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Notations and Definitions

General acronyms

BDFRM Brushless doubly fed reluctance machine
BLDCPM Brushless DC permanent magnet

CIG Cage induction generator

DFIG Doubly fed induction generator

EMF Electromotive force

FE Finite element

IGBT Insulated gate bipolar transistor

MOSFET M etal—oxide-semiconductor field-effect transistor
MPPT Maximum power point tracking

PM3G Permanent magnet synchronous generator
PWM Pulse width modul ation

UWECS Micro-wind energy conversion system

Micro-wind turbine notations

Tt : Active torque provided by the turbine [N.m]
Pair Air density [kg/m3]

vyt Base/nominal wind speed [m/s]

Vip * Cut-in wind speed [m/s]

Vmax Cut-off wind speed [m/s]

fwt ¢ Friction coefficient (N.m/rad)

Gy Power coefficient of the turbine

Ry : Radius of the turbine rotor blades [m]
]: Rotor inertia [kg.m2]

A Tip speed ratio coefficient

v, Wind speed [m/s]

Generator notations

g: Air gap thickness [mm]

Bry : Amplitude of the magnetic flux density in the generator’s rotor yoke [T]
Bpm Amplitude of the magnetic flux density in the permanent magnets [T]
B, : Amplitude of the magnetic induction in the stator tooth [T]

epn Back-EMF voltage[V]



Notations and Definitions

keddy :
fele :
khys :
PFe_eddy :

PFe_hys :
kst :

Back-EMF voltage coefficient

Base or nominal power of the generator [W]

Bore diameter [mm]

Copper filling coefficient

Copper losses [W]

Copper resistivity at 0° C [Q'm]

Current density in the conductors [A/mm?]

Density of the copper [kg/m3]

Density of the permanent magnets [kg/m3]

Density of the stator and rotor yokes [kg/m3]

Density of the stator teeth [kg/m3]

Depth of the main stator tooth [mm)]

Eddy current loss coefficient obtained from manufacturer data
Fundamental frequency of the machine [Hz]

Hysteresis loss coefficient obtained from manufacturer data
Iron (eddy) losses [W]

Iron (hysteresis) losses [W]

Laminated filling factor

L eakage coefficient

Magnetic length of the machine [mm]

Magnetic length of the machine [mm]

Mechanical losses [W]

Mutual phase inductance [H]

Neutral voltage [V]

Number of generator pole-pairs

Number of dots

Peak electromagnetic power [W]

Peak electromagnetic torque [Nm]

Peak phase current [A]

Peak value of the magnetic flux density inthe air gap [T]

Peak value of the magnetic induction in the generator’s stator yoke [T]
Phase back-EMF peak voltage [V]

Phase current [A]



Notations and Definitions

Phase resistance [ohm]

Phase self-inductance [H]

Phase to neutral voltage [V]

Ratio between the length of the rotor on the one of the stator
Relative magnetic permeability

Remnant induction of the magnets[T]

Rotational mechanical speed of the turbine/generator [rad/s|
Stator phase windings notation

Stator radius [mm]

The medium length of ahalf turn [mm]

Thermal coefficients of the permanent magnets and copper
Thickness of the intermediate pole shoe [mm)]

Thickness of the main pole shoe [mm]

Thickness of the permanent magnet [mm]

Thickness of the rotor yoke [mm]

Thickness of the stator yoke [mm]

Total number of conductors carrying current

Widening of the intermediate stator tooth [rad]

Widening of the main stator tooth [rad]

Widening of the permanent magnet [rad]

Width of the intermediate stator tooth [mm]

Width of the main stator tooth [mm]

Power €ectronic converter notations

Veg *
Tcomm :

Pcond_IGBT :

Collector-emitter voltage of the IGBT [V]
Commutation time of the machine [g]
Conduction lossesin the IGBTs[W]

DC busvoltage[V]

