geometries of both PMSMs. For Toyota Prius 2004 PMSM the 

SSIM index resulting from the comparison of the seed torque-speed-efficiency map and the 

experimental one is 0.701, whereas the SSIM index between the torque-speed-efficiency map of 

the optimized motor and the experimental one is 0.929. For Toyota Camry 2007 PMSM. The 

SSIM index between the seed torque-speed-efficiency map and the experimental one is 0.7978, 

whereas the SSIM index between the torque-speed-efficiency map of the optimized motor and 

the experimental one is 0.9571. This process validates the second hypothesis. 

After validating the design-optimization tool, the model is adapted for water pumping applications, 

and in particular for the application of study in this work. For the target torque-speed-efficiency 

map, two main points of the whole system are designed first according to the initial specifications, 

the values imposed by the designer are the torque, speed and system efficiency. After locating 

these main conditions, extra operating points were defined in order to increase the resolution of 

the objective torque-speed-efficiency map. The PMSM designed using the methodology attains 

the efficiency targets for the torque-speed-area being the SSIM between the reference and the 

design optimization map 0.983, thus the algorithm converges with 1.7% of similarity error. Next, 

the prototype was manufactured and tested. After performing the experimental test, the torque-

speed-efficiency map obtained show high fidelity between the FEA and experimental test. The 

relative similarity error between both maps is 4 %. Finally, the FEA and experimental system 

performance was compared obtaining a relative error of 1% in the target efficiencies. This process 

validates the first hypothesis.  

Once the design optimization is designed and validated experimentally, using standard test the 

PMSM prototype can be validated successfully but with some drawbacks. The main 

disadvantages are the drive limitation, extensive experimental time set up, torque and speed 

limitations, etc. On the other hand, important magnitudes such as inductances over injected 

currents are difficult to measure using standard tests. In order to be able to evaluate the PMSM 

performance considering different conditions two methodologies are developed. The first 

methodology is aimed to complement the standard measurements in running operation to 
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evaluate the control current angle without any position sensor, and the d-q inductances as a 

function of the current. The second methodology is aimed to evaluate the motor performance 

without needing any torque transducer and without needing any specific drive. Thus, providing a 

good complement to characterize the motor a part from standard experimental tests.  

Focusing on the first methodology, it is designed an algorithm to estimate the PMSM 

electromagnetic parameters. This algorithm is meant to be implemented during standard 

experimental test. The method allows characterizing the motor parameters by considering its 

performance on the entire torque-speed range, thus, allowing to find the parameter variations as 

a function of the load conditions. As a main novelty, the identification of the d-q inductances is 

based on the differential power factor due to the harmonic distortion. To identify the vectors 

magnitudes and angles, the method does not require any geometry information, no prior 

knowledge of the control strategy and does not need any position sensor. The method is based 

on a d-q electrical model with harmonic decomposition without requiring any optimization 

algorithm to identify the parameters, thus reducing the computational burden. The algorithm was 

validated using two PMSMs with two different drives. Results presented show an accurate 

identification of the current space vector and the d-q inductances.  

Focusing on the second methodology, an algorithm to identify PMSM parameters to reproduce 

the PMSM performance has been designed. The parameter identification was performed by 

applying stand-still experiments. The method does not require geometry knowledge while offering 

simplicity. A d-q electrical model was used to reproduce the PMSM performances considering 

copper and iron losses. The method was validated using the designed PMSM. First, the d-q flux 

linkages are compared against those obtained through FEA, showing similar values. A second 

validation is performed calculating the torque-speed-efficiency map. Then, it is compared against 

FEA and experimental maps. Results show high accuracy when reproducing PMSM 

performances. Therefore, the parameter estimation method is validated, providing detailed 

information of the PMSM performance. Thus, validating the third hypothesis.  
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9. Further Work 

The elaboration of this thesis has contributed in several ways to three main fields of the electrical 

machines research, i.e., design and optimization field, parameter estimation and performance 

evaluation. Nevertheless, the study still in its early state. More contributions can be done in each 

of the developed topics.  

Considering the design and optimization fields, and working in the same idea of considering the 

torque-speed-efficiency map as the optimization target, further work can be done. One of the most 

interesting points within the optimization stage is to apply multi objective optimization not only to 

the torque-speed-efficiency map but to other maps such as the torque-speed-power factor and 

temperature maps. Furthermore, it is necessary to study efficient ways of comparing matrices to 

be applied together with SSIM, thus increasing the optimization sensitivity. Regarding the 

applicability of the algorithm, different electrical machines topologies can be studied, specially 

highly saturated Synch-RMs to validate the iron losses model using magneto-static computations. 

Finally, further development in fast and efficient FEA modelling techniques are needed to avoid 

as much as possible the performance evaluation with electrical models.  

