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General Introduction

The work conducted for the developing of this thesis was realized based on a joint supervision (co-tutelle) between The Technical University of Cluj-Napoca, Romania and Ecole Centrale de Lille, France.

The design of stand-alone μWECS for residential use represents the core of the present study. It is concerned with three-phase star-connected BLDCPM generator, having outer rotor with Nd-Fe-B surface-mounted PMs, and concentrated stator-armature windings with quasitrapezoidal stator-phase back-EMF voltages. The BLDCPM generator is direct-driven by horizontal-axis low-speed micro-wind turbine. Generator-side three-phase full-bridge AC/DC power electronic converter (rectifier) is considered for controlling the output DC-bus constant voltage.

Due to the variable wind speed, many fluctuations occur in the power and frequency of the BLDCPM generator, compelling its design for large speed-range operation.

Hence, the thesis work aims at determining the optimal design parameters of the BLDCPM generator ensuring minimum power losses of μWECS over long-term wind-speed cycle operation, and thereby maximizing the extracted wind power and increasing the efficiency of the overall system.

In advance to the optimization, an adapted simulation model needs to be developed in terms of results accuracy and simulation time. Therefore, it is necessary to determine the modeling level, as well as the design variables of each component of the system. As the optimization appeals to an algorithm for the design process, the number of model evaluations can be fairly important. The more design variables and constraints, the higher the model evaluation count. As a result, reduction of the simulation time, as well as integration and exploitation of the available data from the wind-speed profile for determining the total power losses of considered μWECS are of main concern.

It is now possible to provide an overview of the aims set for this thesis, which are to (i) analyze and develop a simulation model of the wind system, as well as (ii) determining and developing a reduction method for the wind speed profile based on which (iii) the power losses in the system can be calculated and (iv) included in the optimization approaches in view of their minimization while determining the optimum geometrical and electrical parameters of the BLDCPM generator.

The thesis content is structured on six chapters. A brief description of each chapter is given herewith.

Chapter 1 outlines first the small wind turbine market and industry, and then describes the main features of present μWECS topologies. The final part of the chapter approaches the BLDCPM generator-based μWECS for further study throughout the thesis.

In chapter 2 the basic models of μWECS components, i.e. micro-wind turbine, BLDCPM generator and associated AC/DC power converter, are developed. Three models are proposed for the BLDCPM generator, namely analytical model, semi-analytical model and finite element-based model. Comparative model simulations are carried out, mainly in terms of simulation time and results accuracy in order to adopt the most suitable model for determination of generator parameters.

Chapter 3 is concerned with the analysis of the wind-speed profile employed in the μWECS design, as well as with the techniques that can be used for reduction of its simulation time and amount of data. For this, three reduction methods are studied, one that deals with the average wind speed of the cycle, the second based on statistical distribution of the wind speed data and finally the barycenter method. This chapter also approaches the calculation of losses using the proposed method of wind speed cycle simplification corroborated by simulations of the micro-wind energy conversion system operating under long-term and reduced wind speed cycle. A sensitivity analysis of the wind turbine performance points is also conducted in order to observe how some output quantities of the μWECS are affected by their variation.

In chapter 4 design optimization of the BLDCPM generator-based micro-wind turbine system is carried out entailing the description of the objective function and design variables.

In order to achieve feasible solution, several constraints have to be analyzed on the inputs and outputs of the model, resulting in a constrained mono-objective optimization which relies on the genetic algorithm (GA) for its resolution. Two optimization approaches are proposed: one single-level approach that employs the semi-analytical model into optimization and another two-level approach based on the analytical model and an iteratively correction strategy. At the end, the results obtained with both approaches are provided and discussed.

Chapter 5 reports on the hardware and software components of the experimental setup used and on the practical operational results obtained for the three-phase outer rotor BLDCPM machine prototype.

In the last part, general conclusions of the thesis are drawn and some suggestions for future work in the same area are given.

Chapter 1

Brushless DC Permanent Magnet Generator for Micro-Wind Turbine Applications

Introduction

Worldwide focus has been directed for the past decades towards the advancement in the clean energy technologies as a counteraction to the fossil fuels dependency and nuclear technologies. Among the alternative energy production solutions, the wind energy has been the fastest-growing source of renewable energy contributing to the modern distributed electric power generation. Therefore, researchers have been prompted to develop optimized wind energy conversion systems in terms of design and components, such as wind turbines, electric generators, power electronic converters and their controls.

Since mechanical power of wind turbines strongly depends on the rotor area and on the cube of wind speed and since only 59.3% of the total wind power can be harvested, according to Bet'z law [1], it was ascertained that high-power wind turbines can produce more electric energy. Due to this fact, an exponential increase over the last two decades has been noted in the size of commercial wind turbines, as well as in their installed capacity across the world, as shown in fig. 1.1. The wind power capacity installed worldwide is expected to reach 500 GW by the end of 2016 [2].

Fig. 1.1. Total cumulative wind power capacity installed worldwide since 1995 (MW) [2] This development of the wind markets and nevertheless of all renewable energy markets is motivated by the environmental issues emerged over the last years, like air pollution and

Brushless DC Permanent Magnet Generator for Micro-Wind Turbine Applications 12 climate changes due to CO2 emissions, as well as for the financial incentives policy support of various national governments for promoting the use of local manufacturing and by impelling utilities to purchase renewable energy. Nowadays, the wind energy systems can strongly compete to the conventional sources of electricity (coal, nuclear, gas, etc.) as they are one of the least cost renewable energy resource for new power generation [3].

As against the large-scale high-power wind turbine manufacturing, the small wind turbine market was formerly neglected. However, for the past years, the small wind-turbine capacity installed worldwide has shown an annual growth rate of 19 -35 %. Subsequently, the small wind turbine market is estimated with a steady growth rate of 20 % from 2015 to 2020, so that its industry is forecasted to reach a cumulative installed capacity of close to 3 GW by 2020 [4].

The International Electrotechnical Commission (IEC) standard IEC 61400-2 defines the small-scale wind turbine as having a rotor swept area of less than 200 m 2 , leading to a rated power up to 50 kW delivered at a voltage below 1 kV AC or 1,5 kV DC. As a sub-category of small wind turbines, the micro-wind turbine has a rated power from 1 kW to 7 kW, and rotor swept area of less than 40 m 2 .

Micro-wind energy conversion systems

The micro-wind energy conversion system (μWECS) generates electricity by converting the kinetic energy from the wind into electrical energy. The micro-wind turbine, which is the main mechanical component of the μWECS, captures the energy from the moving wind by means of rotor blades and transfers it to the generator. Pictorial representation of a micro-wind energy conversion system (μWECS) [5] Chapter 1
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The generator shaft is driven by the micro-wind turbine to generate electric power and the mechanical coupling between them can be achieved directly or by means of a gear device.

Finally, the generated electrical energy can be stored into batteries or used to power isolated loads distributed by an electrical grid (fig. 1.2). Several additional components are needed depending on the connection method, i.e. a DC/AC converter and a step up/down transformer unit for the utility /household grid connection and/or a DC/DC power converter for the battery bank charging [5].

The components of a μWECS can be categorized according to the power that they produce or convert in two major classes, i.e. (i) mechanical, represented by the turbine assembly and (ii) electrical, defined by the electric generator and power electronic converter(s). For an efficient and reliable conversion of the wind energy into electric energy a third component category is emerged related to the control systems of both mechanical and electrical components. For improved efficiency of the μWECS different combinations and designs of the above components can be encountered, resulting into several μWECS configurations that have been developed and which are further described below.

A simple classification of the micro-wind turbines can be made in terms of their rotoraxis orientation, leading to two main structures, i.e. of horizontal axis and of vertical axis (fig.

1.3).

Various comparative studies can be found in the technical literature [1], [6] revealing the merits and drawbacks of each structure, which are synthetized in Table 1.1. orientation, respectively [7] Chapter 1

Brushless DC Permanent Magnet Generator for Micro-Wind Turbine Applications 14

Table 1. 1 Advantages and disadvantages of horizontal-axis and vertical-axis micro-wind turbines [1] Advantages Disadvantages

Horizontal-axis micro-wind turbine

 Higher wind energy conversion efficiency  Access to stronger wind due to high tower  Power regulation by stall and pitch angle control at high wind speeds  Higher installation cost, stronger tower to supply heavy weight of nacelle  Longer cable from the top of tower to ground  Orientation required (yaw control)

Vertical-axis micro-wind turbine

 Lower installation cost and easier maintenance due to the ground-level gearbox and generator  Operation independent of wind direction  Suitable for rooftops (stronger wind without need of tower)

 Lower wind energy conversion efficiency  Higher torque fluctuations and prone to mechanical vibrations  Limited options for power regulation at high wind speeds However, as specified in [1], the main classification criterion of μWECS topologies is represented by the drive train configuration. A brief schematic representation based on this criterion is given in fig. 1.4, followed by a description of several μWECS topologies that have been developed over the recent years. The fixed-speed topology was the first one developed for the micro-wind turbine systems (fig. 1.5). It consists of a multiple-stage gearbox coupled to a cage induction generator (CIG) without any power converter unit, but equipped with a capacitor bank for reactive power compensation and connected to the grid by means of a transformer. Even if it presents easy implementation and relatively low manufacturing cost, the inability to control even the narrow speed range at which it was designed for operation, resulting into lower wind energy conversion efficiency and high mechanical stresses on the system, has turned the attention to the semivariable and variable speed micro-wind turbine systems. [8]. 

B. Variable speed drive train topology

Under variable-speed operation the energy conversion efficiency increases and the mechanical stress and maintenance requirements reduce, leading to a higher life cycle of the micro-wind turbine. Controlling and maximizing the wind power extraction becomes possible under variable-speed operation by employing pitch regulation and maximum power point tracking (MPPT) control. The micro-wind turbine systems that fall into this category can use partial-scale or full scale power electronic converters when connected to the utility grid.

Although the additional power converter losses and the higher manufacturing costs that characterize these topologies, they still remain dominant on the micro-wind turbine market.

 Variable speed partial scale power converter class

This class exploits mainly the doubly-fed induction generator (DFIG), being based on a direct connection of the stator terminals to the power grid, whilst the rotor has an intermediate Chapter 1
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coupling with a back-to-back power converter allowing a bidirectional power flow in the rotor circuit, as shown in fig. 1.6. The high overall efficiency as well as the increased dynamic performances prompt the DFIG topology as the prevailing technology in today's micro-wind industry [8]. More recent studies [9] also include in this class the brushless doubly-fed reluctance generator (BDFRG) that shows promising performances in terms of cost and efficiency.

However, the lack of a well-defined electromagnetic design procedure makes it an arguable solution for the micro-wind energy conversion system.

 Variable speed full scale power converter class

By employing a full scale power converter increased performances can be obtained.

This topology is used either in direct-drive or in geared configuration. Removing the gearbox from the wind turbine improves reliability, but brings about higher cost and weight. A gearbox system was formerly considered less expensive than a direct-drive one due to cost savings in case of high-speed generators [10] but in the last years considerable progress has been made towards the weight and cost reduction of the direct-drive micro-wind systems. The generators employed in this drive train topology are the cage-rotor and wound-rotor induction generators, as well as the permanent-magnet synchronous generator (PMSG). Since it represents a lowspeed brushless machine, the PMSG has become well-suited for direct-drive micro-wind applications (fig. 1.7) [8]. 

C. Power electronic converters for micro-wind turbine systems

The power electronic converters associated to the micro-wind turbine systems are intended to match the micro-wind turbine characteristics with the grid-connection or standalone (off-grid) requirements. They incorporate IGBT or MOSFET power devices, which are usually controlled through pulse-width-modulated (PWM) signals and if used in a back-to-back combination a bidirectional power flow is possible in the micro-wind turbine system, from the generator to the utility grid and inversely. Different power converter topologies that can be used in back-to-back combination are presented in fig. 1.8. The complexity and increased cost of power converters with more than three levels, i.e. multi-level converters, do not justify their use in the micro-wind turbine systems. 4L: four-level) [8] Chapter 1
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Passive or unidirectional power converter topology has also been proposed in the technical literature [11], [12]. The passive solution comprises a diode rectifier for the generator side and a voltage-source inverter for the grid side as presented in fig. 1.9, being well-suited for the variable-speed micro-wind turbine systems. A DC/DC converter (dashed red line in fig. 1.9) has to be considered as DC-link for maximizing the power delivered by the micro-wind turbine.

Certainly, a more complex power converter design comes with improved performances but with higher cost of the overall system. As there is no such thing as a perfect system, in the end only the compromises are the solution for achieving a good balance between cost and performances.

Fig. 1.9. Full-scale unidirectional power converter topology [12] The grid-connected μWECS offers the possibility of absorbing electric energy from the grid when the micro-wind turbine does not produce enough energy to supply the load, as well as conducting to the grid the extra energy for reduction in the utility bill. In spite of that, due to wind speed variations, reflected in the quality of the active power of the micro-wind turbine system, grid connection of μWECS is not always the preferred solution as the frequency and voltage will continuously change.

An alternative solution to grid connection is represented by the stand-alone micro-wind turbine systems, which require batteries for energy storage and later use of the excess energy.

Stand-alone (off-grid) μWECS operate properly with deep-cycle batteries as they can charge and discharge heaps of times compared to the automotive batteries who have a short-life in deep-cycling operations [START_REF] Østergaard | Battery energy storage technology for power systems-An overview[END_REF], [START_REF] Teodorescu | Overview of the energy storage systems for wind power integration enhancement[END_REF]. Additional components need to be added such as charging controller to prevent the overcharge of the batteries, as well as large storage battery bank to cover all the electrical needs during idle periods of the stand-alone micro-wind turbine system.

However, if the average annual wind speed is rather low the stand-alone micro-wind turbine system may not be enough for residential use. For that reason, hybrid micro-power
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generation systems are more appropriate, by combining the micro-wind turbine with other renewable energy sources such as photovoltaic or micro-hydro technologies.

Description of the micro-wind energy conversion system under study

Multiple aspects have to be taken into consideration in choosing a micro-wind energy conversion system (μWECS) in accordance with prescribed specifications and desired performances, some of them being listed below:

 Micro-wind turbine structure and features (tip speed ratio, power coefficient) This structure can be considered as a good example of a complex μWECS as it incorporates subsystems belonging to different physical domains such as aerodynamic, mechanic and electric with strong interference between each other, imposing to consider in the design process the overall system, rather than its components separately. Therefore, the 


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approach based on design optimization, which represents the objective of this thesis, is justified and perhaps even necessary for achieving competitive performances.

The variable-speed horizontal-axis three-bladed micro-wind turbine topology is considered for further study. The choice is justified by the advantages that the horizontal axis configuration provides for the variable speed operation, i.e. reduced mechanical stress on the generator shaft, direct control of air-gap torque, possibility for separate control of active and reactive powers and up to 15% more power generation than the fixed speed turbines [START_REF] Xie | Wind turbine generator technologies[END_REF] .

A direct drive configuration is preferred for the studied micro-wind turbine system as it is a less expensive and less complex solution, more favored for the small wind turbines based residential use applications, being characterized with low rotational speed and high torque, lower maintenance and improved reliability [START_REF] Ferreira | Trends in wind turbine generator systems[END_REF], [START_REF] Polikarpova | Direct-drive permanent magnet generators for high-power wind turbines: Benefits and limiting factors[END_REF].

The three-phase brushless DC permanent-magnet (BLDCPM) generator with surface-mounted PM outer rotor and concentrated stator-phase windings producing trapezoidal

EMFs is considered for this study as the electrical generator suited for micro-wind turbine applications. The BLDCPM generator consists in a simple construction, based on armature windings on the stator and permanent magnets on the rotor. The lack of brushes in its configuration yields several benefits for this topology as improved efficiency, better reliability, longer life with less maintenance, higher power density and higher torque to weight ratio [START_REF] Rim | Modeling, simulation, and analysis of variable-speed constant frequency power conversion scheme with a permanent magnet brushless DC generator[END_REF].

Typically the BLDCPM generator stator is built of steel stacked laminations for starconnected phase windings arrangement. The number of slots in the stator is chosen depending on rotor poles, phase number and winding configuration. As for the BLDCPM generator rotor different possible configurations are possible, e.g. inner or outer rotor topology, surfacemounted, buried or inserted rotor-PM arrangement. As reported in [START_REF] Yeadon | Handbook of small electric motors[END_REF] and [START_REF] Ocak | Performance comparision of internal and external rotor structured wind generators mounted from same permanent magnets on same geometry[END_REF] the outer-rotor topology provides a viable solution for small-scale and gearless wind turbine applications.

Among PM materials, rare-earth alloys, like Nd-Fe-B, have been used, as they lead to higher air-gap magnetic flux density and higher electromagnetic torque, at smaller rotor size.

The operation principle of the BLDCPM is based on the attraction and repulsion between the stator and rotor magnetic poles. As the rotor shaft of the BLDCPM generator is driven in motion by the micro-wind turbine, the constant excitation field, provided by the permanent magnets on the rotor, induces dynamic back-EMFs in stator-armature phase windings. This stator-phase back-EMF voltage is proportional to the magnetic field strength and has quasi-trapezoidal shape due to the non-sinusoidal distribution of the air-gap magnetic flux density in respect of the rotor position. In practice this waveform is not quite trapezoidal as several factors intervene, such as manufacturing, leakage flux, material saturation, etc. 

Conclusions

After a short introduction into the context of the present wind market and worldwide installed capacity, a simple presentation of the micro-wind turbine system topologies is introduced. This classification allows an easy passage to the description of the micro-wind energy conversion system to be studied. The configuration is represented by the variable-speed horizontal-axis three-bladed micro-wind turbine, three-phase brushless DC permanent magnet generator and the three-phase full-bridge electronic power converter. Analysis provided for each component allows to establish the following steps for investigation: In the last part a simulation process of the overall system will be conducted to conclude which of the three proposed models can be a viable solution in terms of precision and simulation time for the future design optimization process. The architecture of the µWECS is depicted in fig. 2.1 and it consists of the following models that were developed and analyzed in this thesis:

 The long-term wind speed profile which will be examined in the third part of the thesis in view of its reduction  The three-bladed horizontal axis wind turbine that provides the assessment of the available power in the wind speed helping to establish the speed and torque limits of the generator  The brushless DC permanent magnet generator and rectifier assembly: an analytical, a semi-analytical and a numerical model are investigated based on the machine's dimensions  The DC bus which is considered to have a constant voltage

Modeling description of the µWECS components

Micro-wind turbine model

The mechanical power that the wind turbine can produce may be expressed as [1]: 

𝑃 𝑤𝑡 = 0.
𝑣 𝑤 ∶ Wind speed [m/s]
The power coefficient from the equation is an important parameter as it provides an idea about how many of the kinetic energy from the air mass can be converted into mechanical energy by the wind turbine. According to Betz's law [1] this conversion rate cannot be higher than 0.59 and in practice is even less because of the mechanical imperfections. This coefficient can be calculated through interpolation [2] based on (2.2) as a function of tip speed ratio (fig. 2.2), while the latter can be defined as in (2.3).

𝐶 𝑝 (𝜆) = -3.98 • 10 speed which denotes the level at which the turbine captures enough power to overcome its power losses. Further on, it continues the process of optimum power extraction until the base wind speed value is reached which corresponds to the level at which the generator also achieves its nominal power. A MPPT strategy is therefore adopted in this region, which corresponds at an operation at 𝐶 𝑝_𝑚𝑎𝑥 and 𝜆 𝑜𝑝𝑡 . For wind speeds outrunning the rated value, the turbine is kept to function at its nominal power by means of different control techniques, such as pitch/stall systems or power limitation strategies [3]. When the highest wind speed (represented by the cut-off speed) at which the turbine is allowed to operate is reached the turbine ceases power generation through its shut-down, for mechanical damage protection. 

Modeling of the generator-rectifier assembly

As the simulation time is of great importance for the optimization process, models with high accuracy can evolve it into a time-consuming process, especially when considering optimization over a long-term wind speed cycle for the minimization or maximization of different quantities. For this, three modeling simulation levels of the generator will be analyzed throughout this section to establish the suitable one that can be used in the design optimization process of the micro-wind energy conversion system [4]. All of them depend on the sizing characteristics of the generator which will be determined beforehand and will work as a background function for each of the simulation model during the optimization.

Dimensional features of the BLDCPM generator

The geometrical equations examined for the design of the BLDCPM generator are based on the descriptions provided in [5], [6] and based on the sizing model presented in [7]. Given the fact that some of the sizing equations recline on several input parameters (which are fixed and will not be considered to be optimized) related to the material properties, few assumptions have to be considered when performing the calculations:

 The slot copper filling coefficient is set to kr = 0.5

 The stator's laminated filling factor is considered kst = 0.95  The remnant induction of the magnets is chosen Br = 1 [T] whereas their relative magnetic permeability is equal to µr = 1.05

 The shape of the magnetic induction in the air gap is considered ideal

Analytical simulation model

The analytical simulation model is a static one based on the sizing and circuit equations of the machine written by considering only the amplitude of the involved quantities.

As it computes only peak or mean values its best feature resides in the fast simulation time (as it will be seen in the simulation subchapter 2.3), whereas its inability to predict some phenomena in the currents and torque waveforms represents its main disadvantage.

Several assumptions are made for this model in order to simply its construction.

First of all, knowing that for a wye connection two phases are energized simultaneously and the back EMF is proportional to the rotational speed of the generator, at constant operation its amplitude is sufficient to be taken into account for the calculation of the generator's phase current and electromagnetic torque:

𝐸 ̂= 𝑘 𝑒 Ω (2.4) 𝐼 ̂= 𝑃 ̂𝑒𝑚 2𝐸 ̂ (2.5) 𝑇 ̂𝑒𝑚 = 2𝑘 𝑒 𝐼 ̂ (2.6)
where

𝐸 ̂∶ Phase back-EMF peak voltage [V] 𝑘 𝑒 ∶ Back-EMF voltage coefficient 𝐼 ̂∶ Peak phase current [A] 𝑃 ̂𝑒𝑚 ∶ Peak electromagnetic power [W] 𝑇 ̂𝑒𝑚 ∶ Peak electromagnetic torque [Nm]
Secondly, as the generator is of direct-driven type, it is assumed that its rotational speed can be determined from the tip speed ratio equation (2. 

𝑣 𝑖𝑛 ∶ Cut-in wind speed [m/s] 𝑣 𝑏 ∶ Base/rated wind speed [m/s] 𝑣 𝑚𝑎𝑥 ∶ Cut-off wind speed [m/s]
As final remarks, the implementation of the above equations is done in Matlab programming environment and no control is implemented for this model as the commutation of the phases is not explicitly taken into consideration.

Semi-analytical simulation model

In order to assess for the dynamic properties of the generator, which have a great impact upon the quality of the electrical energy generated, a second simulation model is investigated, i.e. the time-based semi-analytical model. Its description relies on three parts: the first one introduces the electrical equations upon which the modeling of the generator is realized whilst the second and the third parts reveal the control and associated power converter model.

A) Electrical equations

The analysis of the three-phase generator is based on a couple of hypothesis such as:



The materials saturation effect is not accounted for



The resistances and inductances of the three-stator phase windings are considered identical and constant



The trapezoidal back-EMF voltage shape is presumed ideal and identical in all phases Based on the above, the phase voltage of the three-phase star-connected BLDCPM generator with isolated neutral point stator windings results as follows [8]: 

𝑣 𝑝ℎ (𝑡) =
𝑖 𝑝ℎ ∶ Phase current [A] 𝐿 𝑝ℎ : Phase self-inductance [H] 𝑀 ∶ Mutual phase inductance [H] 𝑒 𝑝ℎ ∶ Back-EMF voltage [V] 𝑣 𝑛 ∶ Neutral voltage [V]
𝑎, 𝑏, 𝑐 ∶

Stator phase windings notation

The trapezoidal back-EMF voltages of the generator depend on the rotor position 𝜃 𝑟 to be determined and knowing that each of the phase presents a 120 • electrical degree shift from the others, the expression for each phase can be found as: This friction coefficient, which depends on the rotor shape and on the rotational speed, helps in approximating the mechanical losses caused by the rotation of the rotor, based on the value information provided in [2].

𝑒 𝑎 (𝜃 𝑟 ) = { ( 6 𝜋 𝐸 ̂) 𝜃 𝑟 , 0 < 𝜃 𝑟 < 𝜋 6 ⁄ 𝐸 ̂, 𝜋 6 ⁄ < 𝜃 𝑟 < 5𝜋 6 ⁄ -( 6 𝜋 𝐸 ̂) 𝜃 𝑟 + 6𝐸 ̂, 5𝜋 6 ⁄ < 𝜃 𝑟 < 7𝜋 6 ⁄ -𝐸 ̂, 7𝜋 6 ⁄ < 𝜃 𝑟 < 11𝜋 6 ⁄ ( 6 𝜋 𝐸 ̂) 𝜃 𝑟 -12𝐸 ̂, 11𝜋 6 ⁄ < 𝜃 𝑟 < 2𝜋 , 𝑒 𝑏 (𝜃 𝑟 ) = { -𝐸 ̂, 0 < 𝜃 𝑟 < 𝜋 2 ⁄ ( 6 𝜋 𝐸 ̂) 𝜃 𝑟 -4𝐸 ̂, 𝜋 2 ⁄ < 𝜃 𝑟 < 5𝜋 6 ⁄ 𝐸 ̂, 5𝜋 6 ⁄ < 𝜃 𝑟 < 9𝜋 6 ⁄ ( 6 𝜋 𝐸 ̂) 𝜃 𝑟 + 12𝐸 ̂, 9𝜋 6 ⁄ < 𝜃 𝑟 < 11𝜋 6 ⁄ -𝐸 ̂, 11𝜋 6 ⁄ < 𝜃 𝑟 < 2𝜋 𝑒 𝑐 (𝜃 𝑟 ) = { - 𝐸 ̂, 0 < 𝜃 𝑟 < 𝜋 6 ⁄ ( 6 𝜋 𝐸 ̂) 𝜃 𝑟 + 2𝐸 ̂, 𝜋 6 ⁄ < 𝜃 𝑟 < 𝜋 2 ⁄ -𝐸 ̂, 𝜋 2 ⁄ < 𝜃 𝑟 < 7𝜋

B) Control loops

A schematic representation of the semi-analytical model implemented in Matlab/Simulink environment is depicted in fig. 2.6. As observed, a power outer-loop and a hysteresis current control strategies are implemented to assure that the generator is able to develop power equal to the active one harvested by the turbine from the wind.