Falling transit time [

Forward ON-voltage in the diode [V]
Modulation factor (0 < f,5q < 1)
Nominal current of the IGBT [A]

Nominal voltage available in the machine [V]



Notations and Definitions

Veeo ¢

t,

Pdiode :

fow

Py 1687 ¢
I CC(test) :

VCC(test) :

Ip ave
I¢ rus ¢
Eorr ¢

Eon ¢

ON-state, zero current collector-emitter voltage [V], obtained from the
manufacturer datasheet

Rising transit time [

Switching and commutation losses in the diodes [W]

Switching frequency [Hz]

Switching lossesin the IGBTs [W]

Test current [A]

Test voltage[V]

The average forward current of the diode during phase commutation [A]
The current during the 120° switch conduction period [A]

Turn-off switching losses [J]

Turn-on switching losses [J]

Notationsfor the optimization methodology

GA
OF
SAb
U

Genetic algorithm

Optimization function

Semi-analytical model with barycenter method
Surrogate model



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 WWECS 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 quasi-
trapezoidal 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 pWECS 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 farly important. The more design variables and constraints, the higher the model
evauation 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 p(WECS are of main concern.

It is now possible to provide an overview of the aims set for this thesis, which are to
() analyze and develop a simulation model of the wind system, aswell 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.



Genera Introduction

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

In chapter 2 the basic models of tWECS 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
UWECS 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 aso conducted in order

to observe how some output quantities of the ytWECS 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 set-
up used and on the practica operational results obtained for the three-phase outer rotor
BLDCPM machine prototype.

In the last part, genera conclusions of the thesis are drawn and some suggestions for

future work in the same area are given.

10



Chapter 1

Brushless DC Permanent M agnet Generator for

Micro-Wind Turbine Applications

1.1 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
technol ogies. 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. Dueto thisfact, an exponential increase over the last two decades has been noted in the
size of commercia 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].

432560

37009
318971
I
283145
]
237891
|
197731
158920
121003
93908
769
31412 39363
17684 265644 |
4800 115 7584 93“2 3450, .

1995 1996 1997 1998 1999 2000 1001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015*
* Estimate. Source: EurObserv'ER 2016.

Fig. 1.1. Total cumulative wind power capacity installed worldwide since 1995 (MW) [2]

This development of thewind markets and nevertheless of al renewable energy markets

is motivated by the environmental issues emerged over the last years, like air pollution and

11



Chapter 1 Brushless DC Permanent Magnet Generator for Micro-Wind Turbine Applications

climate changes due to CO, emissions, as well asfor 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 (1EC) standard IEC 61400-2 definesthe
small-scale wind turbine as having a rotor swept area of less than 200 m?, leading to a rated
power up to 50 kW delivered at avoltage below 1 kV AC or 1,5kV DC. Asasub-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?,
1.2  Micro-wind energy conversion systems

The micro-wind energy conversion system (WWECS) generates el ectricity by converting
the kinetic energy from the wind into electrical energy. The micro-wind turbine, which is the
main mechanical component of the yWECS, captures the energy from the moving wind by

means of rotor blades and transfers it to the generator.

ﬂrwhummnurmum“
2% the shaft

Gﬂﬁlﬂhﬂﬁhﬂﬂw )
ﬂmlmrumﬁlmmmtﬂm

' © Electricity is connected directly to the mains power

) Or connected to a battery bank

) Or connected to the electricity grid

Fig. 1.2. Pictoria representation of a micro-wind energy conversion system (WWECS) [5]
12



Chapter 1 Brushless DC Permanent Magnet Generator for Micro-Wind Turbine Applications

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). Severa 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 fWECS can be categorized according to the power that they
produce or convert intwo 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 yWECS different combinations and designs of the
above components can be encountered, resulting into severa WECS configurations that have
been devel oped and which are further described below.

A simple classification of the micro-wind turbines can be made in terms of their rotor-
axis 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.