Regarding the parameter estimation methodology, the model can be improved reducing the data 

dispersion and considering more harmonics without adding noise effects. Further development 

can be done to detect the flux weakening area, validating if efficient control is being applied or 

correcting the current control angles and magnitudes considering the parameter estimation 

values. Another interesting topic not completely studied in this thesis is the fault detection based 

on the same principle of power factor distortion due to the harmonic content.  

Finally, in the same research field of electrical motor performance evaluation, an interesting 

research would be to complete this methodology with a strategy to identify and separate the iron 

losses produced in the stator and those produced in the rotor, greatly increasing the versatility of 

the methodology. More tests can be performed by adding improving the discretization of rotor 

angles and improving the current detection considering the saliency effect.  
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Appendix - Resources 

This section presents the different resources used to develop the research, including software, 

hardware, measurement devices, test benches and motor drives.  

A.1 Software 

The software used is listed below:  

- MATLAB®: Mathematical environment for programming and developing different models 

and algorithms.  

- COMSOL Multiphysics 5.2®: Multiphysics finite element analysis software for general 

purposes.  

- Altair FLUX®: Electromagnetic and thermal finite element analysis software focused in 

electrical machines.  

- Motor CAD®: Thermal lumped parameters analysis software focused in electrical 

machines.  

- Microsoft Word®: Text editor.  

- Microsoft Visio®: Diagrams creator. 

- AutoCAD®: CAD software.  

A.2 Hardware 

Figure 71 shows the workstation used during the three years of development. 

 

Figure 71: Dell Precision 7820 Workstation [126] 
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- Processor: Intel® Core™ i9-7940X CPU @ 3.10 GHz 3.10 GHz. 

 

Figure 72: CPU features [127] 

- RAM: 64 GB. 

A.3 Measurement devices 

The measuring devices used for the project development are detailed below.  

A.3.1 Power analyzers 

- ZES ZIMMER LMG450: 

 

Figure 73: Zimmer four channel power analyzer LMG450 [128] 

Table 47: ZES Zimmer power analyzer LMG450 characteristics 

Characteristic LMG450 

Measurement ranges 
Direct Voltage: 6-600 Vrms 

Direct Current: 0.6-16 Arms 
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A.3.2 Current transducers 

Two different current transducers have been used.  

- Tektronix A622 current probe: 

 

Figure 74: Tektronix A622 current probe [129] 

Table 48: Tektronix A622 current probe characteristics [130] 

Characteristic A622 

Frequency range DC to 100 kHz 

Maximum input current 100 A peak 

Output 10 mV/A, 100 mV/A 

Maximum conductor diameter 11.8 mm 

Termination BNC 

Maximum bare-wire voltage 600 V (CAT III) 

Safety 
UL3111-2-032, CSA1010.2.032, 

EN61010-2-032, IEC61010-2-032 

- Current Clamp FLUKE i30s: 

 

Figure 75: FLUKE i30s current clamp [131] 



 

 

171 

 

 

 

Table 49: FLUKE i30s current clamp characteristics [132] 

Characteristic FLUKE i30s 

Frequency range DC to 100 kHz (0.5 dB) 

Measurement range  ± 30 A 

Maximum input current 500 A 

Output 100 mV/A 

Resolution ± 1 mA 

Termination BNC 

A.3.3 Voltage transducers 

To measure line voltages, ABB VS750B is selected.  

 

Figure 76: ABB VS750B voltage transducer [133] 

Table 50: ABB VS750B voltage transducer characteristics [133] 

Characteristic VS750B 

Nominal primary voltage (UPN) 750 V 

Measuring range (UP max) ±1125 V 

Secondary current (Is) at UPN 50 mA 

Supply voltage  ±12V / ±24V 

Accuracy at UPN ± 0.3-0.9 % 

A.3.4 Torque transducer  

The torque transducer used to perform the experimental tests was the HBM T20WN. 
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Figure 77: HBM T20WN torque transducer [134] 

Table 51: HBM T20WN torque transducer characteristics  

Torque measuring system 

Characteristic T20WN 

Nominal sensitivity ±10 V 

Characteristic tolerance ±0.2 % 

Power supply  12 V DC (10.8-13.2) V 

Linearity deviation ±0.1 % 

Secondary current (Is) at UPN 50 mA 

Nominal speed  10000 rpm 

Speed/angle of rotation measurement system 

Measurement system Visual 

Pulses per rotation  360 

Output signal 
5 V 

(asymmetric); Two square signals 90 ֯ shifted 

A.3.5 Temperature sensors 

For measuring temperature, a type K thermocouple is selected.  

 

Figure 78: Thermocouple type K [135] 
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Table 52: Thermocouple type K characteristics [135] 

Characteristic Type K thermocouple 

Temperature Measurement Range -75 ֯C to 250 ֯C 

A.4 Data acquisition devices 

A.4.1 DAQ NI PCI 6259 / NI SCB 68 

For the acquisition and synchronization of data the DAQ NI PCI 6259 with NI SCB 68 is used.  