The error signal between a reference power and the power delivered by the generator is processed with the help of a PI controller whose proportional and integral coefficients are determined by means of trial and error method. The output of this regulation helps in determining the phase reference currents based on the 120 ∘switching pattern of the generator, which is dependent on the rotor's angular position as exemplified in table 2.2. (2.17)

C) Generator-side power electronic converter

The 120 ∘commutation pattern allows the division of an electrical cycle of 360 ∘ into six operating states or sectors of 60 ∘ , corresponding to the position information provided by the Hall sensors mounted on the stator or determined with the help of a rotary encoder.

Each of these sectors, in their turn, consist of a commutation and a conduction interval, whose operation features are going to be emphasized by an exemplification on only one sector as for the others the same principle applies.

As exemplified in fig. 2.7-a, the conduction interval corresponds to the normal flow (red line) of the current through the two stator windings and then via the two equivalent power devices of the rectifier, i.e. the lower-side transistor T2 for a-phase and upper-side transistor T5 for c-phase, while no current exists in the third phase. As the two transistors are ON-state, the currents in the phases increase up to a certain point where they are limited by the hysteresis current regulation. This means that the genuine current of c-phase is compared to its rectangular reference current by means of a hysteresis comparator. The task of this comparator is to determine the phase current to follow the reference one, by alternating its flow direction based on the signals provided to the transistors and diodes and thus maintaining it between imposed bands. As shown in fig. 2.7-c when the current in c-phase reaches the upper limit 𝑖 𝑐_𝑟𝑒𝑓 + ∆𝑖 2 ⁄ the output of the hysteresis comparator signals the upper transistor T5 to turn off, allowing the current to decrease slowly through the lower diode D6 until the lower limit 𝑖 𝑐_𝑟𝑒𝑓 -∆𝑖 2 ⁄ is attained, at which point the T5 transistor starts to operate again.

This chopping operation of the phase current repeats until the end of the considered sector, which represents also the beginning of the commutation interval. The same regulation principle is applied for each of the other phases as well. winding with T5 turned on and through a-phase winding via the fly-back diode D1. This current flow is due to the existence for a short period of time of a freewheeling current in the phase just switched off (a-phase winding), hence the moment of its disappearance denotes the end of the commutation and the beginning of the normal operation of the sector in cause.

However, the existence of the second path of the current appears only in the cases when the value of the DC bus voltage (𝑉 𝑑𝑐 ) fulfills one of the following inequalities:

𝑉 𝑑𝑐 < 4𝐸 ̂ 𝑜𝑟 𝑉 𝑑𝑐 > 4𝐸 ̂ (2.18)
As a result a peak in the current's waveform appears during the switching of the phases as it can be seen in fig. 2.6-c. This situation can be explained by the fact that the decaying of the current in the switched off phase (a-phase winding) is done in a slower manner than the rising of the current in the ongoing phase (b-phase winding), hence the altered current waveform of the third phase (c-phase winding). The amplitude of the peak is strongly influenced by the DC voltage and as it will be seen after the simulations in section 2.3 it produces a proportional oscillation in the torque's waveform as well.

Nevertheless, based on the driving signals the voltages of the output terminals of the BLDCPM micro-wind generator can be determined in accordance to the operation interval of the controlled PWM rectifier for each of the six sectors as in [10].

Finite element-based numerical model

As neither the analytical nor the semi-analytical models do not take into consideration the non-linear materials characteristics and the complex geometry of the machine a third model is investigated and that is the finite element (FE)-based numerical model. The advantage in using this model is its high precision, but unfortunately it is well known for its For the FE analysis a full 2D view of the generator was considered, but by applying symmetry and boundary conditions a reduction in its modelling is possible which helps in further reducing the simulation time necessary for one mechanical cycle investigation. The electrical circuit considered for this model resembles the one from fig. 2.9, consisting also of hysteresis limitation switches for each of the phase current.

The active materials used for the machine parts are summarized in table 2.3, while their properties can be found by means of data sheets insured by the industries. The accuracy of the FE-model is given by the mesh discretization of the model and by the number of divisions. In the construction of the mesh the element size of the air region is set to 1 mm and the element size for the parts is set to 4 mm. A transient analysis is used since the electromagnetic torque and rotor-speed are time-variant and a number of steps and divisions of 1200 and 600 respectively. The analysis of just one mechanical cycle is sufficient to observe the behavior of several parameters of the machine that are going to be presented in section 2.3.

Simulations of the micro-wind turbine system over base point operation

To evaluate the simulation models presented above, a reference machine is considered, whose characteristics are presented in table 2.4, corresponding to the outer-rotor BLDCPM machine studied in [7]. As it can be seen from fig. 2.12, a peak in the current waveforms appears if the 𝑉 𝑑𝑐 voltage is less than four times the amplitude of the back-EMF, as in equation (2.15).

Moreover, this causes also an additional pulsation of the electromagnetic torque, proportional to the current ripple, each time the phases commute. Basically, each quantity (electromagnetic torque and power, copper loss, rectifier conduction and switching losses) that relies on the phase currents for its calculation presents this oscillation into its waveform. How it can be remarked, the amplitude of the oscillations are smaller for the semi-analytical model compared to the FE one. This is justified by the fact that neither the cogging torque that results from the interaction of the magnet with the slotted stator nor the magnetic saturation are considered in the modeling phase of the generator. Also, because of the PI power control the response time of the system is slower, meaning that the currents and torque cannot reach their nominal values instantly as those of the FE-based model.

To better observe the differences between the models at that low DC-bus voltage simulation, an average torque error between the (i) numerical and analytical models (orange rhomb) and (ii) numerical and semi-analytical models (red circle), as well as a maximum current error obtained likewise are represented in fig. 2.13 alongside the CPU computation time, for the base operating point.

The values for these electromagnetic parameters of the machine are also compared in table 2.5 for the three models (analytical, semi-analytical and FE), by indicating the simulation time for each of the models as well. As it can be seen the CPU time necessary for one FE simulation of one operating speed is fairly high, therefore it seems more appropriate for the design optimization process to use the analytical or the semi-analytical models as they perform faster, given also the fact that during the optimization the model is going to be evaluated for hundreds or thousands of simulations. On the contrary, coupling the FE model to the optimization may be done in the final design stage when only a couple of parameters could be optimized for a refined solution that gives the best results to the desired application.

Conclusions

In this chapter the components of the μWECS have been detailed. Three simulation models for the BLDCPM generator-rectifier assembly, i.e. analytical, semi-analytical and numerical models, have been proposed and investigated. All of them rely on the sizing parameters of the machine, which can be determined based on the equations provided in Appendix 2.A.

To make a choice, some simulations were effected at the base operating point with the values of a reference machine, which helped to determine the accuracy and the required simulation time for each of the models. The numerical model, based on a transient magnetic field analysis by taking into account the rotor motion, the electromagnetic nonlinearities, the geometry of the machine, etc. reveals high precision, but its huge evaluation time makes it a non-viable solution for the optimization.

On the other hand, the time-dependent semi-analytical model, faster in computation time, neglects some of the electromagnetic properties of the machine, but demonstrates its ability to detect the phenomena that appears in the waveforms of several quantities during the commutation and conduction periods of the rectifier.

Lastly, the time-based characteristics of the semi-analytical model have been discharged and reshaped for faster usage, resulting into the analytical model. As this one gives only average or peak values of the electromagnetic parameters, it has the advantage of being the fastest and yet the roughest of the models.

These latter two models seem to be the appropriate solution for the optimization process and their accuracy quite acceptable, although a significant difference can be observed between them and the FE-based model, hence, a correction coefficient should be calculated and applied to the outputs of these models.

Before passing to the design optimization of the BLDCPM generator, it is necessary to search which of the above models performs faster and better when considering a long-term wind-speed profile. Since the analytical model is fast in computation time, it is assumed that it will be able to calculate the power losses over the entire wind-speed profile in a short period of time. However, as it will be seen in the next chapter, this principle does not apply for the semi-analytical model, which implies the need for analyzing several methods that can help in reducing the wind-speed profile and integrating it in the calculation procedure of the μWECS.

This enquire will be done by the upcoming chapter.

Selected references Appendix 2.A Sizing Model of the BLDCPM Generator

In order to describe the sizing equations of the BLDCPM generator, based on the work of [7], [12] the geometric model of the machine presented in fig. 2.4 of chapter 2 is taken again. The amplitude of the back-EMF phase voltage can also be estimated as in (A.2) with the help of the DC bus voltage 𝑉 𝑑𝑐 and 𝑘 𝑣 coefficient, the latter one representing the ratio between the half of the DC bus voltage and the back-EMF one at base speed operation:  The thickness of the main pole shoe:

𝐸 ̂𝑝ℎ = 𝑉 𝑑𝑐 2𝑘 𝑣 (A.2)
𝑒 𝑏 = [ 𝐵 ̂𝑔 𝐵 ̂𝑡ℎ ( 𝛼 2 -sin -1 ( 𝑙 𝑡ℎ 2𝑅 𝑠 )) 𝑅 𝑠 ] + 𝑅 𝑠 [1 -cos (sin -1 ( 𝑙 𝑡ℎ 2𝑅 𝑠 ))] (A.7)
 The number of stator slots (𝑁 𝑠 ):

𝑁 𝑠 = 3 2 𝑝 (A.8)
 The depth of the main stator tooth (ℎ 𝑡ℎ ) from the slot area: 

𝐴 𝑠𝑙𝑜𝑡 = ℎ 𝑡ℎ [2𝜋(𝑅 𝑠 -𝑒 𝑏 ) -𝜋ℎ 𝑡ℎ -𝑁 𝑠 𝑙 𝑡ℎ ] (A.
ℎ 𝑐 = 𝑒 𝑏 cos(𝛼 2 ⁄ ) -𝑅 𝑠 ( 1 cos(𝛼 2 ⁄ ) -1) (A.11) ℎ 𝑐_𝑖𝑛𝑡 = 𝑅 𝑠 [1 -cos(𝛼 𝑖𝑛𝑡 2 ⁄ )] + ℎ 𝑐 cos(𝛼 𝑖𝑛𝑡 2 ⁄ ) (A.12)
 The thickness of the stator (ℎ 𝑠𝑦 ) and rotor (ℎ 𝑟𝑦 ) yokes:  The exterior (𝐷 𝑒𝑥𝑡 ) and interior (𝐷 𝑖𝑛𝑡 ) diameters:

ℎ 𝑠𝑦 = 1 2 𝐵 ̂𝑡ℎ 𝐵 ̂𝑠𝑦 𝑙 𝑡ℎ (A.13) ℎ 𝑟𝑦 = 1 2 𝐵 ̂𝑝𝑚 𝐵 ̂𝑟𝑦 𝛽(𝑅 𝑠 + 𝑔) (A.
𝐷 𝑖𝑛𝑡 = 2𝑅 𝑠 -2(𝑒 𝑏 + ℎ 𝑡ℎ + ℎ 𝑠𝑦 ) (A.15) 𝐷 𝑒𝑥𝑡 = 2𝑅 𝑠 + 2(𝑔 + ℎ 𝑝𝑚 + ℎ 𝑟𝑦 ) (A.16) with ℎ 𝑝𝑚 ∶

Thickness of the generator's permanent magnets [mm]

A simple iterative thermal model, build on the assumption that the temperature in the permanent magnets is equal to the one in the stator copper coils (𝑇 𝑝𝑚 = 𝑇 𝑐𝑜 ) helps in determining the thickness of the permanent magnet (based on a simplified equation of the Ampere's law at no-load operation) and to determine the phase resistance of the generator:

1 𝜇 𝑝𝑚 [𝐵 ̂𝑝𝑚 -𝐵 𝑟 (1 + 𝛼 𝑝𝑚 𝑇 𝑝𝑚 )]ℎ 𝑝𝑚 + 𝐵 ̂𝑔𝑔 = 0 (A.17) 𝑅 𝑝ℎ = 𝜌 𝑐𝑜 (1 + 𝛼 𝑐𝑜 𝑇 𝑐𝑜 ) 𝑧 2 𝐿 𝑡ℎ𝑠 𝛿 𝐼 ̂ (A.18)
where

𝜇 𝑝𝑚 ∶ Relative permeability 𝐵 𝑟 ∶ Remnant induction of the permanent magnets at 0 ° 𝐶 [T]
𝛼 𝑝𝑚 , 𝛼 𝑐𝑜 ∶ Thermal coefficients of the permanent magnets and copper respectively

𝜌 𝑐𝑜 ∶ Copper resistivity at 0 ° 𝐶 [Ω•m]
An important parameter in the design stage of the generator is represented by the maximum current that the stator windings can support, above which the corresponding high value of the magnetic flux density in the magnets can cause their demagnetization and which can be obtained based on the following equality: Another electromagnetic parameter required in the simulation models is the phase inductance which can be computed from the radial flux that crosses the air gap (𝜓 𝑔 ) and from the fluxes in the slots (𝜓 𝑠 ) and in the pole shoe(𝜓 𝑝𝑠 ):

1 𝜇 0 𝜇 𝑝𝑚 [𝐵 𝑐 -𝐵 𝑟 (1 + 𝛼 𝑝𝑚 𝑇 𝑝𝑚 )]ℎ 𝑝𝑚 + 𝑧𝐼 𝑚𝑎𝑥 4𝑝 + 𝐵 𝑐 𝜇 0 𝛽 𝛼 (1 + 2𝑔 2𝑅 𝑠 ) 𝑟 𝑟𝑠 𝑘 𝑙𝑘 𝑔 = 0 (A.
𝐿 𝑝ℎ = 3 2 𝜓 𝑔 + 2(𝜓 𝑠 + 𝜓 𝑝𝑠 ) (A.20)
After the dimensional characteristics of the generator are determined, it is possible to calculate the mass of each of its components:

 The mass of the stator is composed of three parts: yoke (𝑀 𝑠𝑦 ), teeth (𝑀 𝑡ℎ ) and copper windings (𝑀 𝑐𝑜 )

𝑀 𝑠𝑦 = 𝑑 𝑠𝑦 𝜋ℎ 𝑠𝑦 [2(𝑅 𝑠 -𝑒 𝑏 -ℎ 𝑡ℎ ) -ℎ 𝑠𝑦 ]𝐿 𝑚 (A.21) 𝑀 𝑡ℎ = 𝑑 𝑡ℎ 𝑁 𝑠 [(𝑙 𝑡ℎ + 𝑙 𝑡ℎ_𝑖𝑛𝑡 )ℎ 𝑡ℎ + (𝛼 𝑒 𝑏 + ℎ 𝑐 2 + 𝛼 𝑖𝑛𝑡 ℎ 𝑐_𝑖𝑛𝑡 + ℎ 𝑐 2 ) 𝑅 𝑠 ] 𝐿 𝑚 (A.22) 𝑀 𝑐𝑜 = 𝑑 𝑐𝑜 3 2 𝑧 𝐼 δ 𝐿 𝑡ℎ𝑠 (A.23)
 The mass of the permanent magnets is:

𝑀 𝑝𝑚 = 𝑑 𝑝𝑚 𝑝𝛽ℎ 𝑝𝑚 [ℎ 𝑝𝑚 + 2(𝑅 𝑠 + 𝑔)]𝐿 𝑚 𝑟 𝑟𝑠 (A.24)
 The mass of the rotor can be calculated as: Finally, the total mass of the generator results as:

𝑀 𝑟𝑦 =
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Chapter 3

Long-Term Wind-Speed Profile Modeling and Simulation for the Micro-Wind Energy Conversion System

Wind-speed profile

As the micro-wind turbine power changes with the cube of the wind speed, its expression emphasizes the important impact that the wind speed has upon the µWECS. For evaluating the efficiency of the entire system, simulations over this type of long wind-speed cycle are necessary. This approach however is undesirable in the context of design optimization due to the fact that the simulation of the system repeats itself based on the variation domain of the design variables. Thus, the time needed to find the optimal sizing solution of the system is influenced by the duration of the wind profile. In respect to this, it could be concluded that a shorter wind profile, yet still pertinent for the objective of the design process, would represent a good alternative. Hence, in this chapter analyses are conducted, as well as presentation of methods that could be used for its reduction in order to find a solution to handle the simulation time of the wind energy system over this long-term wind-speed profile. In the last part of this chapter some simulation results obtained with the analytical and semi-analytical models over long-term and reduced wind-speed profile are also provided. Classically, the design of a micro-wind generator is often done for the base operating point, corresponding to the base power or torque of the micro-wind turbine. At this point the generator can operate extensively without any damage. However, the difficulty is in searching for a certain wind speed of the wind-speed profile for which the design should be achieved and then used to calculate μWECS power losses.

To solve this problem three methods are investigated with the purpose of simplifying the long-term wind-speed profile:

A) The average wind speed

The first approach is to reduce the wind profile to a single operating point, i.e. the nominal/rated wind speed of the wind turbine. A method [1] is to consider this point equal to the average wind speed in the wind-speed profile, whose value may be determined by applying the following expression:

𝑣 𝑟𝑎𝑡𝑒𝑑 = ∑ (𝑣 𝑤 𝑖 𝑡 𝑖 ) 8759 𝑖=1 ∑ 𝑡 𝑖 8759 𝑖=1 (3.1) 
Further on the mechanical power extracted by the micro-wind turbine can be calculated, under the assumption of a MPPT strategy and considering for this study that the turbine does not operate for wind speeds 𝑣 𝑤 < 𝑣 𝑖𝑛 = 2 𝑚/𝑠 or 𝑣 𝑤 > 𝑣 𝑚𝑎𝑥 = 20 𝑚/𝑠, as well that it can function at the nominal power 𝑃 𝑤𝑡_𝑙𝑖𝑚𝑖𝑡 (𝑣 𝑟𝑎𝑡𝑒𝑑 ), given by the average wind speed determined above, until the maximum wind speed is reached. Fig. 3.2 represents the wind power that can be transmitted to the generator for each hour during the wind-speed cycle.  As shown in fig. 3.3, another analysis compares the extracted energy by the wind turbine for the different operation modes with the total energy that could be extracted if only the MPPT was to be used. It appears that only 0.13% of the extracted energy cannot be retrieved due to wind speeds lower than 2m/s, when the turbine is at standstill. For the maximum power region only 3.45% is captured by the turbine, while 96.17% of the total extractible power is represented by the clipped power region. A low percentage of only 0.25% is owed to the shutdown of the turbine, but in this case because of wind speeds higher than 20 𝑚/𝑠. 

B) The statistical distribution method based on histogram approach

The statistical distribution based on histogram approach can help to characterize the long-term wind-speed profile in terms of occurrences and help to reduce it into fewer operating points. On this basis, the wind data distribution can be discretized into N number of intervals/bins, evenly distributed, as illustrated in fig. 3.4.

The discretization factor ∆𝑛 chosen for the statistical distribution representation in fig.

3.4 is 1m/s and the number of intervals is set to be equal to the maximum wind speed in the cycle. Each interval is associated to a mean wind speed value of the set of operating points An important aspect regarding this method is that it is quite sensitive to discretization.

A high number of intervals will give better accuracy, but they can also lead to an increased simulation time, which can be detrimental in an optimization process. Another fact to be added is that, for simplification, the turbulence phenomena is not considered in the generation process of the new wind signal. Having determined the new wind speed operating points and their number of occurrences it is possible forwards to employ this signal in the simulation of the wind energy system for the calculation of the total power losses and compare them afterwards with the ones obtained after a complete cycle simulation, investigation that will be presented in section 3.1.3.

C) Barycenter method

The third method explored for simplifying the wind cycle is based on the barycenter method, which allows to reduce both the simulation time and the wind data that will be 73 considered for the design of the generator. A description of this method was reported in [2],

where it was used to reduce the torque and speed driving cycles in the design optimization of an axial flux traction motor. This barycenter method is adapted to the wind energy system [3] for processing the large amount of wind-speed data. In order to reduce the cycle and in consequence the computation time, the totality of operating points within the wind-speed cycle are replaced with a low number of regions as illustrated in fig. 3.6 with different colors, each region being represented by a barycenter and its corresponding parameters given by equation (3.2). These parameters are further used for the losses calculation of each region r. 

Barycenter method applied to the computation of μWECS power losses over the long-term wind-speed cycle

The expressions for the power losses are based on the equations provided in [3], [4], [5] and reformulated afterwards in connection to the barycenter method in order to calculate them for each region as follows:

 Mechanical losses (𝑃 𝑚𝑒𝑐ℎ ) due to friction phenomena: A more detailed explanation on the entire process of how these losses equations are determined can be found in Appendix 3.A.

𝑃 𝑚𝑒𝑐ℎ ,𝑟 = 𝑓 𝑤𝑡 Ω 𝑟 2 𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2 (3.3)
To validate the method, at the first step the losses of the wind energy system were calculated for all points of the wind cycle by using the semi-analytical model and the totality of each loss was obtained through their addition. 

Simulations of μWECS operating over long-term wind-speed cycle

The 20 𝑚/, but now for a larger range of operating points. These simulations offer more details on how the losses and the efficiency of the overall wind energy system assembly are affected by these performance points. Furthermore, they also provide an insight of which of the two types of simulation models to be used in the optimization process as well as a comparison between several of their output quantities.

Simulations of analytical and semi-analytical models under long-term and reduced wind-speed cycle operation

In order to see how the performance points of the wind turbine affect the outputs of the wind energy system, several simulations are performed with the semi-analytical model under complete cycle operation. These factors along with their variation domain and number of considered levels, are presented in table 3.1.

For a full factorial design [7] with three factors and five levels the number of test 

𝑇𝑒𝑠𝑡 𝑚𝑎𝑡𝑟𝑖𝑥 = [ -1 -0.5 ⋮ 0.5 1 ⏞ 𝑣 𝑖𝑛 -1 -1 ⋮ 1 1 ⏞ 𝑣 𝑛 -1 -1 ⋮ 1 1 ⏞ 𝑣 𝑚𝑎𝑥 ] (3.11) 𝑅𝑒𝑠𝑢𝑙𝑡𝑠 = [ 𝑃 𝑖𝑛_𝑡𝑜𝑡𝑎𝑙 1 𝑃 𝑙𝑜𝑠𝑠𝑒𝑠_𝑡𝑜𝑡𝑎𝑙 1 𝑃 𝑜𝑢𝑡_𝑡𝑜𝑡𝑎𝑙 1 𝜂 𝑠𝑦𝑠 1 𝑃 𝑖𝑛_𝑡𝑜𝑡𝑎𝑙 2 𝑃 𝑙𝑜𝑠𝑠𝑒𝑠_𝑡𝑜𝑡𝑎𝑙 2 𝑃 𝑜𝑢𝑡_𝑡𝑜𝑡𝑎𝑙 2 𝜂 𝑠𝑦𝑠 2 ⋮ ⋮ ⋮ ⋮ 𝑃 𝑖𝑛_𝑡𝑜𝑡𝑎𝑙 124 𝑃 𝑙𝑜𝑠𝑠𝑒𝑠_𝑡𝑜𝑡𝑎𝑙 124 𝑃 𝑜𝑢𝑡_𝑡𝑜𝑡𝑎𝑙 124 𝜂 𝑠𝑦𝑠 124 𝑃 𝑖𝑛_𝑡𝑜𝑡𝑎𝑙 125 𝑃 𝑙𝑜𝑠𝑒𝑠_𝑡𝑜𝑡𝑎𝑙 125 𝑃 𝑜𝑢𝑡_𝑡𝑜𝑡𝑎𝑙 125 𝜂 𝑠𝑦𝑠 125 ] (3.12)
The general average of each result is calculated based on (3.13), while the effect of each factor at a certain level can be found with the help of (3.14) [8]:

𝐴𝑉𝐺 = [ 1 𝑁 𝑐𝑜𝑛𝑑 ∑ 𝑃 𝑖𝑛_𝑡𝑜𝑡𝑎𝑙 𝑖 𝑁 𝑐𝑜𝑛𝑑 𝑖=1 1 𝑁 𝑐𝑜𝑛𝑑 ∑ 𝑃 𝑙𝑜𝑠𝑠𝑒𝑠_𝑡𝑜𝑡𝑎𝑙 𝑖 𝑁 𝑐𝑜𝑛𝑑 𝑖=1 1 𝑁 𝑐𝑜𝑛𝑑 ∑ 𝜂 𝑠𝑦𝑠 𝑖 𝑁 𝑐𝑜𝑛𝑑 𝑖=1 ] (3.13) 𝐸 𝑓𝑎𝑐𝑡𝑜𝑟 𝑗 = (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑠 𝑤ℎ𝑒𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑖𝑠 𝑎𝑡 𝑙𝑒𝑣𝑒𝑙 𝑗) -𝐴𝑉𝐺 (3.14)
The outputs of the system retained for presentation are the total power that can be extracted by the wind turbine (∑ 𝑃 𝑖𝑛 𝑖 8759 𝑖=1

), the total power losses (∑ 𝑃 𝑙𝑜𝑠𝑠𝑒𝑠 𝑖 8759 𝑖=1

) over the long-term wind profile (composed of mechanical, Joule, iron and power converter losses), as well as the total output power (∑ 𝑃 𝑜𝑢𝑡 𝑖 8759 𝑖=1

) and the overall efficiency of the wind energy

system (𝜂 𝑠𝑦𝑠 = ∑ 𝑃 𝑜𝑢𝑡 𝑖 8759 𝑖=1 ∑ 𝑃 𝑖𝑛 𝑖 8759 𝑖=1
) , which is the result of the ratio between the total useful power delivered by the wind energy system and the total power extracted by the wind turbine. These results are represented in figs. 3.8-3.11 alongside their general average value.

It can be noticed that all responses are affected, some more and other less, by the variation of the wind turbine performance factors. The input power of the wind system and therefore the losses and the output power decrease as the cut-in speed of the turbine increases. This is due to the fact that as depicted in the histogram figure (fig. 3.4), the large amount of wind speed data is situated between 0 and 5 m/s. The contour plot of the mechanical efficiency is depicted by fig. 3.12-a, for which only the friction losses were considered as the main disturbance in the turbine performance.