@ ®)

Fig. 1.3. Micro-wind turbine structure with (&) horizontal-axis and (b) vertical-axis
orientation, respectively [7]
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Chapter 1

Brushless DC Permanent Magnet Generator for Micro-Wind Turbine Applications

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

Accessto 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 cablefromthetop of tower to
ground

Orientation required (yaw control)

Vertical-axis
micro-wind
turbine

Lower instalation 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 optionsfor power regulation
at high wind speeds

However, as specified in [1], the main classification criterion of pWECS topologiesis
represented by the drive train configuration. A brief schematic representation based on this
criterionisgivenin fig. 1.4, followed by a description of several utWECS topologies that have

been devel oped over the recent years.

Fixed Speed

Micro-Wind Turbine System

Limited
Variable
Speed

Partial Scale
Power
Converter

Variable
Speed
I\.

Full Scale
Power
Converter

A
|

Direct

Gearbox

Drive

Fig. 1.4. Classification of micro-wind turbine systems based on drive train topology
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Chapter 1 Brushless DC Permanent Magnet Generator for Micro-Wind Turbine Applications

A. Fixed speed drive train topology

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 semi-

variable and variable speed micro-wind turbine systems. [8].

Wind
| turbine
SCIG
R f
_?«_. _1_0 —
(‘l t_J
r B
Capamorr"’"hm"

Fig. 1.5. Fixed-speed micro-wind turbine system topology based on cage induction generator
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 scae 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

15



Chapter 1 Brushless DC Permanent Magnet Generator for Micro-Wind Turbine Applications

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].

| Wind

turbine
‘ DFIG / BDFRG

-0

. N,
Gearbox Power
Converter

s

— -J o —

Fig. 1.6. Variable-speed micro- wind turbine system based on DFIG and partial-scal e power converter

More recent studies [9] aso 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 savingsin
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 low-
speed brushless machine, the PMSG has become well-suited for direct-drive micro-wind
applications (fig. 1.7) [8].

16
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PMSG/SCIG/
WRIG

~
: Power

'- — | Converter| —H— | c ——
~

Transformer

Fig. 1.7. Variable-speed micro-wind turbine system with full scale power converter
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 stand-
alone (off-grid) requirements. They incorporate IGBT or MOSFET power devices, which are
usually controlled through pul se-width-modulated (PWM) signalsand 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 topol ogiesthat can be used
in back-to-back combination are presented in fig. 1.8. The complexity and increased cost of
power converters with morethan threelevels, i.e. multi-level converters, do not justify their use

in the micro-wind turbine systems.

Back-to-Back
(BTB) Connected

Converters

v v

Low Voltage Medium Voltage
(LV) Converters
|=——
I Para!ld I Pdraliel I
’ LN Swilches Modules

(MV) Converters

Currcnt Source |

Voltagc. Source

Converters Converters
Scrms 3L dnd 4L 3L Active 3L and 4L
Switches Diode-Clamped INPC Converter | | FC Converter |

Fig. 1.8 Classification of back-to-back power electronic converters (V SC: voltage source

converter, NPC: neutral-point clamped, FC: flying capacitor, 2L: two-level, 3L: three-leve,

4L: four-level) [8]
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Passive or unidirectional power converter topology has also been proposed in the
technical literature [11], [12]. The passive solution comprises adiode rectifier for the generator
side and avoltage-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 linein fig. 1.9)
has to be considered as DC-link for maximizing the power delivered by the micro-wind turbine.

Certainly, amore complex power converter design comes with improved performances
but with higher cost of the overall system. Asthereis 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.
: ‘k} Transformer
— | & K = H~1E () oo
| | f— -_;m-l | \
-3 Fiw
e Filter

|
J

Fig. 1.9. Full-scale unidirectiona power converter topology [12]

The grid-connected WWECS 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 uWECS is not always the preferred solution as the frequency and
voltage will continuously change.