 

(a) 

 

(b) 

Figure 79: DAQ NI PCI 6259 (a) [136] and NI SCB 68 (b) [137] 

 

Table 53: DAQ NI PCI 6259 [136] and NI SCB 68 [137] characteristics 

DAQ NI PCI 6259/NI SCB 68 

Number of channels 16 differential or 32 single ended 

ADC resolution 16 bits 

Sample rate  
Single channel 1.25 MS/s 

Multichannel maximum 1.00 MS/s 

Input range ± 0.1, 0.2, 0.5, 1, 2, 5 and 10 V 



 

 

174 

 

 

 

A.4.2 DAQ NI-6353 

 

Figure 80: NI USB-6353 DAQ [138] 

Table 54: DAQ NI-6353 [139] 

DAQ NI-6353 

Number of channels 16 differential or 32 single ended 

ADC resolution 16 bits 

Sample rate  
Single channel 1.25 MS/s 

Multichannel maximum 1.00 MS/s 

Input range ± 0.1, 0.2, 0.5, 1, 2, 5 and 10 V 

A.5 Voltage sources 

 

Figure 81: SP300VAC600W [140] 

Table 55: SP300VAC600W Voltage Source specifications [140] 

SP300VAC600W Voltage Source 

Output frequency range 15 – 1000 Hz 

Built in IEC standard IEC1000-4-11 

A.6 Motor drives 

Two different motor drives are used for the experimental validation. 
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A.6.1 ABB DGV700 converter 

 

Figure 82: ABB DGV700 converter [141] 

Table 56: ABB DGV700 converter characteristics  [141] 

ABB DGV700 converter 

Power supply phase to phase voltage 3~ 110-440 VRMS ± 10% 

Power supply frequency 50/60 Hz 

Auxiliary supply voltage 21-36 VDC – 40 VA 

Max Auxiliary supply current  2 ADC 

Rated input current IVN 13.8 ARMS 

Rated output current IaN 13 ARMS 

Output continuous power (400 V) 9 kVA 

Control Algorithm FOC with 90º current control and flux weakening 

A.6.2 YROTATE-IT-RX23T drive 

The brushless motor kit YROTATE-IT-RX23T. This tool allows to apply field oriented control 

(FOC) with field weakening capability. 

 

Figure 83: Brushless motor kit YROTATE-IT-RX23T [142] 
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Table 57: YROTATE-IT-RX23T characteristics 

YROTATE-IT-RX23T characteristics 

Power supply phase to phase voltage 1~ 230 VRMS 

Power supply frequency 50/60 Hz 

Output continuous power (220 V) 2 kW 

Control Algorithm FOC with 90º current control and flux weakening 
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A.7 Electrical machine test bench 

Figure 84 shows the main bench for performing the experimental validation following the standard 

procedure. The components have been exposed individually in the measuring devices 

subsection. As can be seen, the test bench is primarily designed for three phase machines. Thus, 

it is composed by three current transducers and three voltage sources connected between 

phases. Moreover, there is a transducer which provides the angular speed and torque 

magnitudes. All signals are integrated into data acquisition device where through the computer 

the data are synchronized and processed. On the other hand, a PMSM is used to provide load, 

being able to control the torque.  

DGV 700

BRAKE

DGV 700 or YROTATE-IT-RX23T

PMSM DRIVE

PMSM 

(MOTOR)

PMSM 

(LOAD)

HBM 

T20WN

TEMPERATURE 

SENSORS

VS750B

A622

NI SCB 68

DAQ NI PCI 

6259

 

Figure 84: Electrical machine test bench 
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A.8 APICOM Cento test bench 

A second test bench is used to validate the electrical machine performance. This bench is 

composed by a Foucault current brake and a system to control the torque load. The axis is 

composed by a Gimbal coupling allowing to correct possible misalignments. The motor is fixed 

by a manual system allowing to correct the axis position in any direction and angle.  

 

Figure 85: Apicom cento test bench (eddy current dynamometer) 
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A.9 Parameter estimation and performance evaluation test bench 

Alternatively, a parameter estimation experimental setup for performance evaluation is designed. 

The motor is connected to a programmable single phase source. Then, voltage is acquired 

through a voltage divider and the current magnitude through a transducer. These are connected 

to a data acquisition device. Regarding the PMSM, its rotor is blocked in different angle positions. 

The positive terminal of the AC source is connected to one of the motor phases which is 

considered as the reference phase, and the negative terminal is connected to the two remaining 

phases.  

GNC PMSM

AC SOURCE
SP300VAC600W

CURRENT 
CLAMP 

FLUKE i30s

10 kΩ 

160 Ω 

NI-6353

 

Figure 86: Alternative parameter estimation experimental set up 
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