By convention, the electromagnetic torque developed by the BLDCPM machine is negative (fig. 3.12-b,c) as the machine functions in the generator operation mode. When the speed of the wind is too small the losses in the system are exceeding the generated power and the turbine does not even start for operation, which describes the area without efficiency values in the contour maps. Based on the above comparison, it can be concluded that by using the barycenter method for reduction of the wind-speed cycle a certain gain in the simulation time of the semi-analytical model is achieved with satisfactory accuracy. The analytical model exhibits the smallest simulation time, but with precision penalty. Therefore, the semi-analytical model associated to the barycenter method proves to be well-suited for the design optimization process. An error graph for some of the quantities from the above table are illustrated in fig.

3.13.

Fig. 3.13. Relative error between the analytical and semi-analytical models

Conclusions

This chapter was intended to enlighten that long-term wind-speed profile can be employed in simulations of the analytical and semi-analytical models retained for further analysis.

Therefore, in the first part of this chapter three methods were analyzed for reducing the wind cycle:



The average value method, which reduces the duration of the profile to a single operating point. However, it is found to be an inefficient solution as the majority of speed values are situated above the rated power limit, and therefore not fully exploited through the MPPT strategy.



The statistical distribution based histogram method appears to be a better alternative, but displays higher relative error when several output quantities of the system were compared to the ones obtained over complete cycle operation.



The barycenter method demonstrates the most efficient solution to reduce the duration of the wind profile and consequently the simulation time of the system, while revealing small relative errors of the outputs after comparing them against those resulted after complete cycle evaluation. Further, some simulations have been conducted and the results of the analytical and semi-analytical models over long-term and reduced wind profile operation have been compared. The semi-analytical model with complete cycle denotes an undesirable simulation time for even considering of using it in an optimization process. On the other hand, when coupled to the barycenter method, as mentioned earlier, this time reduces while still providing good precision of the output quantities. However, not the same response yields the analytical model. Even if it performs the fastest, a quite large error is found when compared to the semianalytical model based complete cycle.

Therefore, the most convenient solution is to employ the semi-analytical model with barycenter method to be used in the design optimization of the wind energy system.

Nevertheless, as it will be demonstrated in the up following chapter, if an appropriate optimization strategy is associated to the analytical model this one can likewise offer good results in an even shorter CPU time. As expected, this will be the subject of the following chapter.

with

𝐶 𝑗 = 3𝑅 ( 𝑘 𝑤 𝑘 𝑡 ) 2
. Making the same assumption as before, that 𝐶 𝑗 is constant within one region, then the sum of copper loss for all the points (p) in the considered region (r) can be written as: and it is based on 𝐼 𝑅𝑀𝑆,𝑟 , 〈𝑣 𝑤 〉 𝑟 , 〈𝑣 𝑤 4 〉 𝑟 to be computed.

∑

A.3 Iron loss determination

The iron losses in the stator core of the BLDCPM wind generator can be computed in terms of hysteresis and eddy current losses [5] as:

𝑃 𝐹𝑒_ℎ𝑦𝑠 = 𝑘 ℎ𝑦𝑠 𝑓 (𝐵 ̂𝑡ℎ 𝛼 + 𝐵 ̂𝑠𝑦 𝛼 ) (A.20) 𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦 = 4 𝜋 𝑘 𝑒𝑑𝑑𝑦 𝑓 𝑒𝑙𝑒 2 (𝐵 ̂𝑡ℎ 2 + 2𝐵 ̂𝑠𝑦 2 ) (A.21)
where 𝐵 ̂𝑡ℎ , 𝐵 ̂𝑠𝑦 are the stator tooth and yoke flux densities, and 𝑘 ℎ𝑦𝑠 and 𝑘 𝑒𝑑𝑑𝑦 represent the hysteresis and eddy current loss coefficients, which can be calculated from manufacturer data, and 𝑓 𝑒𝑙𝑒 is the fundamental frequency, which is given by the pole-pairs number and by the rotor angular speed of the machine: and it is based on Ω 𝑟 , 〈𝑣 𝑤 〉 𝑟 , 〈𝑣 𝑤 2 〉 𝑟 to be computed.

𝜔 𝑒 = 𝑁 𝑝 Ω, 𝑤 𝑒 = 2𝜋𝑓 𝑒𝑙𝑒 (A.22)

A.4 Conduction and switching losses in the generator-side power electronic converter

The losses in the three-phase power converter based IGBT devices with antiparallel diode units can be classified in conduction and commutation or switching losses [6]. Several of the parameters included in the description of the equation can be encountered in the manufacturer's datasheet [9].

 Conduction loss in IGBTs

As the BLDCPM machine has only two phases active for 120 • in an electrical cycle (i.e. one third of the electrical cycle), naturally only two switches will be ON, one corresponding to the upper side and the other to the lower side.

The conduction losses in one transistor can be estimated as: 

𝑃 𝐶𝐻1_𝑇 = 1 

 Switching loss in the IGBTs

The switching losses in one transistor can be computed starting from the following expression:

𝑃 𝑠𝑤_𝐼𝐺𝐵𝑇 = 1 3 (𝐸 𝑂𝑁 + 𝐸 𝑂𝐹𝐹 ) 𝑉 𝑛 𝑉 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝐼 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝐼 𝐶_𝑝𝑘 𝑓 𝑠𝑤 (A.49)
where 𝐼 𝐶_𝑝𝑘 is calculated for a 110% overload of the generator winding current.

A simplification of the above mentioned equation is: 

𝑃 𝑠𝑤_𝐼𝐺𝐵𝑇 =

 Diode losses due to: A) PWM switching of the transistors

Whenever during the 120 • conduction interval when the upper IGBT turns off during PWM switching the phase current is channeled through the antiparallel diode of the lower IGBT and vice versa. Therefore, the energy that may be dissipated by a diode during a conduction interval can be formulated as in (A.54). To be noted that the recovery switching losses in the diode are excluded.

𝑃 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒 = 

Chapter 4 Design Optimization of the BLDCPM Generator over

Wind-Speed Cycle Operation

Introduction

The design stage of any component or system lien in determining all its characterizing parameters that best describe the objective requirements. The optimal design of the BLDCPM generator for micro-wind turbine applications in order to solve a specific objective function, which in this case is the total power losses minimization under one year wind-speed cycle operation, depends on the appropriate selection of the multiple design parameters. Due to their non-linearity interdependency, this task becomes highly difficult and complex. Therefore, optimization represents the suitable solution for the determination of an appropriate design. Due to the many operating points within the wind-speed cycle and because the optimization process requires many evaluations of the objective function, adapted models and wind cycle reduction methods have to be considered by using the results obtained in previous chapters.

The next step is to establish the architecture of the design optimization process, by determining the optimization algorithm and strategy that need to be properly accommodated with the μWECS model.

Sources of complexity in the optimal design of a system

The optimization may be used as a tool for better understanding the complexity of the design problem as it provides a global view of the design space and for determining the feasible result from an assembly of possible design solutions. The incorporated algorithm helps to collect information from the models to determine the variation direction of the design variables considered in searching for the optimal system configuration while satisfying several imposed constraints. However, the solution and the final decision relies very much on the designer experience.

The design process as presented in fig. 4.1, starts from a set of initial/input specifications which pass through several phases before the final decision is made. The second phase after the analysis of the input specifications is represented by the mathematical formulation of the design and optimization problem. At this stage, the geometric and physical relations that characterize the behavior of each component in the system are all put together to form the model of the considered system. It is however quite difficult to take into account all the physical phenomena that may appear in each component, therefore, a certain level of hypothesis is a priority in the modeling phase of the design process in order to lower its complexity. This phase represents also the part where the design variables and constraints of the system are selected, which correspond to the geometric, energetic and structural parameters of the system in cause. In the early development phases their number may be fairly high due to the many unknown parameters in the system.

Afterwards the optimization problem can be expressed by designating specific upper and lower limit values to the design variables, by imposing several constraints that have to be analyzed on the input/outputs of the design process of the system and by establishing the desired design objective functions. The aim is to find those optimum parameters that honor those constraints whilst minimizing or maximizing different criteria. The solving of the optimization problem can be done by means of various algorithms (SQP, GA, PSO, etc.) and techniques (Response Surface, Space Mapping, Efficient Global Optimization, etc.). The last step in the design process comprises the analysis of the obtained results and the decision making.

Nevertheless, multiple problems [1] can occur in the analysis of design optimization results, which may impose deeper investigations of earlier design phases or even changing the initial design specification parameters (fig. 4.1).

Furthermore, the design of electrical systems has become a complex task due to the presence of multiple different elements in interaction within the system to be designed. The difficulties that arise are related to the coexistence of various physical domains of system Chapter 4

Design Optimization of the BLDCPM Generator over Wind-Speed Cycle Operation 97 components, which, optimized separately, lead to sub-optimal designs. The existence of these couplings in the same system presses the need of considering the system as a whole, meaning that the design of a component has to depend on the others for achieving optimal results. This approach becomes even more relevant as the number of components in the design chain is greater, as represented in fig. 4.2. 

ℎ 𝑗 (𝑋) = 0 𝑗 = 1, … , 𝑛 ℎ
where 𝑋 = [𝑥 1 , 𝑥 2 , . . . , 𝑥 𝑛 𝑣 ] ∈ 𝑆 represents the vector of design variables, that express the physical quantities such as geometric, electric, mechanic, etc. written in a mathematical form and upon which changes can intervene in order to better improve the desired performances of the system. As they can be of several types the design space (𝑆) for each of them can be defined as [1]: The terms 𝑔 𝑖 (𝑋) and ℎ 𝑗 (𝑋) in the above general optimization problem represent the inequality and equality constraints that have to be respected for optimal solution.

 𝑆 ∶ 𝑥 𝑘 𝐿 ≤ 𝑥 𝑘 ≤ 𝑥 𝑘 𝑈 ,

Difficulties in design optimization

As stated before, the computation time is of great importance to the optimization process due to the many evaluations of the simulation model involved, by the optimization algorithm.

It is possible to highlight some of the factors that may affect the time needed to arrive at the optimum design of the system: In the end, the significance of the computation time for the optimization process is as classified in [2] and depicted in fig. 4.3.



Formulation of the μWECS design optimization problem

Before describing the optimization approaches [3] and the results obtained for the design of the BLDCPM generator, the objectives, variables and imposed constraints of the μWECS model are introduced in the next sections.

Objective function

The objective function proposed for resolution is: The optimization problem can be therefore formulated as:


𝒎𝒊𝒏(𝑶𝑭(𝑿) = 𝑷 𝒕𝒐𝒕𝒂𝒍_𝒍𝒐𝒔𝒔 ) = 𝒎𝒊𝒏(𝑷 𝒎𝒆𝒄𝒉_𝒕 + 𝑷 𝒋_𝒕 + 𝑷 𝑭𝒆_𝒕 + 𝑷 𝒄𝒐𝒏𝒗_𝒕 ) (4.2)
It can be stated that minimizing the total losses in the system implies maximizing the output useful power.
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Design variables and constraints

The continuous (c) and discrete (d) type design variables of the wind energy system considered to be optimized, as well as those fixed at a certain value are summarized in table 4.1, along with their nature and variation domain. 

 Micro-wind turbine variables for design optimization

As a direct coupling between the wind turbine and electrical generator is considered in this work the performance operating points of the wind turbine, i.e. the cut-in, rated and cut-off wind speeds are set as variables to be optimized in order to provide the optimal turbine power curve and consequently the nominal power of the generator. As they strongly influence the length of the wind profile to be considered in the calculation of the wind energy system power losses and due to the nature of the employed optimization algorithm, their range of definition is slightly narrowed so that the turbine to start its operation at a cut-in wind speed less than the average wind of the profile. The cut-off wind speed is chosen to prevent the forces acting on the turbine structure at high wind speeds to damage the rotor. Depending on the design cost of the wind turbine a lower value can be set for this parameter, however in this work its proposed definition domain was favored to assess the large amount of data within the wind speed profile.

 BLDCPM generator variables for design optimization

The three-phase stator-winding generator imposes that the number of pole pairs to be set as a discrete variable due to the fact that only the even values can be retained for feasible winding configuration. Another important aspect is that the magnetic induction in the different parts of the generator are also appointed as variables to be optimized to avoid multiplying the constraints on the system model.

 Generator-side rectifier variables for design optimization

Regarding the rectifier, as only the power losses are going to be determined, the parameters considered for optimization are the commutation frequency and the DC bus voltage.
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The many design variables to be optimized may lead to non-feasible configurations as results of the optimization process. To resolve this difficulty it is important to impose several constraints, which are implemented simply as nonlinear inequality constraints in order to:

 Assure that the output power generated at cut-in wind speed overcomes the power losses in the system:

𝑔 1 (𝑋): 𝑃 𝑜𝑢𝑡_𝑣𝑖𝑛 ≥ 0 [𝑊] (4.3) 
 Limit the inner diameter of the generator for mechanical reasons:

𝑔 2 (𝑋): 𝐷 𝑖𝑛𝑡 ≥ 80 [𝑚𝑚] (4.4) 
 Narrow the thickness range of the magnet to avoid a large volume of these parts:

𝑔 3 (𝑋): ℎ 𝑝𝑚 ≤ 6 [𝑚𝑚] (4.5) 
 Lead to a feasible geometry. To determine the depth of the main stator tooth, a second order equation needs to be resolved, which imposes that its determinant to be considered as constraint by the optimization process [4]:

𝑔 4 (𝑋): 𝑑𝑒𝑡(𝐷 𝑠 , 𝛿 𝑑𝑒𝑛𝑠 , 𝐵 𝑡ℎ , 𝐵 𝑔 ) ≥ 0 (4.6) 
 Ensure that the maximum temperature in the stator windings does not exceed a critical limit:

𝑔 5 (𝑋): 𝑇 𝐶𝑢 ≤ 130 [℃] (4.7) 
 Guarantee that the magnets can support a current in the phase windings three times the rated current without demagnetization:

𝑔 6 (𝑋): 𝐼 𝑝ℎ ≤ 𝐼 𝑚𝑎𝑥 3 [𝐴] (4.8) 
 Achieve a sufficiently small rising time of the phase current:

𝑔 7 (𝑋): 𝑡𝑖𝑚𝑒_𝐼 𝑝ℎ ≤ 1 30𝑓 𝑒𝑙𝑒 [𝑠] (4.9)
where 𝑓 𝑒𝑙𝑒 represents the generator frequency.

 Limit the hysteresis band-width of stator current :  Achieve a good efficiency of the generator over the entire wind cycle, obtained as the ratio between the total output energy (∑ 〈𝑃 𝑜𝑢𝑡_𝑔𝑒𝑛 〉 𝑖 𝑁 𝑖=1

𝑔 8 (
• ∆𝑡 𝑖 ) of the generator and the total input energy given by the wind turbine (∑ 〈𝑃 𝑖𝑛_𝑤𝑡 〉 𝑖 • ∆𝑡 𝑖 𝑁 𝑖=1

), with 𝑁 being the number of wind speeds within the considered wind profile:

𝑔 10 (𝑋): 𝜂 𝑔𝑒𝑛_𝑐𝑦𝑐𝑙𝑒 ≥ 0.9 (4.12)

Proposed method for design optimization problem resolution

The above problem formulation becomes a constrained mono-objective optimization that appeals to a global algorithm for mixed variables, in particular an evolutionary method based genetic algorithm (GA) [5] from the Matlab® environment to find the geometrical and electrical features that satisfy the problem constraints while performing the minimization of the wind energy system power losses over a long-term wind speed profile.

The reason for choosing an evolutionary method for problem resolution was based on their competence on finding the global optimum of the wind energy system objective function, as they do not require to initialize the design variables at the starting of the process nor the knowledge of the function's gradient for optimal solution, as the deterministic methods do.

However, they do oblige that several executions to be performed with the same algorithm parameters in order to take into account their stochastic nature. The considered control parameters of the genetic algorithm are those listed in table 4.2. This genetic algorithm is based on naturel selection, meaning that the individuals from a population that present the best adaptation to their environment demonstrate great survival and reproduction probability, thereby their offspring will also show an even better accommodation feature. The main parameters that control the reproduction ability of the population are the crossover and mutation rate of the chromosomes within the individual's genes. In optimization an individual is considered adapted to the environment if it satisfies the optimization constraints. A general representation of the genetic algorithm is presented in fig. 

Optimization methodology and results of the BLDCPM generator design optimization under wind-speed cycle operation

The results presented throughout this chapter were obtained on MATLAB® R2014b

with an Intel® Core ™ i7, 2.40GHz, 4 cores, 8 logical processors and 16GB of RAM. The use of 7 logical processors is employed in parallel by using the command 𝑝𝑎𝑟𝑝𝑜𝑜𝑙(7) within the parallel computing toolbox of MATLAB.

Single level optimization approach

As expected the first optimization is performed, based on few initial data and specifications, upon the semi-analytical model with barycenter method, as it denotes more precision than the analytical one. Only six regions are chosen to partition the wind cycle and approximate the power losses in the wind energy system, as an acceptable relative error was found in chapter 3 for this number of barycenters when applied to a reference machine. The Despite the elevated number of design variables and constraints, the semi-analytical model with barycenter method is able to yield an optimum solution. Once the optimization is finished it is important to verify the results obtained. This can be done at the system level by evaluating the semi-analytical model over complete wind cycle operation with the optimum results, table 4.3 presenting a comparison for some output quantities of these two models. The proximity between the results can be easily remarked. It is obtained like this a reference (semianalytical with complete cycle) that allows to compare the other optimization approaches. Nonetheless, as seen above, its optimization time is rather remarkable compared to the one of the semi-analytical model, given the number of model evaluations. The idea that arises is to determine if it is possible to take advantage of this model and affiliate to it an iteratively correction strategy so that get almost the same results as those obtained after realizing the optimization with the semi-analytical model, but in a shorter CPU time.

Two-level optimization approach

For a refining of the optimization results with the analytical model, a correction strategy that uses evaluations of the semi-analytical model associated to the barycenter method is proposed and implemented in the two level optimization approach, as presented in fig. 4.9. One important aspect should be specified, namely, as a comparison to the optimization approach with semi-analytical model with barycenter method is foreseen in this subchapter and due to the stochastic nature of the GA algorithm, the respective objective function is reformulated as a goal attainment problem and transformed into a distance minimization function by imposing a certain reference value (𝑦) to be reached, which in this case is represented by the value of the total power losses obtained in the single level optimization approach with the semi-analytical model: The convergence history for some particular output variables are displayed in fig. 4.10.

The optimal results found at the 6 th iteration are again confronted to those of the semianalytical model with complete cycle from section 4.3.1 in terms of design variables and electromagnetic characteristics, being summarized in table 4.5. However, this time by applying the correction strategy of the analytical model, significant improvements of these results can be remarked in an acceptable resolution time of the proposed objective function. As only the total power losses in the system are set for minimization and given the stochastic nature of the genetic algorithm the optimization approaches find slightly different geometries for the same result of the objective function. In addition to this, the dissimilarity that can be noticed among the powers in the system for the two approaches, lies below an acceptable error margin, which is less than 3.5% relative error.

It can be concluded that also with the analytical model by applying an adequate methodology, it is capable to provide good results in a much shorter time.

Based on this and given the fact that the semi-analytical model, even associated to the barycenter method does not provide the luxury of performing many exploratory optimizations upon it, this optimization strategy based on the analytical model with a correction strategy was used for performing several other optimizations by iteratively increasing also the number of barycenters. Therefore, the optimizations were realized as follows:

 First the optimization is performed on the analytical model and corrected based on the semi-analytical model with barycenter method, starting from two barycenters.

 When the difference between the two models is small enough, the optimum results are used to evaluate the semi-analytical model with complete cycle in order to make a comparison between the results obtained with complete cycle and with the barycenters.

 This comparison is used to determine if the relative error of these results is situated below an imposed tolerance (< 0.1%). If the stopping criterion is not satisfied, the number of barycenters are increased and the loop is relaunched, otherwise the process stops (fig. 

Conclusions

In this chapter the design optimization methodology has been presented and the optimal results found based on these approaches have been analysed. The design optimization process is relies on two simulation models, one more accurate and the other faster but not so precise and relies on the use of an evolutionary optimization algorithm to find the geometrical and electrical parameters that satisfy the problem constraints while performing the minimization of the power losses of the wind energy system over a long-term wind speed profile.

In the first phase, an optimization with the semi-analytical model with the barycenter method has been conducted and several output results were confronted to the semi-analytical model responses under complete wind cycle operation. A good correlation between these results were found, leading to consider them as base or references for the upcoming comparisons.

Next, the design optimization was realized based on the analytical model with complete wind cycle. As expected, the optimum results found with this model are far from the base ones but they are found in a reduced optimization time. The attempt of improving the quality of the optimization compels to implement an iteratively correction strategy that refines the analytical model results by comparison to the semi-analytical one, which is considered as a more precise model. The results of this approach respond well to the optimization problem leading to good results in a very reasonable time, making possible for other optimizations to be relaunched.

Chapter 5

Experimental Study of BLDCPM Generator Prototype

Experimental characterization of the BLDCPM generator prototype

The prototype BLDCPM generator under experimental study is represented by an inwheel three-phase brushless DC permanent magnet machine, existent in the L2EP laboratory, designed for an electrical bicycle application. Its main features are:

 outer rotor with surface-mounted Nd-Fe-B magnets (fig. 

Description of the laboratory experimental set-up

For steady-state and dynamic performances analysis of the BLDCPM generator prototype, the laboratory experimental set-up illustrated in fig. 5.7 was assembled. The main components of this set-up are briefly presented below:  A turbine emulator, which is represented by a driving motor supplied from an industrial converter that allows also a speed control of this motor.

 The brushless DC permanent magnet machine under study.

 A three-phase full bridge power converter, with six commutation devices based IGBT, with anti-parallel diode units and coupled to a DC voltage source. Its primary purpose is to supply and control the reference BLDCPM machine.

 A variable resistive load to replace the storage system or the utility grid.

 The control components represented by a dSPACE board [1] and a PCB signal cart. 

Conclusions

The first part of this chapter has briefly described the BLDCPM generator prototype employed for realizing the experimental assembly and tests, followed by the switching The peak in the current waveform is obtained even for a lack of a chopper control of the DC bus voltage. At last, steady state as well as dynamic experimental tests have also been provided.

Selected references [1] Three-phase rectifier + inverter with brake chopper 

General Conclusions and Perspectives

The subject of this thesis was centered on enquiring into the design of a brushless DC permanent magnet generator for direct-driven micro-wind turbine applications. This investigation was realized for the minimization of the wind energy system power losses over a long-term wind speed cycle operation. However, the wind energy system to be optimized incorporates different subsystems (aerodynamic, mechanic, electric) with strong connection between each other. It is considered that a global optimization of the system is a more adequate solution that would present itself with better results, rather than performing the optimization for each component separately.

The considered architecture of the µWECS is described in the first chapter of the thesis.

It is based on a brushless DC permanent magnet generator with direct coupling to the threebladed horizontal axis wind turbine which delivers energy to a DC bus with constant voltage through a three phase rectifier based IGBTs devices with anti-parallel diode units.

Before passing to the design optimization process several aspects needed to be covered, i.e. the modeling of the complete µWECS. For that reason a long term wind-speed cycle was set as input to the micro-wind turbine model and an analytical model, a semi-analytical model and a FE-based model of the generator-rectifier assembly were developed. Their electrical parameters were determined beforehand based on the implementation of several sizing equations and starting from few geometrical and magnetic parameters. These models were afterwards compared among each other, after simulating them with the values of a reference machine. It was concluded that only the semi-analytical model could be employed in the optimization process as it performs much faster, while still remaining in an acceptable relative error limit in terms of precision and use the FE-based model as a validation model outside of optimization. The best simulation time of the global system with the complete wind profile was given however by the analytical model, but under precision penalty, leading for this model to implement an iterative correction strategy when used in the optimization process.

The following aspect studied in this thesis was the long-term wind-speed profile, as it incorporates a large amount of data. In view of its reduction three methods have been examined, among which a novel developed barycenter method is proposed and described for determining the power losses (mechanical, copper, iron and converter losses) of the micro-wind energy conversion system. This method allows to consider the entire cycle when designing the generator based on its corresponding parameters, being associated with the semi-analytical simulation model. Likewise, a sensitivity analysis upon the performance points of the microwind turbine (cut-in, rated and cut-off wind speeds) by means of a full factorial design has been realized in order to determine how several of the µWECS outputs are affected by the variation of these operating points.

After these analyses, the objective function, design variables and constraints of the optimization problem could be formulated. It is based on minimizing the global power losses in the system over the long-term wind speed profile operation by means of genetic algorithm (GA) in order to find the geometrical and electrical parameters that best satisfy the problem constraints. The use of GA is justified by the fact that it performs well in the optimization of noisy systems, as the semi-analytical simulation model is, due to the hysteresis current regulation. Still, this type of algorithm requires a large number of model evaluations to head towards an optimal solution. This fact is demonstrated by the rather large CPU time required when realizing the optimization with the semi-analytical model associated to the barycenter method. Nevertheless, the results of the single level optimization approach show good agreement when compared to those obtained after simulations of the semi-analytical model over complete wind-speed cycle operation.

In order to also reduce the computation time the analytical model operating under the full wind-speed profile was employed in the optimization process and iteratively corrected by means of a comparison to the outputs of the semi-analytical model with barycenter method. In this case also the obtained results present good agreement to those attained previously with the optimization upon the semi-analytical model only.

Throughout this thesis the contributions brought are considered to be the following:  The development of a new method adapted to the MPPT region, that reduces a windspeed profile into several operating points and its adaptation to the calculation of the µWECS power losses (mechanical, copper, iron and converter losses)  The design optimization of a BLDCPM generator integrated in a complex microwind energy conversion system, operating over a long-term wind-speed cycle, by using:


 a developed semi-analytical simulation model in Matlab/Simulink environment associated to an original barycenter method and coupled to a genetic algorithm technique, resulting in a single-level optimization approach  a two-level optimization approach that consists in inner and outer loops. The inner loop performs an optimization with the developed analytical sizing and simulation model associated to a complete wind-speed cycle operation by using a genetic algorithm. The outer loop adjusts the outputs of the analytical model with the semi-analytical model with barycenter method based on an iteratively correction strategy.