An aternative 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) WWECS 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 [13], [14]. 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 al the electrical needs during idle periods of the stand-alone micro-wind turbine system.

However, if the average annua 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.
1.3  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 (WECS) 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)
Drivetrain design

>

>

» Operating wind speeds

» Type of eectric generator and associated power electronic converter
» Control methods

>

Manufacturing and maintenance cost

Severa 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 uyWECS 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.

Three-blade Brushless DC AC/DC power
micro-wind turbine permanent-magnet electronic converter
generator

™ [-T\!t.'

)

Fig. 1.10 Micro-wind energy conversion system (WWECS) under study

This structure can be considered as a good example of a complex uWECS 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 overal system, rather than its components separately. Therefore, the
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approach based on design optimization, which represents the objective of thisthesis, isjustified
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 isjustified by the advantages that the horizontal axis
configuration provides for the variable speed operation, i.e. reduced mechanica 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 [15] .

A direct drive configuration is preferred for the studied micro-wind turbine system as it
Is aless 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 [16], [17].

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 severa benefits for thistopology asimproved efficiency, better reliability,
longer life with less maintenance, higher power density and higher torque to weight ratio [18].

Typicaly the BLDCPM generator stator is built of steel stacked laminations for star-
connected phase windings arrangement. The number of slotsin 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, surface-
mounted, buried or inserted rotor-PM arrangement. Asreported in [19] and [20] 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 proportiona 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 severa factorsintervene, such as manufacturing, leakage flux, material saturation, etc.
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Fig. 1.11 Idealized waveforms of the stator-phase back-EMF voltages and currents with respect to

Hall Effect
Sensors

Hall-effect rotor-position sensor waveforms

When a load is connected to the stator terminals of the BLDCPM generator,
dynamically-induced three-phase electric current flows in the common circuit of stator-phase
windings and electrical load. Therotor position relative to the stator-phase windingsis essential
to the generator, as it determines the direction and the sign of the stator-phase back-EMF and
current, hence the electronic commutation of the BLDCPM generator. The sensing of the rotor
position can be done with rotary encoders or by means of Hall-effect sensors placed in
appropriate positions in order to synchronize the current flow in the stator-phase windings with
the instantaneous rotor position (fig. 1.11).

The signal provided by each Hall sensor changes every 60° electrical degrees, therefore
only six steps are needed to complete an electrical cycle, during which only two out of three
phases are conducting for 120" electrical degrees. The quasi-rectangular three-phase stator-
armature currents are controlled to be in phase with the quasi-trapezoidal stator-phase back-
EMF voltages, thus producing unidirectional constant electromagnetic torque. However, the

ideal constant electromagnetic torque cannot be achieved in practice due to cogging torque and
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torque ripple phenomena. Cogging (or detent) torque is present even for zero-current in the
stator-phase windings, while the torque ripple is mainly due to the stator-phase current
commutations occurring every 60" electrical degrees.

The power electronic converter associated to BLDCPM gener ator is represented by
the conventiona three-phase full-bridge rectifier with six commutation power electronic
devices with anti-parallel mounted diodes, as shown in fig. 1.12. The basic electronic control
of the stator-phase currents is usualy done by pulse width modulated (PWM) signals applied
to the rectifier power electronic devices (IGBTSs) in accordance with the switching pattern,
which relies on the information provided by the Hall-effect rotor-position sensors. The
information from the sensors allows the division of an electrical cycle into six states/sectors of
60" electrical degrees. Each sector, in its turn consists of (i) a commutation interval, during
whom all three phases are active because of the remaining freewheeling current in the phase
just switched-off and (ii) a conduction interval with only two phases energized according to the
operating states of the PWM rectifier.

Generator - E_
Windings = | vde
B &y C

'Y
l‘li 3#4? SII‘E*

Converter Command

Fig. 1.12. Three-phase star-connected BLDCPM generator with associated active rectifier
1.4 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 alows 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:
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» 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
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Chapter 2

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

|ts Optimization

2.1 Introduction

Establishing the right level of modeling which alows 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 isto
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 along-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)

In the last part a simulation process of the overal 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.
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I WA KA KA
X el e —
FCTOSESIRT G - (/e N | | cs
Barycenter Histogram - l |
method . .. . /ﬁ' ol ey SR N
y ol e Bl e
/ /

B i B B e S P @
¢ ¥, Micro-wind energy conversion system | “
| / / 4
: / . 1
1 : v
| n Talal

\ —t ! H '
I “J’:‘h\l“il“uhhi%‘hJ} i ' ' N
), Pinispecd Wind turbine Electrical Power ConstantDC |
'\ 1 profile 3 generator converter bus voltage P
\KR&
‘\\
\—.‘
; HG R L l"
5 B2 R R
E N ; WM
\ : . B
P Mechanical IS R g
equations ; @ 5 o
Finite elements Equivalent circuit

Fig. 2.1. Retained architecture of the micro-wind energy conversion system
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The architecture of the yWECS is depicted in fig. 2.1 and it consists of the following
models that were devel oped and analyzed in thisthesis:

e The long-term wind speed profile which will be examined in the third part of the
thesisin view of itsreduction

e 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

e 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

e The DC buswhich is considered to have a constant voltage
2.2 Modeling description of the yWECS components
2.2.1 Micro-wind turbine model

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

Pyt = 0.5p4 TR C, (D vy, 2.1
where
Pair Air density [kg/m?]
Ry:: Radius of the turbine rotor blades [m]
Cp Power coefficient of the turbine
A Tip speed ratio coefficient
Yy ¢ Wind speed [m/g]

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 asin (2.3).

C,(4) = —3.98- 1078-17—-4.21-107%-2°+21-107*-1>-3.1-1073

At +1.64-1072-23 - 0.0176 - A2 + 0.0174- 21— 1.93- 1073 (2.2)
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QR
A=W (2.3)
UW
with
0: Rotational mechanical speed of the turbine/generator [rad/s|
0.5
0.4
g 0.3
é 0.2
0.1
0 =
0 2 4 6 8 10 12
Tip speed ratio ()

Fig. 2.2. Wind turbine power coefficient as a function of tip speed ratio

From fig. 2.2 it can be observed that the optimum value of the power coefficient is
Cp max = 0.441 a an optimum tip speed ratio of A,,, = 6.9.

Based on the above, the power characteristics of the turbine as a function of rotational
speed have the waveforms as depicted in fig. 2.3. It can be noticed that the optimal power
extraction varies with the changing of the wind speed.
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Optimal power
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k X
\\
| [ [ \
0 20 40 60 80 100 120 140

Rotational speed [rad/s]

Fig. 2.3. Power characteristics of amicro-wind turbine for several wind speeds

The operation areas of the wind turbine can be classified based on the wind speed,
resulting into three main regions. low-speed, MPPT (maximum power point tracking) control

and high speed, as presented in fig. 2.4. The wind turbine starts the operation at a cut-in wind
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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 a which the generator aso
achieves its nomina power. A MPPT strategy is therefore adopted in this region, which
corresponds at an operation at Cy, 4, ad A,,,. 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.
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Fig. 2.4. Operation regions of a micro-wind turbine
2.2.2 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.

2.2.2.1 Dimensional features of the BLDCPM gener ator

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].
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These equations, given in Appendix 2.A, are found on the geometrical quantities listed

in table 2.1 and presented in fig. 2.5, making possible to determine the dimensional and

electrical parameters required by the simulation models.