 The set-up of a test bench to experimentally characterize a reference three phase BLDCPM machine prototype and the implementation of its commutation and control on the dSPACE platform.

Beyond all of the above, this study opens up a number of perspectives to be proposed:  Vibration and thermal analysis of the generator and thermal model integration for the power converter  To implement a multi-objective design optimization of the µWECS  To extend and perform the optimization of the micro-wind system when considering also a direct coupling to the electrical network or when interconnecting other sources of renewable energy  Topology optimization of the stator, magnets and rotor parts of the BLDCPM generator Φ Abstract --This paper reports on the modelling of a directdriven brushless DC permanent-magnet (BLDCPM) generator to be used in micro-wind turbine applications for long-term wind-speed profiles. Three models are investigated and confronted in precision and computation time. For power loss calculation of BLDCPM generator operating under large timescale wind-speed fluctuations, an original barycenter method is applied. Index Terms --brushless DC permanent-magnet generator, direct drive, finite-element field analysis, long-term wind-speed profile, trapezoidal back-EMF, wind energy conversion system.

I. INTRODUCTION

RUSHLESS DC permanent-magnet (BLDCPM) machines operating in generator mode offer several advantages, such as high efficiency over a wide speed range, low maintenance, greater durability, compactness, and higher power density. Moreover, due to the trapezoidal phase back-EMF of the BLDCPM generator, the rectified DC output voltage has reduced pulsations. Such positive features prompt the BLDCPM generator for use in small-scale wind energy conversion systems (WECSs) [1]- [3].

The direct coupling of the BLDCPM generator to the wind turbine compels it to operate under low-speed and hightorque conditions. The downside of the direct-drive technology is reflected in the cost and weight of the wind generator. The purpose is to search for an optimal design solution of the BLDCPM generator in terms of design specifications, that will give as small power losses as possible over a wind-speed cycle with time-span of one year and consequently maximizing the useful power.

This can be achieved through the bias of an optimization process that tries to find the optimal geometrical and electrical parameters of the generator, for further use in micro-wind turbine applications. As the simulation time is of great importance for the optimization process models with high accuracy can evolve it into a time-consuming process, especially when considering optimization over a wind cycle for the minimization or maximization of different quantities. For this purpose, a compromise must be made between the accuracy of the solution and the computation time. Three techniques are investigated in this paper for the modeling of the BLDCPM generator: analytical, semianalytical and numerical. The finite element (FE)-based numerical model, which is based on transient magnetic field analysis of the generator by taking into account the rotor motion, the electromagnetic nonlinearities and the hysteresis current control, reveals high accuracy but under penalty of lengthy computation time.

On the other hand, the semi-analytical model, faster in computation time than the FE model is still dependent on a basic sampling time for neatness in the simulation results, neglects the electromagnetic properties of the machine and can only compute global quantities. Lastly, the analytical model is a static one that does not compute waveforms but only peak or mean values. This is the fastest but roughest model.

The aim of this paper is to pave the way for the future design optimization process by determining a reduced-order analytical model of the BLDCPM generator that can be used in its design optimization for operation under very large wind-speed profile. Also, a long-term wind-speed profile partition technique based on barycenter method, allowing fast exploitation of the available data from the wind-speed profile, is proposed and discussed in terms of generator power losses. The design characteristics and electrical parameters of the BLDCPM generator considered in this paper are those fully described in references [4] and [5].

II. MODELLING OF BLDCPM MICRO-WIND GENERATOR

A. Long-term wind-speed profile and turbine model

Typically, a wind-speed profile consists of a large set of data measurements as shown in Fig. 1. The data considered for this paper represent the mean value taken over one hour of wind measurements, every hour for one year, resulting in 8759 of measurements that describe the wind behavior. The three-blade wind turbine model, delivers power (Fig. 2) expressed as [9]:
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where ρ air is the air density (kg/m 3 ), R wt is the radius of the turbine-rotor blades (m), v w , the wind speed (m/s), and C p (λ), the power coefficient of the turbine, which corresponds to the turbine studied in [8] and can be found through interpolation as presented in the appendix.

The cut-in speed of the wind represents the start-up of the turbine and the beginning of the wind power extraction until the wind speed reaches its rated value. For wind speeds outrunning this rated value, the turbine is kept to operate at its nominal power by means of different control techniques. When the cut-off wind speed is finally reached, the turbine ceases power generation through its shut-down, for mechanical damage protection. 

B. Semi-analytical model of the BLDCPM generator

The first model to investigate is the time based model. The following phase circuit model for the direct-driven BLDCPM generator having three-phase, star-connected with isolated neutral point stator windings is considered [2], [6]:

e dt di M L Ri n v v + - + = - ) ( (2) 
where R and L are the phase resistance and self-inductance, M is the mutual phase inductance, i and e represent the phase current and back-EMF and v n is the stator neutral voltage:
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The trapezoidal phase back-EMF waveforms are dependent on the rotational angular speed of the generator, and shifted in all the three stator phases as in Fig. 3.

The electromagnetic torque can be expressed as: The BLDCPM generator model is implemented in MATLAB/SIMULINK environment for the overall WECS with the schematic representation of Fig. 4. The reference power is compared to the power of the system and processed by means of a PI controller. The output of this powerregulation block is used for determining the phase reference currents based on the BLDCPM generator switching pattern dependent on rotor angular position. Hysteresis control of stator phase currents is considered to obtain the driving signals for rectifier power devices and for providing the lineto-neutral stator-phase voltages. Particular quantities, such as the torque ripple and current peak, play a significant part in the design process of the generator. As they are different for each wind speed, in order to see the behavior of the entire system, the wind-speed cycle of 8759 measurements is set as input for the simulation model of the BLDCPM generator and a steady state simulation of one electrical period is carried out for each wind speed in the cycle.

Ω + + = c i c e b i b e a i a e em T (4) 
Even before starting the simulation one can presume that it will take a lot of time. That is true, since a fairly large CPU time of 11 hours is needed to perform this type of simulation using MATLAB/SIMULINK software, for basic time-step of 1µs. Hence, considerable time-span is needed in order to use these data together with WECS model in an optimization process that would evaluate them alongside of other design variables for thousands of iterations. Such a strategy is not reasonable, so that the focus should be drifted towards the BLDCPM generator and wind-speed cycle reduced-order models.

C. Long-term wind-speed profile partition by barycenter method

A first attempt in the direction presented above is to maintain the semi-analytical model and find a solution to handle the simulation time over the wind-speed profile. Since through the design optimization of the BLDCPM generator high efficiency is pursued, loss minimization during the wind-speed cycle is required. It should be noted that for this paper, only the copper and the iron losses are taken into discussion.

A first method of determining the power losses of the entire wind cycle is by using each operating point for their calculation. As stated previously, this approach is not adequate due to the large computation time that it requires.

The second method for the losses calculation is based on the barycenter method, which allows to reduce both the simulation time and the wind data that will be considered for the design of the generator. A description of this method was reported in [10], where it was used to reduce the torque and speed driving cycles in the design optimization of an axialflux traction motor.

This barycenter method is adapted here to the WECS for processing the large amount of wind-speed data. In order to reduce the computation time, the totality of operating points within the wind-speed cycle are replaced with a low number of regions, (Fig. 5), whose barycenter are represented by the parameters from (5). These parameters are used for the losses calculation of each region r. 

The copper loss P j, and iron loss P Fe_hys and P Fe_eddy for each barycenter are calculated as: A more detailed explanation on the entire process of how these losses equations were determined can be found in the appendix.
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To validate the method, at the first step the copper and iron losses of the BLDCPM wind generator were calculated for all points of the wind cycle by using the semi-analytical model and the totality of each loss was obtained through their addition. The second step was to compute the losses with the help of the same semi-analytical model by applying the barycenter method and the relations ( 6)-( 8), considering a certain number of regions. A relative error was then calculated between the values obtained at the first step and those from the second step and presented in Figs. 6 and7 with and without taking into account the ratio of the barycenter parameters. The curves in the figures show that the usage of the barycenter ratio allows to achieve a small error faster and with fewer regions. 

D. Analytical model of the BLDCPM generator

The second approach is to preserve the wind cycle and instead reduce the semi-analytical model. To develop an analytical model of the BLDCPM wind generator, the timebased characteristics of the above described model have to be discharged and reshaped for faster usage. This new model is based on the circuit equations written by considering only the amplitude of the involved quantities. The rotational speed of the generator, being a linear function of the wind speed, it can easily be computed based on the tip-speed ratio equation:

w v wt R / Ω = λ (9)
The electromagnetic power of the generator (P em ) is assumed to result as: (10) where P r defines the rated power, v in , v b , v max represent the cut-in, base and cut-off wind speeds and P mech represents the mechanical loss as [8]:
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Due to the fact that the back EMF is proportional to the rotational speed, its amplitude is sufficient to be taken into account for the calculation of the generator phase-stator current peak value:

Ω = e k E ( 12 
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Furthermore, the developed electromagnetic torque can be computed as:
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The main advantage of this model resides in the fast evaluation time, which is less than one second for the 8759 wind speed measurements, whereas its drawbacks consist in its inability to predict the current and torque ripples.

E. FE-based numerical model of the BLDCPM generator

As the non-linearity, the geometry and mechanical movement are not considered by neither one of the previous (the semi-analytical and analytical) models and to ensure a certain accuracy of the system a third model is being investigated and that is the FE-based numerical model. FE-discretized cross-sectional model of the BLDCPM generator (Fig. 8) was created and subjected to numerical field analysis by means of JMAG Designer software [11].

This model was used only for evaluating the simulation performances in precision and computing time of the previous models of the BLDCPM wind generator.

FE simulations were performed for 2-D time-stepping transient field analysis of the BLDCPM wind generator, operating at rated speed of 490 [rpm] (equivalent to 9 [m/s] wind speed) for supplying an isolated rectifier load. The obtained stator-winding phase-current and electromagnetic torque waveforms are presented in Figs. 9 and 10. As it can be seen from the above figures a peak in the current waveforms results into an additional ripple in the electromagnetic torque. An average torque error between the (i) numerical and analytical models (orange rhomb) and (ii) numerical and semi-analytical models (red circle), as well as a maximum current error obtained likewise are represented in Fig. 11 alongside the CPU computation time, for the base operating point. Whereas the CPU time necessary for one FE simulation of one operating speed of the wind profile is of 1h and 20 minutes, estimation for the entire long-term wind profile gives one year of simulation time. A comparative analysis of the FE-computed and analytically-obtained average electromagnetic torque results for different operating points was carried out and reported in Fig. 12. The low rotational speed of the turbine at low wind speeds resides in a larger error between the torque quantities of the models. As the wind speed and consequently the rotational speed of the turbine increase the tendency of the error is to decrease and stabilize at a certain value representing the error difference between the analytical and FE models. However, due to the peak in the current waveform, instantly transmitted to the torque curve, the direction of the error changes, as seen in Fig. 12. This rises several constraints to be imposed to the design optimization process in order to achieve the desired performances. Still, regardless of the waveforms of the currents or torque, a significant difference can be observed between the two models, hence, a correction of the analytical model should be effected if considered to be used in design optimization. The same principle is assumed for the semianalytical model as well.

III. CONCLUSIONS

In this paper, a reduced-order analytical model is developed for BLDCPM generator in micro-wind turbine applications under wind-speed cycle constraints. The model can be used in design optimization of the generator operating under very large wind-speed profile. Withal, a wind-speed cycle partition technique based on barycenter method, allowing easy exploitation of large amount of available data from the wind-speed profile, is proposed and discussed in terms of copper and iron losses of the BLDCPM generator. At last, models performances in terms of accuracy and computation time were confronted against finite elementbased numerical field model of the considered BLDCPM wind generator. where λ depends on the turbine rotational speed, Ω and on the wind speed, v w as in (9).

B. Barycenter method

The copper loss P j, as a time-varying function, can be expressed for the semi-analytical model as:
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From ( 15) the average copper loss can be found by determining the RMS value of one period (0 ≤ t ≤ T) of the function through relations ( 16)-( 19): 
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where
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represents the equation which determines the quadratic mean for each phase current. Assuming that the phase currents have the same RMS value the losses in the stator windings become:
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From the turbine power equation it is assumed that the electromagnetic power of the BLDCPM generator is proportional to the cube of the wind speed, whereas its rotational angular speed, Ω, is linked to the wind speed by relation (21). Therefore, the torque can be also considered proportional to the square wind speed as in ( 22) and linked to the RMS current by (23):
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where k s , k t , k w are speed and torque coefficients.

In this context, (20) becomes:
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where

( ) 2 / 3 t k w k R j k =
. Assuming k j is constant within one region, then the sum of copper loss for all the points (p) in the considered region (r) can be written as:
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As k j,r is constant, it can be computed for any point of the region, but the barycenter of the considered area is preferred: and it is based on I RMS,r , <v w > r , <v 4 w > r to be computed.
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The iron losses in the stator core of the BLDCPM wind generator can be computed in terms of hysteresis and eddy current losses [7] 
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where B th , B sy are the stator tooth and yoke flux densities, and k hys and k eddy represent the hysteresis and eddy current loss coefficients, which can be calculated from manufacturer data, and f is the electrical frequency, which is given by the pole-pairs number and by the rotor angular speed of the machine: 
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As C hys and C eddy are constant, they can be computed for any point of the region, but the barycenter of the considered area is preferred: Finally, and it is based on Ω r ,<v w > r , <v w 2 > r to be computed. INTRODUCTION Brushless DC (BLDC) permanent-magnet machines operating in generator mode offer several advantages, such as high efficiency over a wide speed range, low maintenance, greater durability, compactness, and higher power density. Moreover, due to the trapezoidal phase back-EMF of the BLDC generator, the rectified DC output voltage has reduced pulsations. Such positive features prompt the BLDC generator for use in smallscale wind energy conversion systems (WECSs) [1], [2].

2 , 2 ) 2 2 2 ( 3 2 2 , 2 ) 2 2 2 ( 3 2 2 , , _ , , ) ( 2 , ) ( 2 , 
 = Ω + = = Npt p r w v pt N r w v
Few papers in the literature treat the problem of simulations in the wind energy conversion systems of an entire system consisting of direct driven BLDC-generator with trapezoidal back-EMFs, back-to-back PWM converters with their control, inductive filter and utility grid. This paper proposes the modeling and simulation of distributed electric power generation system based on wind-turbine direct-driven three-phase BLDC generator (Fig. 1). The output terminals of the BLDC wind generator are connected to a controlled PWM rectifier and the maximum-power-point tracking (MPPT) control is based on determining the maximum available power from the wind turbine. A DC-link capacitor allows the decoupling of the PWM rectifier from the PWM inverter used for grid connection and also for keeping constant the DC-link voltage. The proposed system is simulated using MATLAB/ SIMULINK software.

II. WIND TURBINE MODEL AND MPPT CONTROL

The direct-driven variable-speed wind turbine is modeled by the characteristics of the power coefficient, defined as the ratio of the mechanical power generated by the turbine and the power available in the wind. In its turn, the value of the turbine power coefficient varies as a function of the tip-speed ratio, which is dependent on wind speed and angular velocity of turbine blades. Therefore, the mechanical power of the wind turbine extracted from the wind has the following expression [3]:
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where ρ is the air density (kg/m3), A is the area swept by turbine-rotor blades, v w the wind speed and C p the power coefficient of the turbine with C1=0.5176, C2=116, C3=0.4, C4=5, C5=-21, C6=0.0068.

The normal start-up of a wind turbine is for a wind speed of 2.5-5 m/s. Until the wind reaches its nominal speed of 9-15 m/s (depending on the generator power) the turbine operates under the MPPT (maximum power point tracking) control, in order to maximize the power extracted from the wind. For speeds exceeding this nominal value, the turbine operates at nominal power, i.e. the wind generator rated power, to prevent the overload of the conversion system. For the proposed system, the start-up wind speed is at 3 m/s, and the generator reaches its rated power of 3 kW at 11.3 m/s. For a wind speed less than 25 m/s, the wind turbine operates at rated power, and, finally, if the speed of the wind is higher than the admissible one, the wind turbine is stopped (Fig. 2). The pitch angle for the proposed system is set to zero. The MPPT control algorithm is based on computing the optimal rotational speed of the wind generator (ω r ) from the wind speed measurements, and further determining the maximum power that can be extracted from the wind. The equations for the optimal rotational speed and maximum power are as follows [4]:
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where R t is the radius of the turbine-rotor blades and λ_opt is the optimal tip speed ratio.

III. BRUSHLESS DC PERMANENT-MAGNET GENERATOR MODEL AND CONTROL

The simulation model of the three-phase starconnected BLDC wind generator is built in MATLAB/ SIMULINK, considering identical resistances and inductances for the three stator-phase windings [5]: where T e is the electromagnetic torque developed by the generator, T L is the load torque given by the wind turbine, J and B represent the rotor inertia and the viscous friction coefficient.
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The trapezoidal back-EMF is a function of rotor position, and has the amplitude: (10) with k e being the back-EMF constant.
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Considering that back-EMF waveforms are identical in all three stator phases, the back-EMF expression for phase a is [5]: The expressions for stator-phases b and c can be expressed according to (11), knowing that each phase has 120-degree phase shift from the other two phases.
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The electromagnetic torque expression results as: The blocks in Fig. 3 represent the implementation of equations ( 6) to (12) in MATLAB/SIMULINK environment for the BLDC generator model having as main outputs the phase currents, the active power, the back-EMFs, the electromagnetic torque and the speed of the machine. The inputs are represented by the line-to-line stator voltages and the active torque produced by the wind turbine.

The error signal representing the difference between the maximum reference power achieved from the MPPT control and the active power of the generator is processed through PI controller, whose output is then used to obtain the phase reference currents, based on 120 o -switching pattern of the generator-side rectifier according to the generator-rotor angular position (Table 1). Further, the 'ON/OFF' PWM signals for driving the power devices of the wind generator-side rectifier are achieved from the hysteresis current control after adjusting the generator currents in order to follow the reference ones, as shown in Fig. 4. These power electronic devices of the rectifier are considered ideal and without power losses. 

IV. GENERATOR-SIDE PWM RECTIFIER MODEL

The three-phase PWM rectifier connected between the BLDC generator terminals and the DC-link circuit is modeled for six operation states (or sectors), each one (of 60º) consisting of a commutation interval and a conduction interval (Fig. 5). During the commutation interval (Fig. 5,A) all three phases are active due to the freewheeling current flowing in the phase just switched-off. For example, in Fig. 5,A, the main current path is through a-phase and c-phase windings, allowed by the open upper-side power switch T1 and lower-side power switch T6; the second current path is the freewheeling one through b-phase winding via the upper-side power switch T1 and the upper-side fly-back diode D3. At the end of the commutation interval, the free-wheeling current vanishes and the conduction interval begins (Fig. 5,B) with only two energized phases, according to the operating states of the PWM rectifier. 2 in MATLAB/SIMULINK environment for the stator-phase voltage determination. This implementation is done for each operation state (sector) of the BLDC generator-side PWM rectifier; detail of one sector is shown in Fig. 7, where V ao and V co1 represent the voltages for the upperside power switch of phase a and the lower-side switch of phase c and S ao and S co1 are the corresponding PWM signals. These voltages are obtained as: 

V. CONTROL OF THE GRID-SIDE PWM INVERTER

The electric energy provided by the three-phase BLDC wind generator and transmitted to the DC-link circuit via the PWM rectifier is then applied to a PWM inverter, which is conceived and simulated to keep the DC-link voltage constant at a proper value, and to provide a 50Hzsinusoidal supply to the consumer loads or utility grid by means of an inductive filter [4] [6]. The dynamic model of the grid connection, developed in the reference frame rotating synchronously with the grid-voltage space vector, is presented in Fig. 8. The measured DC voltage across the capacitor is compared to a reference voltage, as shown in Fig. 9. The DC-link voltage regulation is based on the following equations:

A. DC-link voltage control

) 2 1 ( 1 i i C dt dc dV - ⋅ = (14) 2 1 i i dc i - = (15) 
where [START_REF] Ferreira | Trends in wind turbine generator systems[END_REF] with S i denoting the PWM switching functions for each converter leg of generator-side rectifier and grid-side inverter, respectively.
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B. Current control

The currents are controlled using PI controller to provide the reference voltages (Figs. 10 and11). The d-current component is used for DC voltage regulation and the q-current component is used for the reactive power regulation. A zero value was imposed to the q-component of the reference current, in order to maintain a unity power factor.

VI. SIMULATION RESULTS

The overall simulation model of the BLDC generatorbased WECS under study is implemented in MATLAB/SIMULINK environment, using a fix-time step solver with a basic time step 10µs.

The active torque on the generator shaft is applied by the wind turbine, and the MPPT control yields the reference power needed to control the BLDC wind generator.

The wind speed profile, shown in Fig. 12, was chosen for simulations in order to analyze the wind turbine performances in MPPT and rated-power regions.

The active power of the BLDC wind generator and the wind turbine power are illustrated in Fig. 13. As it can be seen, starting from 3 m/s wind speed, the turbine is activated and operates under the MPPT region and then at the rated power, when the nominal wind speed is reached. The line-to-neutral and line-to-line voltages of the BLDC wind generator, determined by using Table 2, are emphasized in Figs. 15 and16.

Simulation results for the DC-link voltage regulation are presented in Fig. 17, pointing out rather small variations around the preset value of 530 Vcc for wind speed changes. 

VII. CONCLUSIONS

The present paper has proposed and developed in MATLAB/SIMULINK environment a complete simulation model of a small-scale WECS consisting of wind turbine with MPPT control strategy, BLDC permanent-magnet generator, back-to-back PWM converters with their control, inductive filter and utility grid.

Mathematical models and simulation results for all these WECS sub-systems have been given, providing a simulation tool for performance analysis and control design of direct-driven BLDC generator-based WECSs.

A perspective is to use this model in an optimization process to minimize the torque ripple and maximize the energy sent to the grid. 

Chapitre 3 Modélisation et simulation du cycle du vent à long terme pour le système de conversion de l'énergie micro-éolienne

Comme la puissance de la micro-éolienne varie avec le cube de la vitesse du vent, son expression souligne l'impact important que la vitesse du vent ait sur le système de conversion de l'énergie micro-éolienne. Le profil du vent considéré pour cette thèse représente la valeur Résumé étendu moyenne prise sur une heure de mesures de vent, toutes les heures pendant un an, résultant en 8759 mesures qui décrivent le comportement du vent. Pour évaluer l'efficacité de l'ensemble du système, des simulations sur ce cycle long sont nécessaires. Cette approche n'est toutefois pas souhaitable dans le cadre de l'optimisation de la conception du fait que la simulation du système se répète à chaque fois que l'algorithme d'optimisation évalue une nouvelle solution.

Ainsi, le temps nécessaire pour trouver la solution de dimensionnement optimale du système est influencé par la durée du profil du vent. En ce qui concerne cela, on pourrait conclure qu'un profil de vent plus court, mais toujours pertinent pour l'objectif du processus de conception, représenterait une bonne alternative. Aussi, des analyses sont menées dans ce chapitre ainsi que la présentation des méthodes qui peuvent être utilisées pour la réduction de la complexité du profil du vent dans le but de réduire le temps de simulation du système microéolien sur un profil long terme de la vitesse du vent couvrant une année.

Trois méthodes sont étudiées pour simplifier le profil de vitesse du vent. La première approche consiste à réduire le profil à un seul point de fonctionnement égal à la vitesse moyenne du vent dans le profil. Cependant, cette méthode se révèle être une solution inefficace puisque la majorité des valeurs de vitesse sont situées au-dessus de la limite de puissance nominale et donc pas pleinement exploitées par la stratégie MPPT.

La deuxième méthode, représentée par la distribution statistique basée sur l'approche de l'histogramme, peut aider à caractériser en termes d'occurrences le profil de vitesse du vent à long terme et à le réduire en un nombre réduit de points de fonctionnement. Sur cette base, la distribution des données du vent peut être discrétisée en N intervalles, distribués uniformément.

Cette méthode semble être une meilleure alternative mais conduit à une erreur relative plus élevée lorsque plusieurs grandeurs de sortie du système sont comparées à celles obtenues lors de la simulation sur cycle complet.

Enfin, la troisième méthode explorée pour simplifier le cycle du vent est basée sur la méthode du barycentre qui permet de réduire à la fois le temps de simulation et la quantité de données de vent qui seront prises en compte pour la conception du générateur. Cette méthode de barycentre est adaptée au système d'énergie éolienne pour lequel il y a une relation directe entre la vitesse du vent et la puissance extraite. Afin de réduire le cycle et par conséquent le temps de calcul, la totalité des points de fonctionnement dans le cycle de du vent sont remplacés par un faible nombre de régions. Chaque région est représentée par un barycentre et ses paramètres correspondants, qui sont en outre utilisés pour le calcul des pertes de chaque région.

Les expressions pour les pertes de puissance reformulées en relation avec la méthode du barycentre sont présentées pour les pertes mécaniques, cuivre, fer et convertisseur, tandis que l'explication détaillée de l'ensemble du processus de détermination de ces équations de pertes est Cette étude ouvre un certain nombre de perspectives à proposer qui sont brièvement décrites à la fin de la section.

Optimisation du dimensionnement et de la commande sur cycle de fonctionnement d'un générateur à aimants permanents et auto-commutation pour applications micro-éoliennes

Résumé

La conception d'un microsystème autonome de conversion de l'énergie éolienne représente le coeur de cette étude. L'attention est portée vers le générateur BLDCPM en étoile à trois phases, ayant un rotor extérieur avec des aimants permanents montés en surface et des enroulements concentrés avec des forces électromotrices trapézoïdales. Une connexion directe entre la turbine à axe horizontal et la machine tournant à vitesse variable est considérée puisque l'application visée est résidentielle et nécessite un fonctionnement à faible vitesse. Le convertisseur électronique de puissance à courant alternatif (redresseur) et à pont complet triphasé du côté générateur est considéré pour contrôler la tension constante du bus continu de sortie. En raison de la vitesse variable du vent, de nombreuses fluctuations se produisent dans la puissance et la fréquence du générateur BLDCPM, ce qui oblige sa conception pour un fonctionnement à une large plage de vitesse. Ainsi, le travail de la thèse vise à déterminer les paramètres optimaux de conception géométriques et électriques du générateur BLDCPM, en assurant des pertes de puissance minimales dans le μWECS. Un fonctionnement sur un cycle long terme d'une année avec une vitesse moyenne du vent mesurée toutes les heures est considéré pour maximiser la puissance éolienne extraite et augmenter l'efficacité du système dans son ensemble. Par conséquent, il est nécessaire de déterminer le niveau de modélisation, ainsi que les variables de conception de chacun des composants du système. Comme l'optimisation fait appel à un algorithme pour le processus de conception, le nombre d'évaluations du modèle peut être assez important. Plus les variables de conception et les contraintes sont nombreuses, plus élevé est le nombre d'évaluations. En conséquence, la réduction du temps de simulation, ainsi que l'intégration et l'exploitation des données provenant du profil de vitesse du vent pour déterminer la totalité des pertes de puissance dans le μWECS considérées sont les principales préoccupations. Ensuite, la méthodologie d'optimisation est présentée, ainsi que les résultats optimaux obtenus et la comparaison de plusieurs paramètres d'entrée et de sortie. Enfin, des essais expérimentaux sont également effectués sur un prototype de machine BLDCPM de référence afin de vérifier la technique de commutation et de contrôle électronique.

Mots clefs : générateur sans balais à aimant permanent et auto-commutation, méthode de barycentre, modélisation, multi-physique, optimisation de conception, microsystème autonome de conversion de l'énergie éolienne, cycle long terme du vent

Brushless DC permanent magnet micro-wind generator modeling and optimization over long-term wind-speed cycle operation Abstract

The design of a stand-alone micro-wind energy conversion system represents the core of this study. The attention is derived towards the three-phase star-connected BLDCPM generator, having outer rotor with Nd-Fe-B surface-mounted PMs, and concentrated stator-armature windings with quasi-trapezoidal stator-phase back-EMF voltages. A direct connection to the variable speed horizontal axis wind turbine is considered as the residential use application for which is desired requires low-speed operation. Generator-side three-phase fullbridge AC/DC power electronic converter (rectifier) is considered for controlling the output DC-bus constant voltage. Due to the variable wind speed, many fluctuations occur in the power and frequency of the BLDCPM generator, compelling its design for large speed-range operation. Hence, the thesis work aims at determining the optimal design parameters of the BLDCPM generator ensuring minimum power losses of μWECS over longterm wind-speed cycle operation, and thereby maximizing the extracted wind power and increasing the efficiency of the overall system. Therefore, it is necessary to determine the modeling level, as well as the design variables of each component of the system. As the optimization appeals to an algorithm for the design process, the number of model evaluations can be fairly important. The more design variables and constraints, the higher the model evaluation count. As a result, reduction of the simulation time, as well as integration and exploitation of the available data from the wind-speed profile for determining the total power losses of considered μWECS are of main concern. Afterwards, the optimization methodology is presented along with the optimum results obtained, as well as comparison of several input/output parameters. Finally, experimental tests are also carried out on a reference BLDCPM machine prototype in order to verify its electronic commutation and control technique.

Keywords: barycenter method, brushless DC permanent magnet generator, design optimization, modeling, multi-physics, stand-alone micro-wind energy conversion system, long-term wind speed cycle.

Modelarea și optimizarea micro-generatorului cu magneți permanenți și auto-comutație electronică cu operare sub un profil al vântului de lungă durată

Rezumat :

Designul unui micro-sistem autonom de conversie a energiei provenită de la o micro-turbină eoliană reprezintă nucleul acestui studiu. Atenția este îndreptată asupra generatorului trifazic cu configurație de rotor exterior cu magneți permanenți montați pe suprafața acestuia și cu înfășurări concentrate pe stator. O legătură directă între turbina cu ax orizontal și generatorul de viteză variabilă este considerată, deoarece aplicația avută în vedere este rezidențială și necesită funcționare la viteză mică. Convertorul electronic de curent alternativ (redresor) cu trei faze asociat generatorului este considerat pentru a menține tensiunea de ieșire pe bus cc la o valoare constantă. Din cauza vitezei variabile a vântului, multe fluctuații apar în puterea și frecvența generatorului, forțând designul acestuia la o funcționare într-o gamă largă de viteză. Astfel, activitatea tezei este de a determina parametri geometrici și electrici optimi ai generatorului, asigurând pierderi minime de putere în micro-sistemul de conversie al energiei considerat. O operațiune pe un ciclu de vânt cu durata unui an, cu o viteză medie a vântului, măsurată la fiecare oră este considerat pentru a maximiza puterea extrasă din vânt și de a crește eficiența globală a micro-sistemului. Prin urmare, este necesar să se determine nivelul de modelare, precum și variabilele de proiectare pentru fiecare dintre componentele sistemului. Datorită faptului că optimizarea apelează la un algoritm pentru procesul de proiectare, numărul de evaluări ale modelului poate fi destul de important. Cu cât există mai multe variabile de proiectare și constrângeri, cu atât numărul de evaluări este mai mare. În consecință, reducerea timpului de simulare, precum și integrarea și exploatarea datelor provenite de la profilul de viteză al vântului pentru a determinarea pierderile totale de energie din micro-sistem, sunt principalele preocupări. În următoarea etapă este prezentată metodologia de optimizare, precum și rezultatele optime obținute și compararea mai multor parametri de intrare și de ieșire. În final, teste experimentale sunt, de asemenea, efectuate pe un prototip de mașină cu magneți permanenți și auto-comutație electronică de referință pentru a verifica tehnica de comutare și de control electronic.

Cuvinte cheie : generator cu magneți permanenți și auto-comutație electronică, metoda baricentrului, proiectare prin optimizare, micro-sistem autonom de conversie al energiei, ciclu de vânt de lungă durată
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 1 Fig. 1.2.Pictorial representation of a micro-wind energy conversion system (μWECS)[5] 
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 13 Fig. 1.3. Micro-wind turbine structure with (a) horizontal-axis and (b) vertical-axis
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 14 Fig. 1.4. Classification of micro-wind turbine systems based on drive train topology
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 15 Fig. 1.5. Fixed-speed micro-wind turbine system topology based on cage induction generator
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 16 Fig. 1.6. Variable-speed micro-wind turbine system based on DFIG and partial-scale power converter
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 11717 Fig. 1.7. Variable-speed micro-wind turbine system with full scale power converter
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 18 Fig. 1.8 Classification of back-to-back power electronic converters (VSC: voltage source converter, NPC: neutral-point clamped, FC: flying capacitor, 2L: two-level, 3L: three-level,

Drive train design 

 design Operating wind speeds  Type of electric generator and associated power electronic converter  Control methods  Manufacturing and maintenance cost Several of the above specifications are going to be discussed in this subchapter, specifically those related to the mechanical and electrical components of the system. The architecture of the μWECS to be studied is outlined in fig.1.10, where the micro-wind turbine, the electric generator, the generator-side AC/DC power converter (rectifier) and the DC bus are represented. It is assumed that the DC-bus is connected to battery-bank and provided with constant-voltage control.
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 1 Fig. 1.10 Micro-wind energy conversion system (μWECS) under study
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 111 Fig. 1.11 Idealized waveforms of the stator-phase back-EMF voltages and currents with respect to Hall-effect rotor-position sensor waveforms

Fig. 1 . 12 .

 112 Fig. 1.12. Three-phase star-connected BLDCPM generator with associated active rectifier
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 1 DC Permanent Magnet Generator for Micro-Wind Turbine Applications 23 The modeling of the wind energy system and the variables to be considered for each component The physical constraints of the system that should be integrated for the design of the generator  The methods, assumptions and simplifications that need to be done to reduce the simulation and optimization time Establishing the right level of modeling which allows the resolving (by means of optimization) of the pursued objective in a manner somewhat fast represents a challenge for the modeling process. Also, the number of simulations necessary in the design stage plus the pursued accuracy of the outputs are determinant factors. Therefore the aim of this chapter is to present the design of the components associated to the micro-wind energy conversion system in order to be able to: Calculate the power losses in each component (Chapter 3), whose minimization over a long-term wind speed profile will be attempted  Determine which of the components parameters need to be considered in the formulation of the optimization problem (Chapter 4)
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 21 Fig. 2.1. Retained architecture of the micro-wind energy conversion system
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 22 Fig. 2.2. Wind turbine power coefficient as a function of tip speed ratio
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 23 Fig. 2.3. Power characteristics of a micro-wind turbine for several wind speeds
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 24 Fig. 2.4. Operation regions of a micro-wind turbine
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 25 Fig. 2.5. Geometric model of the BLDCPM generator
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 26 Fig. 2.6. Semi-analytical simulation model scheme in Matlab/Simulink environment
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 227 Fig. 2.7. Equivalent circuit and current path corresponding to one of the six operation states (sectors) of the generator-side three-phase PWM rectifier
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 28 Fig. 2.8. FE-discretized 2D cross-sectional model of the reference BLDCPM machine

Fig. 2 . 9 .

 29 Fig. 2.9. Electric circuit of the FE 2D model
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  more detailed view of the flux densities along with the flux lines in the reference machine obtained after a FE simulation are presented in fig.2.10. It is noticeable that the path of the flux lines is through the airgap, slots and stator yoke to close through the rotor yoke of the machine. The contour plot of the flux densities indicates that the highest flux appears in the stator tooth when in aligned position with the surface mounted permanent magnets on the rotor.
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 210 Fig. 2.10. Magnetic flux-line distribution and flux density results of FEanalysis
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 211212 Fig. 2.11. Comparative FE-computed and semi-analytically-modeled back-EMF waveforms of the BLDCPM reference machine
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 1 Fig. A.1 Geometric model of the BLDCPM generator
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 222 Fig. A.2 Ideal waveform of the magnetic induction in the air gap
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 95 Current density in the conductors [A/mm 2 ] 𝑘 𝑟 ∶ Slot filling coefficient: set to 0.The thickness of the main (ℎ 𝑐 ) and intermediate (ℎ 𝑐_𝑖𝑛𝑡 ) stator pole shoes:
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 142 Chapter Modeling and Simulation of the BLDCPM Generator-Based Micro-Wind Energy Conversion System in View of Its Optimization 50 where 𝐵 ̂𝑠𝑦 ∶ Peak value of the magnetic induction in the generator's stator yoke [T] 𝐵 ̂𝑟𝑦 ∶ Amplitude of the magnetic flux density in the generator's rotor yoke [T]𝐵 ̂𝑝𝑚 ∶ Amplitude of the magnetic flux density in the permanent magnets[T] 

  𝑑 𝑟𝑦 𝜋ℎ 𝑟𝑦 [ℎ 𝑟𝑦 + 2(𝑅 𝑠 + 𝑒 𝑏 + ℎ 𝑝𝑚 )]𝐿 𝑚 𝑟 𝑟𝑠 (A.25) where 𝑑 𝑠𝑦 , 𝑑 𝑟𝑦 ∶ Density of the stator and rotor yokes [kg/m 3 ] 𝑑 𝑡ℎ ∶ Density of the stator teeth [kg/m 3 ] 𝑑 𝑐𝑜 ∶ Density of the copper [kg/m 3 ] 𝑑 𝑝𝑚 ∶ Density of the permanent magnets [kg/m 3 ] 𝐿 𝑡ℎ𝑠 ∶ The medium length of a half turn [mm]

  Typically a wind speed profile consists of a large set of data measurements, which for this thesis represent the mean value taken over one hour of wind measurements, every hour for one year, resulting into 8759 measurements that describe the wind behavior (fig. 3.1).
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 31 Fig. 3.1. Long-term wind speed profile representation
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 3311 Long-Term Wind-Speed Profile Modeling and Simulation for the Micro-Wind Energy Conversion System 70 Methods for simplifying the long-term wind-speed profile

Fig. 3 . 2 .

 32 Fig. 3.2. Micro-wind turbine power over a wind-cycle operation in logarithmic scale
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 33 Fig. 3.3. Extractible energy by the micro-wind turbine, a) energy rate and b) energy distribution for different operation modes of the micro-wind turbine
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 3 Long-Term Wind-Speed Profile Modeling and Simulation for the Micro-Wind Energy Conversion System 72 located in it and to a total number of points comprised within. Fig.3.5 summarizes the process employed for the generation of the new wind speed signal, whose duration and length will be given by 𝑁 • ∆𝑛.
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 34 Fig. 3.4. Statistical distribution of the wind speed profile
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 35 Fig. 3.5. Process of wind speed-profile simplification based on statistical distribution
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 36 Fig. 3.6 Division example of the long-term wind-speed profile into a chosen number of regions
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 37 Fig. 3.7. Percentage errors between different total power losses of the wind energy system based reference BLDCPM generator

  conditions and results/responses is 𝑁 𝑐𝑜𝑛𝑑 = 5 3 = 125, while setting the variation domain of the factors between [-1,1]. The test condition matrix and the response vector for this specific design resemble to those presented in equations (3.11) and (3.12).
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 38393 Fig. 3.8 Tendency graph for μWECS total input power

Fig. 3 .

 3 Fig. 3.12 Efficiency contour plots for a) micro-wind turbine, b) BLDCPM generator and c) power electronic converter
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 441 Fig. 4.1. Schematic representation and possible problems of the design optimization process
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 42412 Fig. 4.2. Gain vs. complexity by integration of μWECS components design
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 4 𝑥 𝑘 ∈ ℛ -for continuous design variables (xk) where each of them has an upper (U) and a lower (L) bound Chapter Optimization of the BLDCPM Generator over Wind-Speed Cycle Operation 98  𝑆 ∶ 𝑥 𝑘 ∈ 𝑆 𝑘 -for discrete design variables where each of them has a finite set of values
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 434 Fig. 4.3. Importance of the simulation time for the design optimization process

  The minimization of the overall power losses in the μWECS over a long-term wind-speed cycle operation.These losses consist of mechanical losses in the turbine (𝑃 𝑚𝑒𝑐ℎ ), copper (𝑃 𝑗 ) and iron (𝑃 𝑓𝑒 ) losses in the generator, conduction and switching (𝑃 𝑐𝑜𝑛𝑣 ) losses in the power converter, the power flow in the system being represented by fig.4.4. 
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 44 Fig. 4.4. Power flow in the wind energy conversion system
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 445 Optimization of the BLDCPM Generator over Wind-Speed Cycle Operation 104 The beginning of the genetic algorithm corresponds to a random initialization of the population with certain number of individuals. The next step is to evaluate the performances of each individual and the most adapted ones are selected for the creation of the next generation and submitted to crossover and mutation operations.
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 45 Fig. 4.5. Schematic representation of the standard genetic algorithm principle
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 464 Fig. 4.6 Global maximum searching based on genetic algorithm applied to Matlab "wave" function

  workflow of the global optimization process incorporating GA algorithm, as well as the simulation model and the sizing equations of the machine is illustrated by the schematic representation from fig. 4.7.
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 474 Fig. 4.7. Schematic representation of the optimization process based semi-analytical simulation model with barycenter method
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 448 Fig. 4.8 Discrepancy between analytical and semi-analytical optimization results for several output quantities
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 494 Fig. 4.9 Schematic representation of the correction process of the analytical simulation model
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 13 As seen in the section 4.3.1, some differences arise between the optimization results of the analytical and semi-analytical models under complete cycle operation. This issue is fixed by building a surrogate model that includes the analytical model and a correction on its outputs. This correction is calculated by evaluating the obtained configuration with the semi-analytical model outside the optimization loop, following to apply it to the analytical model at the next iteration. The optimization process is started again until the discrepancy between the surrogate model and the semi-analytical model with barycenter method is small enough. The stop criterion of the correction loop (fig. 4.10) is: where the indexes SAb and SU correspond to the semi-analytical model associated to the barycenter method and surrogate model, respectively, while k denotes the iteration.
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 44 Fig. 4.10 Convergence history for the a) total global losses in the wind turbine system, b) system efficiency, c) total output power over the wind cycle and d) maximum base current
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 44 Fig. 4.11 Convergence history for several quantities by iteratively increasing the number of barycenters
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 51 inner slotted stator of steel laminations with three-phase star-connected concentrated winding (fig. 5.2)  integrated Hall effect sensors (fig. 5.2), mounted on the stator, for rotor position detection, phase commutation and control  induced stator-phase back-EMFs of quasi-trapezoidal shape.
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 51552 Fig. 5.1. Rotor part configuration of the BLDCPM prototype machine
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 535 Fig. 5.3. PICCOLO converter used for Hall sensors rotor-position signals processing
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 5455 Fig. 5.4. Experimental set-up for no-load operation of the BLDCPM generator prototype
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 56 Fig. 5.6. Experimental characteristic of line-to-line back-EMF vs rotor speed of the BLDCPM generator prototype.
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 55 Fig. 5.7. . Experimental laboratory set-up for BLDCPM generator prototype performance analysis

  The three-phase full-bridge power converter employed for the tests is of Semikron type, characterized by a maximum current supply of 30 [A] for a voltage of 440 [V] (values obtained from its datasheet). It allows the connection of the machine phases in the midpoint of the three arms of the converter and it receives the command signals for the six IBGT devices from a signal conversion card (through six BNC connectors), which represents the liaison between the power converter and the dSPACE board (fig. 5.9-left). The latter one, is an interface platform used for the control of the BLDCPM machine. It provides the measurements of the machine phase currents and of the one on the resistive load (fig. 5.8) by means of BNC connectors (analog input ports).
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 58559 Fig. 5.8. Variable resistor
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 51055115125135135 Fig. 5.10. RTI based Matlab/Simulink control model of the BLDCPM machine

Fig. 5 .

 5 Fig. 5.14 presents the experimental waveforms of the three-phase stator currents of the BLDCPM machine, the DC current on the resistive load as well as the reference current and real current for one phase obtained by engaging the machine in motion at a constant speed of around 30 [rpm] and setting the current reference value at 1 [A], by means of a modifying block, while the resistive load is of 0.8 [ohm] and the DC voltage is 1.2 [V]. It should be noted that the lack of the chopper port on the PCB signal card does not allow to control and maintain the DC bus voltage at a constant value. However, at this rotational speed its value does not produce any alteration in the currents waveforms.
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 5145515516 Fig. 5.14. Experimental waveforms of the BLDCPM generator through ControlDesk interface
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 5517 Fig. 5.17. Experimental waveforms of phase currents for a) DC voltage of 13 [V] and b) DC voltage of 18 [V]
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 5 sequence detection for the under study machine based on the information provided by the Hall effect sensors measurements obtained under open-circuit (no-load) conditions. The hardware and software platform was further on presented along with the main structure of the control model implemented in Matlab/Simulink environment. Several tests at different rotational speed and DC voltage have been performed and visualized through the Control Desk interface. The obtained waveforms for the machine phase currents reinforce the fact that this bus voltage plays a significant role in the quality of the generated electrical energy. Chapter Study of BLDCPM Generator Prototype 125

Features• 1

 1 Multi-function IGBT converter • Transparent enclosure to allow visualization of every part • IP2x protection to minimize safety hazards • External banana/BNC type connectors for all devices • Integrated drive unit offering short-circuit detection/cut-off, power supply failure detection, interlock of IGBTs + galvanic isolation of the user • Forced-air cooled heatsink Typical Applications • Education: One stack can simulate almost all existing industrial applications: -3-phase inverter+brake chopper -Buck or boost converter -Single phase inverter -Single or 3-phase rectifier 1SAT) I c = 50A, V GE = 15V, chip level; T j = 25(125)°C 2technical information specifies semiconductor devices but promises no characteristics. No warranty or guarantee expressed or implied is made regarding delivery, performance or suitability. Subject to modification in technic and design. Errors and omissions excepted.Reverse polarity protection Yes (8...30 VDC)

  The development of an analytical sizing and simulation model in Matlab and a semianalytical simulation model based PI control of the power and hysteresis regulation of the currents in Matlab/Simulink environment  2D modeling and analysis of a BLDCPM generator by means of an automatic link between JMAG Designer and Matlab software through a script file based on Visual Basic language
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 1 Fig. 1. Long-term wind-speed profile representation
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 2 Fig. 2. Power characteristics of the reference micro-wind turbine
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 3 Fig. 3. FE-computed back-EMF waveforms of the considered BLDCPM micro-wind generator
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 4 Fig. 4. Simulation model scheme of the direct-driven BLDCPM micro-wind generator under study
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 5 Fig. 5. Division example of a long-term wind-speed profile into a chosen number of regions
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 67 Fig. 6. Percentage errors between calculated copper losses of the considered BLDCPM generator
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 8910 Fig. 8. FE-discretized cross-sectional model of the considered BLDCPM generator
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 11 Fig. 11. Errors for average electromagnetic torque and maximum current in FE, semi-analytical, analytical models vs. CPU time in log-scale

Fig. 12 .

 12 Fig. 12. Error between FE-computed and analytically-obtained electromagnetic torque results vs. wind speed

  IV. APPENDIX A. Reference wind turbine parameters Radius of the turbine-rotor blades: R wt = 1.25 [m] Friction coefficient: f wt = 0.02 [Nm/rad] Optimal power coefficient: C p_opt = 0.441 Optimal tip speed ratio: λ opt = 6.9 The Cp (λ) power coefficient of the reference wind turbine is a function of tip speed ratio (λ) and can be found through interpolation: C p (λ) = -3.98•10 -8 • λ7 -4.21•10 -6 • λ 6 + 2.1•10 -4 • λ 5 -3.1•10 -3 • λ 4 + 1.64•10 -2 • λ 3 -0.0176 • λ 6 + 0.0174 • λ -1.93•10 -3

  proportionality of the rotor angular speed of the machine to the wind speed: and C eddy are constant within one region then the sum of iron loss for all the points (p) in the considered region (r) can be written as:

  computed for the wind speed v w,b.
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 1 Fig.1. Schematic representation of the direct-driven BLDC generatorbased WECS under study.
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Fig. 2 .

 2 Fig.2. Generated power vs. wind speed for the proposed system

  R and L are phase resistance and inductance, M is the mutual inductance, i k and e k are the phase currents and the induced back-EMFs, with k being the a, b or c phase . The motion equation is expressed as:

Fig. 3

 3 Fig.3 MATLAB/SIMULINK implementation of the BLDC windgenerator model.

Fig. 4 .

 4 Fig.4. Hysteresis current-control implementation in MATLAB/SIMULINK.

Fig. 5 .

 5 Fig.5. Equivalent circuit and current path corresponding to the commutation interval (A) and conduction interval (B) of one of the six operation states (sectors) of the generator-side three-phase PWM rectifier.

  After calculating the stator-phase voltages for commutation and conduction intervals of each of the six operation states of the PWM rectifier, their expressions have been synthesized in Table2, where

.

  

Fig. 6 .

 6 Fig.6. Stator-phase voltage generation block in MATLAB/SIMULINK.

Fig. 6

 6 Fig.6shows the implementation of Table2in MATLAB/SIMULINK environment for the stator-phase voltage determination. This implementation is done for each operation state (sector) of the BLDC generator-side PWM rectifier; detail of one sector is shown in Fig.7, where V ao and V co1 represent the voltages for the upperside power switch of phase a and the lower-side switch of

Fig. 7 .

 7 Fig. 7. Scheme of an operation sector of the three-phase PWM rectifier in Matlab/Simulink.
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 8 Fig. 8. Grid-connection implementation in MATLAB/SIMULINK.
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 9 Fig. 9. DC-link voltage control and active reference current value generation.
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 10 Fig. 10. Block-diagram of the grid-side PWM inverter current control [7].
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 11 Fig. 11. Grid-side PWM inverter current-control implementation in MATLAB/SIMULINK.
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 12 Fig. 12. Wind speed profile.
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 1314 Fig. 13.Wind turbine power and BLDC-generator delivered active power.
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 14 Fig. 14 shows in detail the waveforms of the BLDC wind-generator stator currents and back-EMFs. Due to the generator operating mode, currents and back-EMFs are time-varying in opposite phase.
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 15 Fig. 15. Line-to-neutral voltage of the wind turbine-driven BLDC generator under study.

Fig. 16 .

 16 Fig. 16. Line-to-line voltage of the wind turbine-driven BLDC generator under study.

Fig. 17 .

 17 Fig. 17. Simulation results for the DC-link voltage regulation by the grid-side three-phase PWM inverter.
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 12 Le travail réalisé pour le développement de cette thèse a été accompli lors d'une cotutelle entre l'Université Technique de Cluj-Napoca en Roumanie et l'Ecole Centrale de Lille en France. La conception d'un système autonome de conversion de l'énergie micro-éolienne représente le coeur de cette étude. L'attention est portée vers le générateur BLDCPM en étoile à trois phases, ayant un rotor extérieur avec des aimants permanents montés en surface et des enroulements concentrés avec des forces électromotrices trapézoïdales. Une connexion directe entre la turbine à axe horizontal et la machine tournant à vitesse variable est considérée puisque l'application visée est résidentielle et nécessite un fonctionnement à faible vitesse. Le convertisseur électronique de puissance à courant alternatif (redresseur) et à pont complet triphasé du côté générateur est considéré pour contrôler la tension constante du bus continu de sortie. En raison de la vitesse variable du vent, de nombreuses fluctuations se produisent dans la puissance et la fréquence du générateur BLDCPM, ce qui oblige sa conception pour un fonctionnement à une large plage de vitesse. Ainsi, le travail de la thèse vise à déterminer les paramètres optimaux de conception géométriques et électriques du générateur BLDCPM, en assurant des pertes de puissance minimales dans le μWECS. Un fonctionnement sur un cycle long terme d'une année avec une vitesse moyenne du vent mesurée toutes les heures est considéré pour maximiser la puissance éolienne extraite et augmenter l'efficacité du système dans son ensemble. Par conséquent, il est nécessaire de déterminer le niveau de modélisation, ainsi que les variables de conception de chacun des composants du système. Comme l'optimisation fait appel à un algorithme pour le processus de conception, le nombre d'évaluations du modèle peut être assez important. Plus les variables de conception et les contraintes sont nombreuses, plus élevé est le nombre d'évaluations. En conséquence, la réduction du temps de simulation, ainsi que l'intégration et l'exploitation des données provenant du profil de vitesse du vent pour déterminer la totalité des pertes de puissance dans le μWECS considérées sont les principales préoccupations. Ensuite, la méthodologie d'optimisation est présentée, ainsi que les résultats optimaux obtenus et la comparaison de plusieurs paramètres d'entrée et de sortie. Il est maintenant possible de fournir une vue d'ensemble sur les objectifs fixés pour cette thèse qui consistent à (i) analyser et développer un modèle de simulation d'un système microéolien, ainsi que (ii) la détermination et le développement d'une méthode de réduction du profil de vitesse du vent sur la base desquels (iii) les pertes de puissance dans le système peuvent être calculées et (iv) incluses dans les approches d'optimisation en vue de leur minimisation tout en déterminant les paramètres géométriques et électriques optimaux du générateur BLDCPM. Résumé étendu Enfin, des essais expérimentaux sont également effectués sur un prototype de machine BLDCPM de référence afin de vérifier la technique de commutation et de contrôle électronique. Chapitre Générateur sans balais à aimants permanents et auto-commutation pour applications micro-éoliennes Après une courte introduction sur le contexte du marché de l'éolien actuel et des capacités installées dans le monde entier, une présentation simple des topologies des systèmes micro-éoliens est faite. Cette classification permet un passage facile à la description de l'architecture retenue du système d'énergie éolienne qui va être étudiée tout au long de la thèse. La configuration est représentée par la micro-éolienne, le générateur électrique, le convertisseur CA / CC côté générateur (redresseur) et le bus continu. Il est supposé que le bus continu est connecté à la banque des batteries et présente une tension constante. Cette structure peut être considérée comme un bon exemple d'un système de conversion d'énergie éolienne complexe (même si la limite est fixée au niveau du bus continu) car il intègre des sous-systèmes appartenant à différents domaines physiques tels qu'aérodynamique, mécanique, magnétique, thermique et électrique avec de fortes interférences entre eux, imposant de considérer le système dans sa globalité durant le processus de conception, plutôt que de les optimiser séparément. Par conséquent, l'approche basée sur la conception par optimisation, qui représente l'objectif principal de cette thèse, est justifiée et peut-être même nécessaire pour atteindre des performances compétitives. De plus, une justification de la connexion mécanique et du type d'ensemble générateur-redresseur est fournie. La topologie d'une micro-turbine à l'axe horizontal et vitesse variable est considérée pour une étude plus approfondie. Le choix est justifié par les avantages que cette configuration assure pour le fonctionnement à vitesse variable. Une configuration d'entraînement direct est préférée pour le système de micro-éolienne étudié car il s'agit d'une solution moins coûteuse et moins complexe, plus favorisée pour les petites éoliennes à usage résidentiel, caractérisée par une faible vitesse de rotation et un couple élevé, une maintenance réduite et une fiabilité accrue. Le générateur triphasé sans balais à rotor externe et à aimants permanents montés en surface avec des forces électromotrices trapézoïdales et des enroulements concentrés est proposé comme solution de générateur électrique pour l'application de micro-éolienne. Le générateur consiste en une construction simple, basée sur des enroulements d'induit sur le stator et des aimants permanents sur le rotor. Le principe de fonctionnement de cette machine est également détaillé dans cette partie de la thèse. L'absence de balais dans sa configuration donne plusieurs Résumé étendu avantages pour cette topologie comme l'amélioration de l'efficacité énergétique, une meilleure fiabilité, une durée de vie plus longue avec moins d'entretien, une densité de puissance plus élevée et un rapport couple / poids plus élevé. Le convertisseur statique associé au générateur est représenté par un redresseur triphasé avec six interrupteurs IGBT et des diodes en antiparallèle. Une brève description des états de commutation du redresseur est aussi donnée. Chapitre Modélisation en vue de son optimisation du système de conversion de l'énergie d'une micro-éolienne comportant un générateur sans balais Établir le bon niveau de la modélisation qui permet de résoudre le problème de conception au moyen d'une optimisation d'une manière assez rapide représente un défi. Par conséquent, la première partie de ce chapitre commence par la modélisation des composants associés au système de conversion de l'énergie de la micro-éolienne. Le premier composant à étudier est représenté par la micro-turbine, en introduisant les équations pour le calcul de la puissance mécanique et la détermination du coefficient de puissance. La modélisation de l'ensemble générateur-redresseur est discutée après. Pour cela, trois niveaux de modélisation du générateur sont analysés afin d'établir le modèle approprié qui peut être utilisé dans le processus de conception par optimisation du système de conversion d'énergie micro-éolienne. Chaque modèle de simulation inclut les caractéristiques de dimensionnement du générateur qui seront déterminées au préalable par un modèle de dimensionnement unique au cours de l'optimisation. Les équations géométriques examinées pour la conception du générateur sont détaillées dans l'annexe 2.A portant sur le modèle de dimensionnement. Le premier modèle développé est le modèle analytique de simulation qui peut être caractérisée comme un modèle statique basé sur les équations de dimensionnement et de circuit de la machine écrites en ne considérant que l'amplitude des quantités impliquées. Comme il ne calcule que les valeurs moyennes ou maximales, son meilleur avantage réside dans le court temps de simulation alors que son incapacité à prédire certains phénomènes dans les formes d'onde des courants et du couple représente son principal inconvénient. Plusieurs hypothèses sont faites pour ce modèle afin de simplifier sa construction. Tout d'abord, sachant que pour une connexion en étoile deux phases sont activées simultanément et que la force électromotrice est proportionnelle à la vitesse de rotation du générateur, ainsi son amplitude est suffisante pour le calcul du courant de phase et du couple électromagnétique du générateur. Deuxièmement, comme le générateur est à entraînement direct, on suppose que sa vitesse de rotation peut être Résumé étendu déterminée à partir du coefficient de vitesse réduite (tip speed ratio) alors que sa puissance électromagnétique développée est supposée dériver de l'équation de puissance mécanique d'éolienne en considérant une extraction maximale de la puissance du vent. La mise en oeuvre des équations sur lesquelles ce modèle repose se fait dans l'environnement de programmation Matlab et aucun contrôle n'est mis en oeuvre pour ce modèle car la commutation des phases n'est pas explicitement prise en compte. Afin d'évaluer les propriétés dynamiques du générateur, qui ont un impact important sur la qualité de l'énergie électrique générée, un deuxième modèle de simulation est étudié, c'est-àdire le modèle semi-analytique en fonction du temps, dont la mise en oeuvre se fait dans l'environnement Matlab / Simulink. Sa description repose sur trois parties: la première présente les équations électriques sur lesquelles la modélisation du générateur est réalisée, tandis que la deuxième et la troisième partie révèlent le contrôle et le modèle de convertisseur de puissance associé. L'analyse du générateur triphasé est basée sur un couple d'hypothèses telles que: (i) l'effet de saturation des matériaux n'est pas pris en compte, (ii) les résistances et inductances des enroulements de phase sont considérées comme identiques et constantes et (ii) la force électromotrice est présumée trapézoïdale et identique dans toutes les phases. Les équations électriques pour les tensions de phase et les forces électromotrices sont détaillées ainsi que les équations d'énergie électromagnétique et de couple. En ce qui concerne la section de commande du générateur, une boucle externe de puissance et un contrôle du courant par hystérésis sont mis en oeuvre pour assurer que le générateur soit capable de développer une puissance égale à celle récoltée par la turbine du vent. La sortie de la régulation de puissance basée sur le régulateur PI permet de déterminer les courants de référence des phases sur la base d'une technique de commutation du générateur à 120 degrés qui dépend de la position angulaire du rotor. Le schéma de commande de courant par hystérésis, établi sur le réglage des courants d'enroulement d'induit pour suivre celles de référence, est utilisé ensuite pour obtenir les signaux MLI de commande des interrupteurs du redresseur. Ce contrôleur d'hystérésis maintient les courants de phase dans un intervalle imposé, en transmettant, par des signaux ON (1) et OFF (0), aux dispositifs de puissance quand s'ouvrir et quand se fermer. La stratégie de commutation à 120 degrés permet de diviser un cycle électrique de 360 degrés en six secteurs de fonctionnement de 60 degrés. Chacun de ces secteurs est constitué à son tour par des intervalles de commutation (changement des phases alimentées du générateur) et de conduction (écoulement normal du courant à travers deux phases du stator) dont les caractéristiques opérationnelles sont soulignées dans ce chapitre par une illustration uniquement sur un secteur car le même principe s'applique pour les autres. Résumé étendu Comme ni le modèle analytique ni le semi-analytique ne prend en considération les caractéristiques non linéaires des matériaux et la géométrie complexe de la machine, un troisième modèle est étudié et c'est le modèle numérique à base d'éléments finis. L'avantage d'utiliser ce modèle est sa grande précision mais malheureusement il est bien connu pour son gros temps d'évaluation, ce qui en fait une stratégie déplaisante à considérer dans l'optimisation. Le modèle en coupe transversale discrétisé en éléments finis du générateur a été créé sur la base des paramètres dimensionnels d'une machine de référence et soumis à une analyse numérique du champ magnétique au moyen du logiciel JMAG Designer. Plusieurs étapes ont été suivies pour créer le modèle avec JMAG. Ainsi, un lien a été créé entre JMAG Designer et Matlab via un fichier de script basé sur le langage Visual Basic. Il facilite la configuration automatique de la conception du générateur et du circuit électrique associé dans un temps court, permettant également de modifier les spécifications d'entrée, de mettre en oeuvre les conditions aux limites, d'effectuer une analyse transitoire sur le modèle, et d'enregistrer les résultats qui peut être facilement visualisés ensuite dans Matlab. Pour faire un choix sur le modèle à utiliser, des simulations sont effectuées au niveau du point de fonctionnement de base avec les valeurs d'une machine de référence, ce qui permet de déterminer la précision et le temps de simulation requis pour chacun des modèles. Le modèle numérique révèle une grande précision, mais son temps d'évaluation énorme en fait une solution non viable pour l'optimisation. D'autre part, le modèle semi-analytique, plus rapide en temps de calcul, démontre sa capacité à détecter les phénomènes qui apparaissent dans les formes d'onde de plusieurs grandeurs au cours des périodes de commutation et de conduction du redresseur. Enfin, le modèle analytique a l'avantage d'être le plus rapide et pourtant le moins précis des modèles. Ces deux derniers modèles semblent être la solution appropriée pour le processus d'optimisation avec une précision tout à fait acceptable, bien qu'une différence significative peut être observée entre eux et le modèle numérique à base d'éléments finis, par conséquent, une correction doit être calculé et appliqué aux sorties de ces modèles.
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 45 Résumé étendu fournie en Annexe 3.A. Cette méthode révèle de faibles erreurs relatives sur les sorties après les avoir comparées à celles obtenues par une évaluation sur le cycle complet, ce qui se confirme cette solution comme la plus efficace.Pour voir comment les points de performances de la micro-éolienne affectent les sorties du système éolien, plusieurs simulations sont réalisées avec le modèle semi-analytique pour un fonctionnement sur cycle complet. On remarque que toutes les réponses retenues pour la présentation sont affectées par la variation de ces facteurs, certaines plus que d'autres. La puissance d'entrée du système éolien et donc les pertes et la puissance de sortie diminuent lorsque la vitesse de mise en rotation « cut-in » de la turbine augmente. Une valeur inférieure de la vitesse nominale du vent entraîne une diminution de l'extraction et des pertes de puissance ainsi qu'un impact négatif sur l'efficacité du système. Comme les vitesses de vent élevées sont très rares dans le profil étudié, une valeur inférieure ou une valeur augmentée de la vitesse de vent de coupure de la turbine n'affecte pas significativement les réponses. En outre, certaines simulations ont été menées et les résultats des modèles analytique et semi-analytique sur le fonctionnement à long terme et à profil du vent réduit ont été comparés. Le modèle semi-analytique avec cycle complet indique un temps de simulation indésirable pour envisager de l'utiliser dans un processus d'optimisation. D'autre part, lorsqu'il est couplé à la méthode du barycentre, comme mentionné précédemment, ce temps se réduit tout en fournissant encore une bonne précision pour les grandeurs de sortie. Cependant, on n'obtient pas la même réponse avec le modèle analytique. Même s'il est le plus rapide, une erreur assez grande est trouvée par rapport au modèle semi-analytique basée sur le cycle complet. Par conséquent, il est conclu que la solution la plus commode est d'utiliser le modèle semi-analytique avec la méthode du barycentre dans la conception par optimisation du système micro-éolien. Chapitre Optimisation de la conception du générateur sans balais à aimants permanents et auto-commutation sur cycle de fonctionnement de la vitesse du vent La phase de conception d'un composant ou système consiste à déterminer tous ses paramètres caractéristiques qui correspondent le mieux aux exigences spécifiées. La conception optimale du générateur pour les applications micro-éoliennes afin de minimiser un critère spécifique repose sur la sélection appropriée des multiples paramètres de conception. L'objectif proposé est la minimisation des pertes de puissance globales dans le système sur un cycle long terme de la vitesse du vent. Les variables continues (c) et discrètes (d) du système éolien considéré à optimiser ainsi que celles fixées à une certaine valeur sont également Résumé étendu décrites. Des contraintes sont imposées sur le diamètre intérieur du générateur, l'épaisseur de l'aimant, la température maximale dans les enroulements du stator, le courant de démagnétisation, la largeur de bande d'hystérésis relative au courant de stator, la masse du générateur, l'efficacité du générateur pendant tout le cycle du vent, etc. La conception du système conduit à une optimisation mono-objectif sous contraintes qui fait appel à une méthode stochastique, en particulier une méthode évolutionniste basée sur l'algorithme génétique (GA) de l'environnement Matlab® pour trouver les caractéristiques géométriques et électriques qui satisfont aux contraintes tout en minimisant les pertes de puissance du système éolien sur un profil de vitesse du vent à long terme. Comme on pouvait s'y attendre, la première optimisation est réalisée, sur la base de quelques données et spécifications initiales, avec le modèle semi-analytique et la méthode du barycentre car il est plus précis que le modèle analytique. Seules six régions sont choisies pour partitionner le cycle du vent et approximer les pertes de puissance dans le système d'énergie éolienne. En effet, une erreur relative acceptable a été trouvée dans le chapitre 3 pour ce nombre de barycentres avec la machine de référence. Malgré le nombre élevé des variables de conception et des contraintes, le modèle semi-analytique avec la méthode barycentrique est capable de donner une solution optimale. Une fois que l'optimisation est terminée, les résultats obtenus ont été vérifiés au moyen du modèle semi-analytique sur le cycle complet du vent et une comparaison pour certaines grandeurs de sortie de ces deux modèles a été présentée. La proximité entre les résultats a permis de considérer celui-ci comme une référence qui permettra de comparer les autres approches d'optimisation. La deuxième direction était d'effectuer une optimisation avec le modèle de simulation analytique par le même processus que celui représenté pour le modèle semi-analytique. Ensuite, les grandeurs de sortie d'intérêt résultant de l'optimisation avec le modèle analytique sont comparées avec celles obtenues par une évaluation du modèle semi-analytique lorsque les entrées sont prises égales à celles en fin du processus d'optimisation avec le modèle analytique. Il est observé que le modèle analytique présente des valeurs pour les grandeurs de sortie d'intérêt assez éloignées de celles du modèle semi-analytique qui est considéré comme une référence compte tenu de sa meilleure précision. Néanmoins, le temps d'optimisation avec le modèle analytique est très faible par rapport à celui du modèle semi-analytique. Par conséquent, pour un raffinage des résultats d'optimisation avec le modèle analytique, une stratégie de correction qui utilise des évaluations du modèle semi-analytique associé à la méthode du barycentre est proposée et mise en oeuvre dans l'approche d'optimisation à deux niveaux. Pour être en mesure de faire une comparaison, le problème d'optimisation est reformulé comme un problème d'atteinte d'une valeur cible. La fonction objectif est transformée en une Résumé étendu distance entre la fonction objectif initiale et une valeur cible dont on cherche à minimiser la norme euclidienne. Les différences qui apparaissent entre les grandeurs de sortie des modèles analytique et semi-analytique en cycle complet sont localement annulées par la construction d'un modèle de substitution qui inclut le modèle analytique et une correction sur ses sorties. Cette correction est appliquée en évaluant la configuration obtenue avec le modèle semianalytique en dehors de la boucle d'optimisation puis en l'appliquant au modèle analytique à la prochaine itération. Le processus d'optimisation est démarré à nouveau jusqu'à ce que l'écart entre le modèle substitutif et le modèle semi-analytique avec la méthode du barycentre soit suffisamment petit. Ainsi, en appliquant la stratégie de correction du modèle analytique, des améliorations significatives de ces résultats sont remarquées dans un temps de résolution acceptable. Sur cette base et compte tenu du fait que le modèle semi-analytique, même associé à la méthode du barycentre, n'offre pas le luxe d'effectuer de nombreuses optimisations d'exploration sur lui, cette stratégie d'optimisation basée sur le modèle analytique avec une stratégie de correction a été utilisée pour effectuer d'autres optimisations en augmentant progressivement le nombre de régions utilisées dans la méthode des barycentres. Chapitre Etude expérimentale du prototype du générateur sans balais à aimant permanent et auto-commutation La première partie de ce chapitre a brièvement décrit le prototype utilisé pour réaliser l'assemblage expérimental et les essais. Le générateur de référence étudié pour la caractérisation expérimentale est représenté par une machine à aimants permanents à courant continu sans balais de type « in-wheel », existant dans le laboratoire L2EP, conçu pour une application de vélo électrique. En outre, la détection de la séquence de commutation pour la machine d'étude sur la base des informations fournies par les mesures des capteurs à effet Hall a été obtenue à vide en entrainant le rotor. La plateforme matérielle et logicielle a ensuite été présentée avec la structure principale du modèle de contrôle mis en oeuvre dans l'environnement Matlab / Simulink. Les principales composantes de ce montage sont :  Un émulateur de turbine qui est représenté par un moteur d'entraînement alimenté par un convertisseur industriel qui permet un contrôle de vitesse de ce moteur.  La machine à aimant permanent sans balais à l'étude. Résumé étendu  Un convertisseur de puissance en pont triphasé, avec six interrupteurs IGBT et six diodes en antiparallèle couplé à une source de tension continue. Sa fonction principale est d'alimenter et de contrôler la machine de référence.  Une charge résistive variable pour remplacer le système de stockage ou le réseau de distribution.  Les composants de contrôle représentés par une carte dSPACE et une carte électronique pour générer les signaux.La première étape consiste à réaliser les mesures en temps réel des signaux des capteurs Hall avec les informations de position du rotor au moyen des ports d'entrée de la carte dSPACE et des courants de phase de la machine. La carte dSPACE est une plateforme d'interface utilisée pour le contrôle de la machine, en fournissant également les mesures de certains de ses paramètres électromagnétiques. La deuxième étape consiste à déterminer les courants de référence pour chaque état de 0 à 360° en mettant en oeuvre la séquence de commutation et en fonction des précédentes mesures des capteurs. Les courants de phase sont commandés au moyen de régulateurs PI. Les sorties de la régulation de courant correspondent aux signaux transmis aux unités de puissance de convertisseur (IGBT) qui sont commandés par la carte dSPACE sur la base de ces valeurs de signal.Plusieurs tests à vitesse de rotation et tension du bus continu différentes ont été réalisés et visualisés via l'interface Control Desk. Les formes d'onde obtenues pour les courants de phase de la machine renforcent le fait que cette tension de bus joue un rôle significatif dans la qualité de l'énergie électrique générée. Le pic dans la forme d'onde de courant est obtenu même en l'absence d'une commande de la tension du bus par le hacheur. Enfin, des tests expérimentaux dynamiques et stables ont été réalisés.Conclusion Générale et PerspectivesLe sujet de cette thèse a été centré sur la conception d'un générateur à aimants permanents sans balais pour des applications micro-éoliennes. Cette enquête a été réalisée pour minimiser les pertes de puissance du système micro-éolien sur le fonctionnement à long terme du profil du vent. Cependant, le système d'énergie micro-éolienne à optimiser intègre différents soussystèmes (aérodynamique, mécanique, électrique) avec forte connexion entre eux. On considère qu'une optimisation du système dans sa globalité est une solution plus adéquate qui se présenterait avec de meilleurs résultats, plutôt que d'effectuer l'optimisation pour chaque composant séparément.Tout au long de cette thèse, les contributions apportées sont considérées les suivantes: Résumé étendu  Le développement d'un modèle analytique de dimensionnement et de simulation dans Matlab et d'un modèle de simulation semi-analytique basée sur le contrôle PI de la puissance et régulation du courant par hystérésis dans l'environnement Matlab / Simulink  Modélisation 2D et analyse d'un générateur à aimants permanents sans balais au moyen d'un lien automatique entre JMAG Designer et le logiciel Matlab via un fichier script basé sur le langage Visual Basic  Le développement d'une nouvelle méthode adaptée à la région de MPPT, qui réduit le profil de vitesse du vent en quelques points de fonctionnement et son adaptation au calcul des pertes de puissance du système micro-éolienne (pertes mécaniques, cuivre, fer et convertisseur).  L'optimisation du générateur intégré dans le système de conversion d'énergie micro-éolienne complexe, opérant sur un cycle de vitesse du vent à long terme, en utilisant:  un modèle de simulation semi-analytique développé dans l'environnement Matlab / Simulink associé à une méthode barycentrique originale et couplé à une technique d'algorithme génétique, résultant à une approche d'optimisation à un seul niveau  une approche d'optimisation à deux niveaux qui consiste à boucles interne et externe. La boucle interne effectue une optimisation avec le modèle analytique développé et associé à une opération de cycle complète de vitesse du vent en utilisant un algorithme génétique. La boucle externe ajuste les sorties du modèle analytique avec le modèle semi-analytique avec la méthode du barycentre sur la base d'une stratégie de correction itérative.  La mise en place d'un banc d'essais pour caractériser expérimentalement un prototype de générateur a aimants permanents et auto-commutation et la mise en oeuvre de sa commutation et de son contrôle sur la plate-forme dSPACE.

  

  

  

  

  

  

  

  

  

  

  

Table 2 . 1 .

 21 Main geometric parameters of the BLDCPM generator

	𝑅 𝑠 ∶	Stator radius [mm]
	𝐿 𝑚 ∶	Magnetic length of the machine [mm]
	𝑔 ∶	Air gap thickness [mm]
	𝑙 𝑡ℎ ∶	Width of the main stator tooth [mm]
	𝑙 𝑡ℎ_𝑖𝑛𝑡 ∶	Width of the intermediate stator tooth [mm]

ℎ 𝑡ℎ ∶ Depth of the main stator tooth [mm] ℎ 𝑝𝑚 ∶ Thickness of the permanent magnet [mm] ℎ 𝑠𝑦 ∶ Thickness of the stator yoke [mm] ℎ 𝑟𝑦 ∶ Thickness of the rotor yoke [mm] ℎ 𝑐 ∶ Thickness of the main pole shoe [mm]

Table 2 .2. Reference phase currents vs. rotor position

 2 

	Sector	𝜽 𝒓	𝑰 𝒂_𝒓𝒆𝒇	𝑰 𝒃_𝒓𝒆𝒇	𝑰 𝒄_𝒓𝒆𝒇
	1	330 ∘ -30 ∘		0	-𝐼 𝑟𝑒𝑓	𝐼 𝑟𝑒𝑓
	2	30 ∘ -90 ∘		𝐼 𝑟𝑒𝑓	-𝐼 𝑟𝑒𝑓	0
	3	90 ∘ -150 ∘		𝐼 𝑟𝑒𝑓	0	-𝐼 𝑟𝑒𝑓
	4	150 ∘ -210 ∘		0		𝐼 𝑟𝑒𝑓	-𝐼 𝑟𝑒𝑓
	5	210 ∘ -270 ∘	-𝐼 𝑟𝑒𝑓	𝐼 𝑟𝑒𝑓	0
	6	270 ∘ -330 ∘	-𝐼 𝑟𝑒𝑓	0	𝐼 𝑟𝑒𝑓
	The hysteresis current control scheme, based on adjusting the armature windings
	currents to track the reference ones, is used afterwards to obtain the PWM driving signals of
	the rectifier's power devices. This hysteresis controller maintains the phase currents between
	an imposed band (fig. 2.7-c) by transmitting, through ON (1) and OFF (0) signals, to the
	power devices when to open and when to close. This hysteresis band can be estimated based
	on [9]:					
		∆𝑖 =	𝑉 𝑑𝑐 𝐿	1 𝑡 𝑟	1 +	𝑡 𝑓 1	(2.16)

Table 2 .3. Active materials used in the FE-modeling of the BLDCPM machine Part Material data

 2 

	Stator core	JFE Steel: 50JN400
	Rotor core	JFE Steel: 50JN400
	Permanent magnet	Reversible NdFeB
		Radial Pattern (Circular Direction)
	Winding	Copper

Table 2 .4.

 2 Parameters of the reference BLDCPM machine

	Parameter	Value
	Bore diameter 𝐷 𝑠	189 [mm]
	Airgap 𝑔	0.8 [mm]
	Magnetic length of the machine 𝐿 𝑚	45 [mm]
	Width of the main stator tooth 𝑙 𝑡ℎ	20.617 [mm]
	Width of the intermediate stator tooth 𝑙 𝑡ℎ_𝑖𝑛𝑡	4.123 [mm]
	Depth of the main stator tooth ℎ 𝑡ℎ	24.934 [mm]
	Thickness of the permanent magnet ℎ 𝑝𝑚	4.091 [mm]
	Thickness of the stator yoke ℎ 𝑠𝑦	23.194 [mm]
	Thickness of the rotor yoke ℎ 𝑟𝑦	17.413 [mm]
	Thickness of the main pole shoe ℎ 𝑐	3.467 [mm]
	Thickness of the intermediate pole shoe ℎ 𝑐_𝑖𝑛𝑡	3.591 [mm]
	Number of pole pairs 𝑝	6
	Number of slots 𝑁 𝑠	9
	Current density 𝛿 𝑑𝑒𝑛𝑠	3 [A/mm 2 ]
	Phase resistance 𝑅 𝑝ℎ	0.036 [Ω]
	Phase inductance 𝐿 𝑝ℎ	1.353 [mH]
	Base electromagnetic torque 𝑇 𝑒𝑚	20 [Nm]
	DC bus voltage 𝑉 𝑑𝑐	120 [V]

Table 2 .5. Results

 2 comparison between the models of the BLDCPM machine for the Vdc = 60 V

Parameter BLDCPM Machine models Analytical (1) Semi-analytical Numerical

  Chapter 2 Modeling and Simulation of the BLDCPM Generator-Based Micro-Wind Energy Conversion System in View of Its

	a-Phase Back-EMF voltage 𝑒 𝑎 [V] (2)	20.38	20.39	23.71
	Electromagnetic torque 𝑇 𝑒𝑚 [N.m] (3)	19.49	20.4	21.63
	Electromagnetic torque ripple Δ𝑇 𝑒𝑚 [N.m] (4)	0	3.38	15.67
	a-Phase current 𝐼 𝑎 [A] (2)	24.54	29.42	33
	a-Phase current overrun Δ𝐼 𝑎 [A]	0	5.2	9
	Simulation time	8e-5 [s]	3 [s]	≈ 1 [h] 30 [min]
	(1) Instant value			
	(2) Maximum value over period operation			
	(3) Average value over one period operation			
	(4) Calculated as Δ𝑇 𝑒𝑚 = 𝑚𝑎𝑥(𝑇 𝑒𝑚 ) -𝑚𝑖𝑛(𝑇 𝑒𝑚 )			

Optimization 44 Fig. 2.13. Errors

  for average electromagnetic torque and maximum current in FE-based, semianalytical, analytical models vs. CPU time in logarithmic scale
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  Chapter 3 Long-Term Wind-Speed Profile Modeling and Simulation for the Micro-Wind Energy Conversion System

  Chapter 3 Long-Term Wind-Speed Profile Modeling and Simulation for the Micro-Wind Energy Conversion System Copper losses (𝑃 𝑗 ) caused by the currents in the stator windings:

	with 𝐼 𝐶_𝑅𝑀𝑆 ∶	The current during the 120 • switch conduction period [A]
	𝑓 𝑤𝑡 ∶ 𝐸 𝑂𝑁 ∶	Friction coefficient (N.m/rad) Turn-on switching losses [J]	
	𝐸 𝑂𝐹𝐹 ∶  𝑃 𝑗 ,𝑟 = 3𝑅𝐼 𝑅𝑀𝑆 ,𝑟 Turn-off switching losses [J] 2 Nominal voltage available in the machine [V] 𝑁 𝑟 〈𝑣 𝑤 𝑉 𝑛 ∶ 4 〉 𝑟 4 𝑉 𝐶𝐶(𝑡𝑒𝑠𝑡) ∶ Test voltage [V] 〈𝑣 𝑤 〉 𝑟 𝐼 𝐶𝐶(𝑡𝑒𝑠𝑡) ∶ Test current [A]	(3.4)
	 The iron losses can be decomposed into three distinct parts: the hysteresis losses Switching frequency [Hz] 𝑓 𝑠𝑤 ∶ ( 𝑃 𝐹𝑒_ℎ𝑦𝑠 ), the losses caused by the eddy currents (𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦 ) and the excess losses, which 𝑉 𝐹 ∶ Forward ON-voltage in the diode [V]
	are not included into this study. 𝑇 𝑐𝑜𝑚𝑚 ∶ Commutation time of the machine [s]
	𝑓 𝑒𝑙𝑒 ∶ 𝐼 𝐹_𝐴𝑉𝐺 ∶	𝑃 𝐹𝑒_ℎ𝑦𝑠 ,𝑟 = 𝑘 ℎ𝑦𝑠 Fundamental frequency of the machine [Hz] 𝑁 𝑝 2𝜋 (𝐵 ̂𝑡ℎ 𝛼 + 𝐵 ̂𝑠𝑦 𝛼 ) Ω 𝑟 𝑁 𝑟 The average forward current of the diode during phase commutation [A] 〈𝑣 𝑤 〉 𝑟 〈𝑣 𝑤 〉 𝑟	(3.5)
			𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦 ,𝑟 = 𝑘 𝑒𝑑𝑑𝑦	𝑁 𝑝 2 𝜋 3 (𝐵 ̂𝑡ℎ 2 + 𝐵 ̂𝑠𝑦 2 ) Ω 𝑟 2 𝑁 𝑟	〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2	(3.6)
	diodes:							
	𝑃 𝑐𝑜𝑛𝑑_𝐼𝐺𝐵𝑇 ,𝑟 = 6 [ 1 3	𝑓 𝑚𝑜𝑑 (	𝑉 𝐶𝐸 -𝑉 𝐶𝐸0 𝐼 𝑛_𝐼𝐺𝐵𝑇	) 𝐼 𝐶_𝑅𝑀𝑆 ,𝑟 2	𝑁 𝑟	〈𝑣 𝑤 4 〉 𝑟 〈𝑣 𝑤 〉 𝑟 4 +	1 3	𝑓 𝑚𝑜𝑑 𝑉 𝐶𝐸0 𝐼 𝑅𝑀𝑆 ,𝑟 𝑁 𝑟	〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2 ] (3.7)
		𝑃 𝑠𝑤_𝐼𝐺𝐵𝑇 ,𝑟 = 6 [	1 3	(𝐸 𝑂𝑁 + 𝐸 𝑂𝐹𝐹 )	𝑉 𝑛 𝑉 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝐼 𝐶𝐶(𝑡𝑒𝑠𝑡)	𝐼 𝐶_𝑝𝑘 ,𝑟 𝑓 𝑠𝑤 𝑁 𝑟	〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2 ]	(3.8)
	𝑃 𝑑𝑖𝑜𝑑𝑒 ,𝑟 = 6 [ 1 3	(1 -𝑓 𝑚𝑜𝑑 ) 𝑉 𝐹 𝐼 𝐶_𝑅𝑀𝑆 ,𝑟 𝑁 𝑟	〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2 ] + 6𝑉 𝐹 𝑇 𝑐𝑜𝑚𝑚 𝑓 𝑒𝑙𝑒 𝐼 𝐹_𝐴𝑉𝐺 ,𝑟 𝑁 𝑟	〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2	(3.9)
		𝐼 𝐶_𝑅𝑀𝑆 = 𝐼 𝑅𝑀𝑆 , 𝐼 𝐶_𝑝𝑘 = 𝐼 𝑅𝑀𝑆 + 10%𝐼 𝑅𝑀𝑆	, 𝐼 𝐹_𝐴𝑉𝐺 = 𝐼 𝐶_𝑝𝑘 2 ⁄	(3.10)
	where								
	𝑓 𝑚𝑜𝑑 ∶	Modulation factor (0 < 𝑓 𝑚𝑜𝑑 < 1)
	𝑉 𝐶𝐸 ∶	Collector-emitter voltage of the IGBT [V]
	𝑉 𝐶𝐸0 ∶	ON-state, zero current collector-emitter voltage [V], obtained from the
		manufacturer datasheet			
	𝐼 𝑛_𝐼𝐺𝐵𝑇 ∶	Nominal current of the IGBT [A]
										74

where 𝑘 ℎ𝑦𝑠 ∶ Hysteresis loss coefficient obtained from manufacturer data 𝑘 𝑒𝑑𝑑𝑦 ∶ Eddy current loss coefficient obtained from manufacturer data  The considered three-phase power converter can exhibit conduction (𝑃 𝑐𝑜𝑛𝑑_𝐼𝐺𝐵𝑇 ) and switching (𝑃 𝑠𝑤_𝐼𝐺𝐵𝑇 ) losses in its IGBT devices as well as losses in their anti-parallel

Table 3 . 1

 31 Variation domain of the wind turbine performance factors

	Level	Cut-in wind speed (𝒗 𝒊𝒏 )	Rated wind speed (𝒗 𝒏 )	Cut-off wind speed (𝒗 𝒎𝒂𝒙 )
	1 (-1)	1	7	18
	2 (-0.5)	1.75	8	19
	3 (0)	2.5	9	20
	4 (0.5)	3.25	10	21
	5 (1)	4	11	22

Table 3 . 2 .

 32 Comparison table of μWECS simulation models

						Semi-analytical model	Semi-analytical model with	Analytical model with
						with complete cycle	barycenter method	complete cycle
	No. of operating points	8,759	6	8,759
	Simulation time	≈ 2 h	≈ 14 s	≈ 0.003 s
	Total input power
	∑ 〈𝑃 𝑖𝑛_𝑤𝑡 〉 𝑖 𝑁 𝑖=1	[kW]	1,814.9	1,813.2	1,786.1
	Total power losses ∑ 〈𝑃 𝑙𝑜𝑠𝑠𝑒𝑠 〉 𝑖 𝑁 𝑖=1 [kW]	401.52	401.18	468.19
	Total mechanical losses
	∑ 〈𝑃 𝑚𝑒𝑐ℎ 〉 𝑖 𝑖=1 𝑁	[kW]	149.44	149.35	151.81
	Total joule losses
	∑ 〈𝑃 𝑗 〉 𝑖 𝑁 𝑖=1	[kW]	58.665	58.593	63.958
	Total iron losses ∑ 〈𝑃 𝐹𝑒 〉 𝑖 𝑖=1 [kW] 𝑁	21.140	21.128	21.541
	Total converter losses ∑ 〈𝑃 𝑐𝑜𝑛𝑣 〉 𝑖 𝑖=1 [kW] 𝑁	172.28	172.11	230.88
	Total output power
	∑ 〈𝑃 𝑜𝑢𝑡_𝑠𝑦𝑠 〉 𝑖 𝑁 𝑖=1	[kW]	1,413.4	1,412.0	1,317.9
	System efficiency
	𝜂 𝑠𝑦𝑠 =	∑ 〈𝑃 𝑖𝑛_𝑤𝑡 〉 𝑖 𝑖=1 𝑁 ∑ 〈𝑃 𝑜𝑢𝑡_𝑠𝑦𝑠 〉 𝑖 𝑁 𝑖=1	0.7788	0.7787	0.7379

Further on, other simulations with both models are conducted. These simulation results allow comparing several quantities of the analytical and semi-analytical models over complete and reduced wind cycle operation, which are give in table 3.2., likewise in terms of computation time and operating points. It is worth noting that for the semi-analytical model, each operating point of the wind cycle was simulated at steady state for one electrical period of the BLDCPM generator (0 ≤ t ≤ T) under ∆𝑡 = 5 • 10 -6 sampling time.
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  with 𝑣 𝑤,𝑏 = 〈𝑣 𝑤 〉 𝑟 and 𝐼 𝑅𝑀𝑆,𝑏 = 𝐼 𝑅𝑀𝑆,𝑟 its corresponding current, computed for the wind speed 𝑣 𝑤,𝑏 .

	𝑁 𝑟		𝑁 𝑟		
	𝑃 𝑗,𝑝 = 𝐶 𝑗,𝑟 ∑ 𝑣 𝑤,𝑝 4 = 𝐶 𝑗,𝑟 𝑁 𝑟 〈𝑣 𝑤 4 〉 𝑟	(A.16)
	𝑝=1		𝑝=1		
	As 𝐶 𝑗,𝑟 is constant, it can be computed for any point of the region, but again, the
	barycenter of the considered area is preferred:			
	𝐶 𝑗,𝑟 =	𝑃 𝑗,𝑏 𝑣 𝑤,𝑏 4 =	3𝑅𝐼 𝑅𝑀𝑆,𝑏 2 𝑣 𝑤,𝑏 4	=	2 3𝑅𝐼 𝑅𝑀𝑆,𝑟 𝑣 𝑤,𝑟 4	(A.17)
	Finally,					
	𝑃 𝑗,𝑟 = ∑ 𝑃 𝑗,𝑝 = 𝑁 𝑟 𝑖=1	2 3𝑅𝐼 𝑅𝑀𝑆,𝑟 4 𝑣 𝑤,𝑟	𝑁 𝑟 〈𝑣 𝑤 4 〉 𝑟	(A.18)
	𝑃 𝑗,𝑟 = 3𝑅𝐼 𝑅𝑀𝑆,𝑟 2	𝑁 𝑟	〈𝑣 𝑤 4 〉 𝑟 〈𝑣 𝑤 〉 𝑟 4	(A.19)

  As 𝐶 ℎ𝑦𝑠 and 𝐶 𝑒𝑑𝑑𝑦 are constant, they are computed for the barycenter of the area as: Long-Term Wind-Speed Profile Modeling and Simulation for the Micro-Wind Energy Conversion System

		Thus, (A.20) and (A.21) become: Finally,
			𝑃 𝐹𝑒_ℎ𝑦𝑠 = 𝑘 ℎ𝑦𝑠 𝑃 𝐹𝑒_ℎ𝑦𝑠,𝑟 = ∑ 𝑃 𝐹𝑒_ℎ𝑦𝑠,𝑝 = 𝑁 𝑝 2𝜋 (𝐵 ̂𝑡ℎ 𝛼 + 𝐵 ̂𝑠𝑦 𝛼 )Ω 𝑁 𝑝𝑡 𝑝=1 𝑘 ℎ𝑦𝑠 𝑁 𝑝 2𝜋 (𝐵 ̂𝑡ℎ 𝛼 +𝐵 ̂𝑠𝑦 𝛼 )Ω 𝑟 𝑣 𝑤,𝑟	𝑁 𝑟 〈𝑣 𝑤 〉 𝑟	(A.23) (A.31)
		𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦 = 𝑘 𝑒𝑑𝑑𝑦 𝑃 𝐹𝑒_ℎ𝑦𝑠,𝑟 = 𝑘 ℎ𝑦𝑠 𝑁 𝑝 2𝜋 (𝐵 ̂𝑡ℎ 𝑁 𝑝 2 𝜋 3 (𝐵 ̂𝑡ℎ 2 + 2𝐵 ̂𝑠𝑦 2 )Ω 2 𝛼 + 𝐵 ̂𝑠𝑦 𝛼 )Ω 𝑟 𝑁 𝑟 〈𝑣 𝑤 〉 𝑟 〈𝑣 𝑤 〉 𝑟	(A.24) (A.32)
	speed:	Given also the proportionality of the rotor angular speed of the machine to the wind 𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦,𝑟 = ∑ 𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦,𝑝 = 𝑁 𝑝𝑡 𝑝=1 𝑘 𝑒𝑑𝑑𝑦 𝑁 𝑝 2 𝜋 3 (𝐵 ̂𝑡ℎ 2 +2𝐵 ̂𝑠𝑦 2 )Ω 𝑟 2 𝑣 𝑤,𝑟 2 𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟 (A.33)
		𝑃 𝐹𝑒_ℎ𝑦𝑠 = 𝐶 ℎ𝑦𝑠 𝑣 𝑤 𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦 = 𝐶 𝑒𝑑𝑑𝑦 𝑣 𝑤 2 𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦,𝑟 = 𝑘 𝑒𝑑𝑑𝑦 𝑁 𝑝 2 𝜋 3 (𝐵 ̂𝑡ℎ 2 + 2𝐵 ̂𝑠𝑦 2 )Ω 𝑟 2 𝑁 𝑟	〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2	(A.25) (A.26) (A.34)
	where 𝐶 ℎ𝑦𝑠 = 𝑘 𝑠 𝑘 ℎ𝑦𝑠	𝑁 𝑝 2𝜋	(𝐵 ̂𝑡ℎ 𝛼 + 𝐵 ̂𝑠𝑦 𝛼 ) and 𝐶 𝑒𝑑𝑑𝑦 = 𝑘 𝑠 2 𝑘 𝑒𝑑𝑑𝑦	𝑁 𝑝 2 𝜋 3 (𝐵 ̂𝑡ℎ 2 + 2𝐵 ̂𝑠𝑦 2 ).
			𝑁 𝑟			𝑁 𝑟
							(A.27)
			𝑝=1			𝑝=1
			𝑁 𝑟			𝑁 𝑟
			∑ 𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦,𝑝 = 𝐶 𝑒𝑑𝑑𝑦,𝑟 ∑ 𝑣 𝑤,𝑝 2 = 𝐶 𝑒𝑑𝑑𝑦,𝑟 𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟	(A.28)
			𝑝=1			𝑝=1
		𝐶 ℎ𝑦𝑠,𝑟 =	𝑃 𝐹𝑒_ℎ𝑦𝑠,𝑏 𝑣 𝑤,𝑏	=	𝑘 ℎ𝑦𝑠	𝑁 𝑝 2𝜋	(𝐵 ̂𝑡ℎ 𝛼 + 𝐵 ̂𝑠𝑦 𝛼 )Ω 𝑏 𝑣 𝑤,𝑏
							=	𝑘 ℎ𝑦𝑠	𝑁 𝑝 2𝜋	(𝐵 ̂𝑡ℎ 𝛼 + 𝐵 ̂𝑠𝑦 𝛼 )Ω 𝑟 𝑣 𝑤,𝑟	(A.29)
		𝐶 𝑒𝑑𝑑𝑦,𝑟 =	𝑃 𝐹𝑒_𝑒𝑑𝑑𝑦,𝑏 𝑣 𝑤,𝑏 2	=	𝑘 𝑒𝑑𝑑𝑦	𝑁 𝑝 2 𝜋 3 (𝐵 ̂𝑡ℎ 2 + 2𝐵 ̂𝑠𝑦 2 )Ω 𝑏 2 𝑣 𝑤,𝑏 2
							=	𝑘 𝑒𝑑𝑑𝑦	𝑁 𝑝 2 𝜋 3 (𝐵 ̂𝑡ℎ 2 + 2𝐵 ̂𝑠𝑦 2 )Ω 𝑟 2 𝑣 𝑤,𝑟 2	(A.30)
							89

Considering 𝐶 ℎ𝑦𝑠 and 𝐶 𝑒𝑑𝑑𝑦 constant within one region then the sum of iron loss for all the points (p) in that region (r) can be written as:

∑ 𝑃 𝐹𝑒_ℎ𝑦𝑠,𝑝 = 𝐶 ℎ𝑦𝑠,𝑟 ∑ 𝑣 𝑤,𝑝 = 𝐶 ℎ𝑦𝑠,𝑟 𝑁 𝑟 〈𝑣 𝑤 〉 𝑟 with 𝑣 𝑤,𝑏 = 〈𝑣 𝑤 〉 𝑟 and Ω 𝑏 = Ω 𝑟 its corresponding rotational speed, computed for the wind speed 𝑣 𝑤,𝑏 .
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  Long-Term Wind-Speed Profile Modeling and Simulation for the Micro-Wind Energy Conversion System 90Like before, 𝐶 𝐶𝐻1 and 𝐶 𝐶𝐻2 are considered constant for one region, then the conduction losses for all the points in the region are deduced as: with 𝑣 𝑤,𝑏 = 〈𝑣 𝑤 〉 𝑟 and 𝐼 𝐶_𝑅𝑀𝑆,𝑏 = 𝐼 𝐶_𝑅𝑀𝑆,𝑟 its corresponding current, computed for the wind speed 𝑣 𝑤,𝑏 .

						𝑁 𝑟						𝑁 𝑟
						∑ 𝑃 𝐶𝐻1_𝑇,𝑝 = 𝐶 𝐶𝐻1,𝑟 ∑ 𝑣 𝑤,𝑝 2 =	𝐶 𝐶𝐻1,𝑟 𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟	(A.40)
						𝑝=1						𝑝=1
						𝑁 𝑟						𝑁 𝑟
						∑ 𝑃 𝐶𝐻2_𝑇,𝑝 = 𝐶 𝐶𝐻2,𝑟 ∑ 𝑣 𝑤,𝑝 4 =	𝐶 𝐶𝐻2,𝑟 𝑁 𝑟 〈𝑣 𝑤 4 〉 𝑟	(A.41)
						𝑝=1						𝑝=1
	Further on the barycenter of the area is calculated:
				𝐶 𝐶𝐻1,𝑟 =	𝑃 𝐶𝐻1_𝑇,𝑏 𝑣 𝑤,𝑏 2	=	1 3	𝑓 𝑚𝑜𝑑 𝑉 𝐶𝐸0 𝐼 𝐶_𝑅𝑀𝑆,𝑏 𝑣 𝑤,𝑏 2	=	1 3	𝑓 𝑚𝑜𝑑 𝑉 𝐶𝐸0 𝐼 𝐶_𝑅𝑀𝑆,𝑟 𝑣 𝑤,𝑟 2	(A.42)
	𝐶 𝐶𝐻2,𝑟 =	𝑃 𝐶𝐻2_𝑇,𝑏 𝑣 𝑤,𝑏 4	=	1 3	𝑓 𝑚𝑜𝑑 (	𝑉 𝐶𝐸 -𝑉 𝐶𝐸0 𝐼 𝑛_𝐼𝐺𝐵𝑇 𝑣 𝑤,𝑏 4	) 𝐼 𝐶_𝑅𝑀𝑆,𝑏 2	=	1 3	𝑓 𝑚𝑜𝑑 ( 𝑉 𝐶𝐸 -𝑉 𝐶𝐸0 𝐼 𝑛_𝐼𝐺𝐵𝑇 𝑣 𝑤,𝑟 4	) 𝐼 𝐶_𝑅𝑀𝑆,𝑟 2	(A.43)
	At last,											
	𝑃 𝐶𝐻1_𝑇,𝑟 = ∑ 𝑃 𝐶𝐻1_𝑇,𝑝 = 𝑁 𝑟 𝑝=1	1 3	𝑓 𝑚𝑜𝑑 𝑉 𝐶𝐸0 𝐼 𝐶_𝑅𝑀𝑆,𝑟 𝑣 𝑤,𝑟 2	𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟	(A.44)
				𝑃 𝐶𝐻1_𝑇,𝑟 =	1 3	𝑓 𝑚𝑜𝑑 𝑉 𝐶𝐸0 𝐼 𝐶_𝑅𝑀𝑆,𝑟 𝑁 𝑟	〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2	(A.45)
	3 𝑃 𝐶𝐻2_𝑇,𝑟 = ∑ 𝑃 𝐶𝐻2_𝑇,𝑝 = 𝑓 𝑚𝑜𝑑 𝑉 𝐶𝐸0 𝐼 𝐶_𝑅𝑀𝑆 1 3 𝑓 𝑚𝑜𝑑 ( 𝑉 𝐶𝐸 -𝑉 𝐶𝐸0 𝐼 𝑛_𝐼𝐺𝐵𝑇 𝑁 𝑟 𝑝=1 𝑣 𝑤,𝑟 4	2 ) 𝐼 𝐶_𝑅𝑀𝑆,𝑟	𝑁 𝑟 〈𝑣 𝑤 4 〉 𝑟	(A.35) (A.46)
			𝑃 𝐶𝐻2_𝑇 = 𝑃 𝐶𝐻2_𝑇,𝑟 = 1 3 𝑓 𝑚𝑜𝑑 ( 𝑉 𝐶𝐸 -𝑉 𝐶𝐸0 𝐼 𝑛_𝐼𝐺𝐵𝑇 1 3 𝑓 𝑚𝑜𝑑 ( 𝑉 𝐶𝐸 -𝑉 𝐶𝐸0 ) 𝐼 𝐶_𝑅𝑀𝑆 2 𝐼 𝑛_𝐼𝐺𝐵𝑇 ) 𝐼 𝐶_𝑅𝑀𝑆,𝑟 2	𝑁 𝑟	〈𝑣 𝑤 4 〉 𝑟 〈𝑣 𝑤 〉 𝑟 4	(A.36) (A.47)
	𝐼 𝐶_𝑅𝑀𝑆 = 𝐼 𝑅𝑀𝑆_𝑝ℎ 4 〉 𝑟 to be computed. 2 〉 𝑟 , 〈𝑣 𝑤 relying on 𝐼 𝐶_𝑅𝑀𝑆,𝑟 , 〈𝑣 𝑤 〉 𝑟 , 〈𝑣 𝑤	(A.37)
	Based on (A.13) and (A.14) the above relation can be rewritten as: The total conduction losses on all the transistors result:
			𝑃 𝐶𝐻1_𝑇 = 𝐶 𝐶𝐻1 𝑣 𝑤 2 𝑃 𝑐𝑜𝑛𝑑_𝐼𝐺𝐵𝑇,𝑟 = 6(𝑃 𝐶𝐻1_𝑇,𝑟 + 𝑃 𝐶𝐻2_𝑇,𝑟 )	(A.38) (A.48)
											𝑃 𝐶𝐻2_𝑇 = 𝐶 𝐶𝐻2 𝑣 𝑤 4	(A.39)
	whit 𝐶 𝐶𝐻1 =	𝑘 𝑤 𝑘 𝑡	1 3	𝑓 𝑚𝑜𝑑 𝑉 𝐶𝐸0 and 𝐶 𝐶𝐻2 = ( 𝑘 𝑤 𝑘 𝑡	) 2 1 3	𝑓 𝑚𝑜𝑑 𝑉 𝐶𝐸0 .
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  The calculation of 𝐶 𝑠𝑤 follows on for the barycenter of the considered area: with 𝑣 𝑤,𝑏 = 〈𝑣 𝑤 〉 𝑟 and 𝐼 𝐶_𝑝𝑘 ,𝑏 = 𝐼 𝐶_𝑝𝑘 ,𝑟 the corresponding current, computed for the wind speed 𝑣 𝑤,𝑏 . and they depend on 𝐼 𝐶_𝑝𝑘,𝑟 , 〈𝑣 𝑤 〉 𝑟 , 〈𝑣 𝑤 2 〉 𝑟 to be assessed.

								𝐶 𝑠𝑤_𝐼𝐺𝐵𝑇 𝑣 𝑤 2	(A. 50)
	with 𝐶 𝑠𝑤_𝐼𝐺𝐵𝑇 =	𝑘 𝑤 𝑘 𝑡	1 3	(𝐸 𝑂𝑁 + 𝐸 𝑂𝐹𝐹 )	𝑉 𝑛 𝑉 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝐼 𝐶𝐶(𝑡𝑒𝑠𝑡)	𝑓 𝑠𝑤 .
	If 𝐶 𝑠𝑤 were to be constant in the considered region, the switching losses of all the
	points in the region result as:
	∑	𝑁 𝑟 𝑝=1	𝑃 𝑠𝑤_𝐼𝐺𝐵𝑇,𝑝 = 𝐶 𝑠𝑤_𝐼𝐺𝐵𝑇,𝑟 ∑	𝑁 𝑟 𝑝=1	𝑣 𝑤,𝑝 2 =	𝐶 𝑠𝑤_𝐼𝐺𝐵𝑇,𝑟 𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟	(A.51)
	𝐶 𝑠𝑤_𝐼𝐺𝐵𝑇,𝑟 =	𝑃 𝑠𝑤_𝐼𝐺𝐵𝑇,𝑏 𝑣 𝑤,𝑏 2	=	1 3	(𝐸 𝑂𝑁 + 𝐸 𝑂𝐹𝐹 )	𝑉 𝑛 𝑉 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝐼 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝑣 𝑤,𝑏 2	𝐼 𝐶_𝑝𝑘 ,𝑏 𝑓 𝑠𝑤
								=	1 3	(𝐸 𝑂𝑁 + 𝐸 𝑂𝐹𝐹 )	𝑉 𝑛 𝑉 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝐼 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝑣 𝑤,𝑟 2	𝐼 𝐶_𝑝𝑘 ,𝑟 𝑓 𝑠𝑤	(A.52)
	Finally,						
	𝑃 𝑠𝑤_𝐼𝐺𝐵𝑇,𝑟 = ∑ 𝑃 𝑠𝑤_𝐼𝐺𝐵𝑇,𝑝 = 𝑁 𝑟 𝑝=1	1 3	(𝐸 𝑂𝑁 + 𝐸 𝑂𝐹𝐹 )	𝑉 𝑛 𝑉 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝐼 𝐶𝐶(𝑡𝑒𝑠𝑡) 2 𝑣 𝑤,𝑟	𝐼 𝐶_𝑝𝑘 ,𝑟 𝑓 𝑠𝑤	𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟 (A.53)
	𝑃 𝑠𝑤_𝐼𝐺𝐵𝑇,𝑟 =	1 3	(𝐸 𝑂𝑁 + 𝐸 𝑂𝐹𝐹 )	𝑉 𝑛 𝑉 𝐶𝐶(𝑡𝑒𝑠𝑡) 𝐼 𝐶𝐶(𝑡𝑒𝑠𝑡)	𝑓 𝑠𝑤 𝐼 𝐶_𝑝𝑘 ,𝑟 𝑁 𝑟	〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2	(A.54)

  The computation of 𝐶 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒 for the barycenter of one particular region is based on: with 𝑣 𝑤,𝑏 = 〈𝑣 𝑤 〉 𝑟 and 𝐼 𝐶_𝑅𝑀𝑆,𝑏 = 𝐼 𝐶_𝑅𝑀𝑆,𝑟 the corresponding current, computed for the wind speed 𝑣 𝑤,𝑏 .During the commutation interval, as mentioned in chapter 2, a freewheeling path of the phase current appears through the antiparallel diode of the commutating IGBT. As a reminder, this commutation period represents the time required by the current of the commutating phase to disappear. As one electrical cycle exposes six commutations of the phases, the diode loss caused by this phenomena is computed as:𝑃 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒 = 6𝑉 𝐹 𝐼 𝐹_𝐴𝑉𝐺 𝑇 𝑐𝑜𝑚𝑚 𝑓 𝑒𝑙𝑒 (A.61)where 𝐼 𝐹_𝐴𝑉𝐺 = 𝐼 𝐶_𝑝𝑘 2 ⁄ is the average forward current of the diode during commutation. 𝑇 𝑐𝑜𝑚𝑚 𝑓 𝑒𝑙𝑒 and if assumed constant within one region, it helps to determine for all the points in that region the total diode loss caused by phase commutation:with 𝑣 𝑤,𝑏 = 〈𝑣 𝑤 〉 𝑟 and 𝐼 𝐹_𝐴𝑉𝐺,𝑏 = 𝐼 𝐹_𝐴𝑉𝐺,𝑟 the corresponding current, computed for the wind speed 𝑣 𝑤,𝑏 .and requires 𝐼 𝐹_𝐴𝑉𝐺,𝑟 , 〈𝑣 𝑤 〉 𝑟 , 〈𝑣 𝑤 2 〉 𝑟 to be determined.

	1 3	(1 -𝑓 𝑚𝑜𝑑 )𝑉 𝐹 𝐼 𝐶_𝑅𝑀𝑆	(A.55)
	Through reformulation: Again, through substitution (A.61) can be reformulated as:
	𝑃 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒 = 𝐶 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒 𝑣 𝑤 2 𝑃 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒 = 𝐶 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒 𝑣 𝑤 2	(A.56) (A.62)
	where 𝐶 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒 = 𝑝=1 𝑁 𝑟 where 𝐶 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒 = 𝑘 𝑤 𝑘 𝑡 𝑁 𝑟 6𝑉 ∑ 𝑃 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒,𝑝 = 𝐶 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒,𝑟 ∑ 𝑣 𝑤,𝑝 𝑘 𝑤 𝑘 𝑡 1 3 (1 -𝑓 𝑚𝑜𝑑 )𝑉 𝐹 . 𝑁 𝑟 𝑝=1 𝑁 𝑟 2 =	𝐶 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒,𝑟 𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟	(A.63)
	∑ 𝑃 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒,𝑝 = 𝐶 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒,𝑟 ∑ 𝑣 𝑤,𝑝 2 = 𝑝=1 𝑝=1 For computing 𝐶 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒 for the barycenter of the region, the following equation is 𝐶 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒,𝑟 𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟 (A.57)
	employed:		
	𝐶 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒,𝑟 = 𝐶 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒,𝑟 = 𝑃 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒,𝑏 𝑃 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒,𝑏 𝑣 𝑤,𝑏 2 = 𝑣 𝑤,𝑏 2 = 1 3 6𝑉 𝐹 𝑇 𝑐𝑜𝑚𝑚 𝑓 𝑒𝑙𝑒 𝐼 𝐹_𝐴𝑉𝐺,𝑏 (1 -𝑓 𝑚𝑜𝑑 )𝑉 𝐹 𝐼 𝐶_𝑅𝑀𝑆,𝑏 𝑣 𝑤,𝑏 2 𝑣 𝑤,𝑏 2	= = 6𝑉 𝐹 𝑇 𝑐𝑜𝑚𝑚 𝑓 𝑒𝑙𝑒 𝐼 𝐹_𝐴𝑉𝐺,𝑟 1 3 (1 -𝑓 𝑚𝑜𝑑 )𝑉 𝐹 𝐼 𝐶_𝑅𝑀𝑆,𝑟 𝑣 𝑤,𝑟 2 𝑣 𝑤,𝑟 2	(A.58) (A.64)
	Ultimately,		
	On this basis, 𝑃 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒,𝑟 = ∑ 𝑃 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒,𝑝 = 𝑁 𝑟 𝑝=1 𝑃 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒,𝑟 = ∑ 𝑃 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒,𝑝 = 1 3 (1 -𝑓 𝑚𝑜𝑑 )𝑉 𝐹 𝐼 𝐶_𝑅𝑀𝑆,𝑟 𝑣 𝑤,𝑟 2 𝑁 𝑟 6𝑉 𝐹 𝑇 𝑐𝑜𝑚𝑚 𝑓 𝑒𝑙𝑒 𝐼 𝐹_𝐴𝑉𝐺,𝑟 𝑁 𝑟 〈𝑣 𝑤 2 𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟 𝑣 𝑤,𝑟 𝑝=1 2 〉 𝑟 𝑃 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒,𝑟 = 1 3 (1 -𝑓 𝑚𝑜𝑑 )𝑉 𝐹 𝐼 𝐶_𝑅𝑀𝑆,𝑟 𝑁 𝑟 〈𝑣 𝑤 〈𝑣 𝑤 〉 𝑟 2 2 〉 𝑟 𝑃 𝑐𝑜𝑚𝑚_𝑑𝑖𝑜𝑑𝑒,𝑟 = 6𝑉 𝐹 𝑇 𝑐𝑜𝑚𝑚 𝑓 𝑒𝑙𝑒 𝐼 𝐹_𝐴𝑉𝐺,𝑟 𝑁 𝑟 〈𝑣 𝑤 2 〉 𝑟 〈𝑣 𝑤 〉 𝑟 2	(A.59) (A.65) (A.60) (A.66)

Considering 𝐶 𝑠𝑤_𝑑𝑖𝑜𝑑𝑒 constant within one region, then the sum of switching losses in the diode for all the points in that region are: and requests 𝐼 𝐶_𝑅𝑀𝑆,𝑟 , 〈𝑣 𝑤 〉 𝑟 , 〈𝑣 𝑤 2 〉 𝑟 for computation. Chapter 3 Long-Term Wind-Speed Profile Modeling and Simulation for the Micro-Wind Energy Conversion System 93 B) Phase commutation 𝐹

Table 4 . 1 .

 41 List of the μWECS design variables

	Component	Variable	Notation Type	To optimize ?	Definition domain	Unit
		Rotor blade radius	𝑅 𝑤𝑡	c	Fixed	1.5	[m]
	Wind turbine	Friction coefficient Cut-in wind speed Nominal wind speed	𝑓 𝑤𝑡 𝑣 𝑖𝑛 𝑣 𝑛	c c c	Fixed Yes Yes	0.025 [1÷4] [4÷20]	[Nm/rad] [m/s] [m/s]
		Cut-off wind speed	𝑣 𝑚𝑎𝑥	c	Yes	[20÷25]	[m/s]

Table 4 . 2 .

 42 Genetic algorithm control parameters used for the optimization process

	Population size	500
	Number of generations	100*number of design variables
	Crossover Probability	0.8
	Mutation Rate	1/number of design variables

Table 4 . 3 .

 43 Comparative design output quantities

		Semi-analytical model	Semi-analytical model
		with complete cycle	with barycenter method
	No. of operating points	8,759	6
	Total input power [kW]	≈ 2,866	≈ 2,856
	Total power losses [kW]	≈ 501	≈ 500
	Total mechanical losses [kW]	101.9	101.8
	Total joule losses [kW]	94.7	94.8
	Total iron losses [kW]	83.7	83.6
	Total converter losses [kW]	221	219.7
	Total output power [kW]	≈ 2,365	≈ 2,356
	System efficiency	0.8251	0.8249
	Table 4.4 Analytical and semi-analytical models comparison
		Analytic with	Semi-analytic with
		complete cycle	barycenter method
	No. of operating points	8,759	6
	Optimization time	≈ 10 [min]	≈ 13406 [min]
	Number of model evaluations	492,501	129,001
	Likewise, some of the same output quantities from table 4.3, achieved from the
	optimization process based analytical model were used to make a comparison (fig. 4.8) to the
	previously determined after optimization results of the semi-analytical model with complete
	wind cycle. However, the feedback of this comparison is not the one aspired as the analytical

The second direction in this section is to perform the optimization upon the analytical simulation model based on the same workflow of the optimization process as the one depicted in fig.

4

.7 for the semi-analytical model. The optimization time and number of model evaluations for both optimizations are summarized in table

4.4. 

model presents values for the parameters quite far from those of the semi-analytical model, which is considered as reference given its better accuracy.

Table 4 . 5 .

 45 Design optimization results

	Parameter	Unit	Surrogate model with complete cycle	Semi-analytical model with complete cycle
			Design variables	
	𝒗 𝒊𝒏	[𝑚 𝑠 ⁄ ]	2.9	2.96
	𝒗 𝒏	[𝑚 𝑠 ⁄ ]	9.77	9.71
	𝒗 𝒎𝒂𝒙	[𝑚 𝑠 ⁄ ]	21.33	21.37
	𝑵 𝒑		10	12
	𝑫 𝒔	[𝑚𝑚]	216	250
	𝑳 𝒎	[𝑚𝑚]	76	58
	𝒈	[𝑚𝑚]	1.1	1.16
	𝒓 𝒓𝒔		1.128	1.153
	𝑩 ̂𝒈	[𝑇]	0.63	0.64
	𝑩 ̂𝒓𝒚	[𝑇]	1.52	1.51
	𝑩 ̂𝒔𝒚	[𝑇]	1.22	1.32
	𝑩 ̂𝒕𝒉	[𝑇]	1.71	1.7
	𝜹 𝒅𝒆𝒏𝒔	[𝐴/𝑚𝑚 2 ]	3.42	2.8
	𝒌 𝒗		2.55	2.39
	𝒇 𝒔𝒘	[𝑘𝐻𝑧]	25.8	24.9
	𝑽 𝒅𝒄	[𝑉]	263	234
		Optimization function (𝑃 𝑙𝑜𝑠𝑠_𝑡𝑜𝑡𝑎𝑙 )
	𝑶𝑭(𝑿)	[𝑘𝑊]	500	500
		Electromagnetic parameters of the BLDCPM generator
	𝑹 𝒑𝒉	[𝑜ℎ𝑚]	0.14	0.095
	𝑳 𝒑𝒉	[𝑚𝐻]	3.7	2.5
	𝐏 𝒃	[𝑊]	1,734	1,716
		Geometric parameters of the BLDCPM generator
	𝑫 𝒊𝒏𝒕	[𝑚𝑚]	155	185
	𝑫 𝒆𝒙𝒕	[𝑚𝑚]	240	274
	𝒍 𝒕𝒉	[𝑚𝑚]	12.47	12.43
	𝒉 𝒕𝒉	[𝑚𝑚]	17.4	20.4
	𝒉 𝒄	[𝑚𝑚]	2.83	2.96
	𝒍 𝒕𝒉_𝒊𝒏𝒕	[𝑚𝑚]	2.5	2.48
	𝒉 𝒄_𝒊𝒏𝒕	[𝑚𝑚]	2.88	3
	𝒉 𝒑𝒎	[𝑚𝑚]	3	3.18
	𝒉 𝒔𝒚	[𝑚𝑚]	8.77	8
	𝒉 𝒓𝒚	[𝑚𝑚]	7.8	7.54
	𝐧		441	470
	𝑴 𝒈𝒆𝒏_𝒕	[𝑘𝑔]	14.7	

Table 5 .

 5 EMF coefficient 𝑘 𝑒𝑚𝑓 , which directly links the rotational speed of the machine to its RMS stator-phase back-EMF, due to their linear relation, as shown in fig. 5.6. Based on repeated noload experiments at different rotor speeds the value of this coefficient has been obtained

			1. Switching sequence of the BLDCPM prototype machine
		Hall Sensors		Machine phases
		HA	HB	HC	Phase A	Phase B	Phase C
		0	1	0	off	+	-
		0	1	1	-	+	off
		0	0	1	-	off	+
		1	0	1	off	-	+
		1	0	0	+	-	off
		1	1	0	+	off	-
	Other measurements under open-circuit condition were performed to determine the
	back-𝑘 𝑒𝑚𝑓 ≈ 0.34 [	𝑉 𝑟𝑎𝑑 𝑠 ⁄ ].				

Micro series, with end shaft Resolution 30...1024 pulses

  

	GI321					GI321
	Part number				
	GI321. 0	41			
			See part number (pulses)		
			E-connection		
		41 Cable 1 m, radial		
		Voltage supply / signals		
	22 5 VDC / TTL linedriver		
	60 10…30 VDC / push-pull		
	Shaft				
	0 End shaft ø4 mm IP 54		
				Technical data -mechanical design
				Housing	ø24 mm
				Shaft	ø4 mm end shaft
				Protection DIN EN 60529 IP 54
	Consumption w/o load	≤25 mA	Operating speed	≤10000 rpm
	Resolution (steps/turn)	30...1024	Starting torque	≤0.007 Nm
	Reference signal		Zero pulse, width 90°S Material	Aluminium, bare
	ensing method		Optical	Operating temperature	-20...+85	°C
	Output frequency		≤100 kHz	Relative humidity	90 % non-condensing
	Output signals		A 90° B + N	Resistance	DIN EN 60068-2-6
	Output circuit		TTL linedriver final stage		Vibration 10 g, 55-2000 Hz
			Push-pull short-circuit proof		DIN EN 60068-2-27
	Interference immunity	DIN EN 61000-6-2		Shock 30 g, 11 ms
	Emitted interference	DIN EN 61000-6-4	Weight approx.	50 g
				E-connection	Cable 1 m
	Output signals				
	lockwise rotating direction when looking at flange.		
	Track A				
	Track B				
	Zero pulse		90°C	

Micro series, with end shaft Resolution 30...1024 pulses Part number (pulses)

  

							Terminal assignment
							Core colour Assignment
							green	Track A
							yellow	Track B
							grey	Track N (zero pulse)
							brown	UB
							white	GND
							transparent Shield/Housing
	38 (30)		06 (200)	17 (600)		
	40 (60)		11 (300)	22 (1000)		
	41 (100)		13 (360)	23 (1024)		
	Other pulse numbers upon request.		
	Example: ordering key 23 = 1024 pulses		
	Dimensions					
	Mounting surface	Cylindrical screw	3.95 20	Spring washer	ø2.2
	max.8 M2 4+0.05/-0.1	ø29	ø34	ø3.6 M1.6x6 ø4E6x9	ø19.5	ø24	33 ø 2 9
	20		min. 2.65			
	25					
							±3°ø
							12

TABLE 1 :

 1 ROTOR ANGULAR POSITION AND CORRESPONDING REFERENCE PHASE CURRENTS

	Sector	θr	I a_ref	I b_ref	I c_ref
	1	330 0 -30 0	0	-Ir	Ir
	2	30 0 -90 0	Ir	-Ir	0
	3	90 0 -150 0	Ir	0	-Ir
	4	150 0 -210 0	0	Ir	-Ir

TABLE 2 :

 2 STATOR-PHASE VOLTAGES OF THE BLDC GENERATOR

	Sector	θr					V an	V bn	Vcn
				Commutation	Conduction	Commutation	Conduction	Commutation	Conduction
					Interval		Interval	Interval	Interval	Interval	Interval
	1	330 0 -30 0	1	⋅	Vdc +	e	sum
			3				3
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 '------------------------------------------------' Dist_coils -distance between coil and interior pole shoe (mm) ' DistMag -distance between magnets (mm) ' Vdc -Vdc voltage (V) ' size_part -size of mesh in machine parts ' size_gap -size of mesh in machine air-gap ' RadialDiv -radial divisions in mesh properties ' CircDiv -circumferential divisions in mesh properties ' no_paralel -number of processor to be used ' case1_steps -number of steps ' case1_div -number of divisions in simulation ' MaxIter -maximum no. of iterations '================================================================== ' INPUTS -CONSTANT VARIABLES '-------------------------------------------------------------------------------------------------------------------------------------------m=3 
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Call geomApp.GetDocument().GetAssembly().GetItem("Sketch").CreateArc(0, 0, x_talp2InfPolMic, y_talp2InfPolMic, x_talp2SupPolMic, y_talp2SupPolMic) 'Stator -inferior pole shoe -inferior line Call geomApp.GetDocument().GetAssembly().GetItem("Sketch").CreateLine(R_Shaft, 0, R_extStat, 0) 'Statorinferior pole shoesuperior line ArcTalpPol = (wS/2)/(R_ShaftJugPol) x_TalpPol1End = R_ShaftJugPol*cos(ArcTalpPol) Call app.GetModel(0).GetGroupList().CreateGroup("Coil U Dw") For i = 1 to Ns/3 refarray(0,0) = u1 refarray(0,1) = off_state refarray(1,0) = u2 refarray(1,1) = off_state refarray(2,0) = u3 refarray(2,1) = on_state refarray(3,0) = u4 refarray(3,1) = on_state refarray(4,0) = u5 refarray(4,1) = off_state refarray(5,0) = u6 refarray(5,1) = off_state Call app.GetDataManager().GetDataSet("Switch_U-").SetTable(refarray) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U-CurrentLimit").SetValue("XType", 13) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U-CurrentLimit").SetValue("Period", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U-CurrentLimit").SetValue("t1", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U-CurrentLimit").SetValue("t2", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U-CurrentLimit").SetValue("CurrentMax", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U-CurrentLimit").SetValue("CurrentMax", Imax) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U-CurrentLimit").SetValue("CurrentMin", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U-CurrentLimit").SetValue("CurrentMin", Imin) 'Switch U+ Call app.GetDataManager().GetDataSet (10).SetName("Switch_U+") ReDim refarray(5,1) refarray(0,0) = u7 refarray(0,1) = off_state refarray ( Call app.GetDataManager().GetDataSet("Switch_U+").SetTable(refarray) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U+CurrentLimit").SetValue("XType", 13) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U+CurrentLimit").SetValue("Period", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U+CurrentLimit").SetValue("t1", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U+CurrentLimit").SetValue("t2", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U+CurrentLimit").SetValue("CurrentMax", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U+CurrentLimit").SetValue("CurrentMax", Imax) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U+CurrentLimit").SetValue("CurrentMin", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("U+CurrentLimit").SetValue("CurrentMin", Imin) 'Switch V-Call app.GetDataManager().GetDataSet(4).SetName("Switch_V-") ReDim refarray(5,1) refarray(0,0) = v1 refarray(0,1) = on_state refarray(1,0) = v2 refarray(1,1) = on_state refarray(2,0) = v3 refarray(2,1) = off_state refarray(3,0) = v4 refarray(3,1) = off_state refarray(4,0) = v5 refarray(4,1) = on_state refarray(5,0) = v6 refarray(5,1) = on_state Call app.GetDataManager().GetDataSet("Switch_V-").SetTable(refarray) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetValue("XType", 13) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetValue("Period", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetValue("t1", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetValue("t2", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetValue("CurrentMax", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetValue("CurrentMax", Imax) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetValue("CurrentMin", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetValue("CurrentMin", Imin) 'Switch V+ Call app.GetDataManager().GetDataSet (8).SetName("Switch_V+") ReDim refarray(5,1) refarray(0,0) = v7 refarray(0,1) = off_state refarray Call app.GetDataManager().GetDataSet("Switch_V+").SetTable(refarray) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V+CurrentLimit").SetValue("XType", 13) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V+CurrentLimit").SetValue("Period", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V+CurrentLimit").SetValue("t1", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V+CurrentLimit").SetValue("t2", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V+CurrentLimit").SetValue("CurrentMax", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V+CurrentLimit").SetValue("CurrentMax", Imax) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V+CurrentLimit").SetValue("CurrentMin", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("V+CurrentLimit").SetValue("CurrentMin", Imin) 'Switch W-Call app.GetDataManager().GetDataSet (5).SetName("Switch_W-") ReDim refarray(5,1) refarray(0,0) = w1 refarray(0,1) = off_state refarray(1,0) = w2 refarray(1,1) = off_state refarray(2,0) = w3 refarray(2,1) = on_state refarray(3,0) = w4 refarray(3,1) = on_state refarray(4,0) = w5 refarray(4,1) = off_state refarray(5,0) = w6 refarray(5,1) = off_state Call app.GetDataManager().GetDataSet("Switch_W-").SetTable(refarray) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetValue("XType", 13) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetValue("Period", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetValue("t1", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetValue("t2", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetValue("CurrentMax", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetValue("CurrentMax", Imax) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetValue("CurrentMin", hyst_type) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetValue("CurrentMin", Imin) 'Switch W+ Call app.GetDataManager().GetDataSet (6).SetName("Switch_W+") ReDim refarray(5,1) refarray(0,0) = w7 refarray(0,1) = on_state refarray(1,0) = w8 refarray(1,1) = on_state refarray(2,0) = w9 refarray(2,1) = off_state refarray(3,0) = w10 refarray(3,1) = off_state refarray(4,0) = w11 refarray(4,1) = on_state refarray(5,0) = w12 refarray(5,1) = on_state Call app.GetDataManager().GetDataSet("Switch_W+").SetTable(refarray) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W+CurrentLimit").SetValue("XType", 13) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W+CurrentLimit").SetValue("Period", 0) Call app.GetModel(0).GetStudy(0).GetCircuit().GetComponent("W+CurrentLimit").SetValue("t1", 0) Appendix 3.A

Calculation of µWECS power losses based on barycenter method

A.1 Mechanical losses calculation

The mechanical losses caused by the friction phenomena can be estimated based on [4]:

From the tip speed equation results that the rotational angular speed, Ω, can be linked to the wind speed by relation (A.2):

where 𝑘 𝑠 is a speed coefficient.

In reference to this, (A.1) can be reformulated as:

with 𝐶 𝑚𝑒𝑐ℎ = 𝑘 𝑠 2 𝑓 𝑤𝑡 .

Presuming 𝐶 𝑚𝑒𝑐ℎ is constant within one region, the sum of mechanical loss for all the points (p) in the considered region (r) can be expressed:

As 𝐶 𝑚𝑒𝑐ℎ,𝑟 is assumed constant, it can be computed for any point of the region, but the barycenter of the considered area is preferred:

with 𝑣 𝑤,𝑏 = 〈𝑣 𝑤 〉 𝑟 and Ω 𝑏 = Ω 𝑟 the rotational speed computed for the wind speed 𝑣 𝑤,𝑏 .

In the end the mechanical losses result as:

requiring Ω 𝑟 , 〈𝑣 𝑤 〉 𝑟 , 〈𝑣 𝑤 2 〉 𝑟 for their resolution.

A.2 Copper losses assessment

The copper loss Pj, as a time-varying function, can be expressed for the semianalytical model as:

From (A.7) the average copper loss can be found by determining the RMS value of one period (0 ≤ t ≤ T) of the function through relations (A. represents the equation which determines the quadratic mean for each phase current. If assumed that the phase currents have the same RMS value the losses in the stator windings become:

From the turbine power equation it is assumed that the electromagnetic power of the BLDCPM generator is proportional to the cube of the wind speed. Therefore, the torque can be also considered proportional to the square wind speed as in (A. [START_REF] Østergaard | Battery energy storage technology for power systems-An overview[END_REF]) and linked to the RMS current by (A.14):

where 𝑘 𝑤 , 𝑘 𝑡 are speed and torque coefficients.

In this context, (A.12) becomes: 
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