Table 2.1. Main geometric parameters of the BLDCPM generator

Stator radius [mm]

Magnetic length of the machine [mm]

Air gap thickness [mm]

Width of the main stator tooth [mm]

Width of the intermediate stator tooth [mm)]

Depth of the main stator tooth [mm]

Thickness of the permanent magnet [mm)]

Thickness of the stator yoke [mm]

Thickness of the rotor yoke [mm]

Thickness of the main pole shoe [mm]

Thickness of the intermediate pole shoe [mm)]

Widening of the main stator tooth

Widening of the intermediate stator tooth

Widening of the permanent magnet

Fig. 2.5. Geometric model of the BLDCPM generator
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few assumptions have to be considered when performing the calculations:

Given the fact that some of the sizing equations recline on severa input parameters
(which are fixed and will not be considered to be optimized) related to the material properties,

» Thedlot copper filling coefficient is set to kr= 0.5

» The stator’s laminated filling factor is considered kg = 0.95

» The remnant induction of the magnets is chosen Br = 1 [T] wheresas their relative

magnetic permeability is equal to pr = 1.05
» The shape of the magnetic induction in the air gap is considered ideal

2.2.2.2 Analytical simulation model

The analytica 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.

Asit computes only peak or mean values its best feature resides in the fast ssmulation time (as

it will be seen in the simulation subchapter 2.3), whereas its inability to predict some

phenomenain the currents and torque waveforms represents its main disadvantage.

Severa 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:

where

~

)

®
3

-1
3

N

E=k0
p = fem
2F

Tom = 2koI

Phase back-EMF peak voltage [V]
Back-EMF voltage coefficient
Peak phase current [A]

Peak electromagnetic power [W]
Peak electromagnetic torque [Nm]

(2.4)

(2.5)

(2.6)
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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 (2.3), whereas its developed
electromagnetic power is assumed to derive from (2.1) considering the optimum power

extraction from the wind speed:

Aoptvw
Q=——- (2.7)
th
0; Vw < Vin» Vw = Umax
~ T 5 Cp_opt 3 ~
Pem = Epaiert /13 Q° — Pmech: Vin =V S Vp (2.8)
| opt
k Pb - Pmechf Vp < Uy < Umax
with
Py, : Base or nominal power of the generator [W]
Pooch Mechanical losses [W]
Vip Cut-in wind speed [m/g]
vy Base/rated wind speed [m/s]
Vmax Cut-off wind speed [m/9]

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 phasesis not explicitly taken into consideration.
2.2.2.3 Semi-analytical smulation 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:
»  Thematerias saturation effect is not accounted for

»  The resistances and inductances of the three-stator phase windings are

considered identical and constant
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»  The trapezoida back-EMF voltage shape is presumed idea and
identical in al 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]:

. diph(t)
vph(t) = Rphlph (t) + (Lph - M) d—t + eph(t) + Vp (t) (2-9)
V() = 5 (% Vape(t) — X eape () ) (2.10)
() +ip(©) + (1) =0 (2.11)
with
Vpp Phase to neutral voltage [V]
Ryp : Phase resistance [ohm]
Ipp Phase current [A]
L pp: Phase self-inductance [H]
M : Mutual phase inductance [H]
epn Back-EMF voltage [V]
(7 Neutral voltage [V]
ab,c: Stator phase windings notation

The trapezoida back-EMF voltages of the generator depend on the rotor position 6, 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:

(SE) 0, 0<6,<T/g —E, 0<6, <7/,
~ 6 A ~
E T/ <6, <57/, (;E) 6, —4E, T/, <06, <57/,
e (6,) =4 — SE) 6, +6E, ST/ <6, <7T/, e,(6,) =" E, 5/ <6, <9/,
-E, /e <6, < 1m/ (2E)6, + 128, 97/ <6, <117/,
(2B)6, — 12E, 117/ <p, <2n -E, Hm/ <6, <2m
E, 0<6,<T/g
6 A ~
~(2E)6, +28, T/g <6, <7/,
e.(6,) = -E, Ty <6, <77/ (2.12)
6 A ~
(E)6, —8E, 7T/ <6, </,
\ E, 9”/6 <6,<2m
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From these, the electromagnetic power and torque developed by the generator can be
computed based on:

Pem(t) = ea(t)ia(t) + €p (t)ib (t) + ec(t)ic(t) (213)
1
Tem(8) = mPem(t) (2.14)

For the electro-mechanical connection part between the wind turbine and the machine,
using the generator convention, equation (2.15) introduces the dynamic behavior of the
assembly. However, such arelation is not required if a constant rotor-speed operation (steady-
state) is employed, since the above equations can be resolved directly for currents and

electromagnetic torque.

Tt () = Tom(®) = e f2(6) = ] 2 @.15)
where
Tt : Active torque provided by the turbine [N.m]
]: Rotor inertia[kg.m?]
fwt Friction coefficient (N.m/rad), equal to 0.025.

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].
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 signa between a reference power and the power delivered by the generator
is processed with the help of a Pl 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.
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Table 2.2. Reference phase currents vs. rotor position

Sector 0, Iy ref Ip yer I yer
1 330° —30° 0 —Lres Loy
2 30° —90° Lyes —Lper 0
3 90° — 150° Ly 0 Ly
4 150° — 210° 0 Lees —lrer
5 210° — 270° —Lyes Lyes 0
6 270° — 330° —lrer 0 Lyes

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]:

Ai =

Vie 1
11,1
R

(2.16)
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where
t,: Rising transit time
tr: Faling transit time

If the two transit times are assumed equal for the IGBT-rectifier switching period
Tr (WithTg = 1/fz andfiz = figer ) then (2.16) becomes[9]:

Vdc

Al =
‘T 2Lf,

(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, .., + Ai/2 the output of the hysteresis comparator signals the upper transistor
T5 to turn off, alowing the current to decrease slowly through the lower diode D6 until the
lower limit i, .., — Ai/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 aso the beginning of the commutation interval. The same regulation

principleis applied for each of the other phases as well.
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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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The passage from a conduction operation sector to another is accomplished by
interchanging the generator’s phases, also known as the commutation interva (fig. 2.7-b)
when the current flows through all the three stator windings. Two distinct current paths can be
observed during thisinterval:

» The main current path (red line) is through the corresponding two series
connected phase windings of the sector under consideration and via their
equivalent power devices, e.g. b-phase and c-phase windings with their
corresponding T4, respectively T5 transistors

» The second path of the current (green dotted line) is the one through c-phase
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,.) fulfills one of the following inequalities:

Vie < 4AE or V. > 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 ssimulations 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 sectorsasin [10].
2.2.2.4 Finite element-based numerical model

As neither the analytical nor the semi-analytica 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
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huge evauation time making it a displeasing strategy to be considered in optimization.
Nevertheless, it can be used outside the optimization loop as a validation model in order to
refine the obtained results. Another good feature of the numerical model is that it gives the
possibility to validate some physical quantities such as flux densities, inductances etc.

The FE-discretized cross-sectional model of the BLDCPM generator (fig. 2.8) was
created based on the dimensional parameters of a reference machine and subjected to
numerical field analysis by means of IMAG Designer software [11]. Several steps need to be
followed for creating the model in IMAG, i.e. to create the geometry, set the materialsin each
part of the generator, to create the winding configuration, set the conditions, generate the
mesh, model the electrical circuit; this is time-consuming and also difficult. Therefore, a link
has been created between IMAG Designer and Matlab through a script file based Visual Basic
language which facilitates the automatic configuration of the generator design and associated
electric circuit in a short period of time, alowing also to modify the input specifications, to
implement the conditions, to perform a transient analysis upon the model and to save the
results in Excel files, which can be easily visualized afterwards in Matlab software. The
interface created with Matlab is a text file, each line containing a value for the considered
input data.

The script for the operation at load conditions of the reference machine in IMAG
Designer is provided in Appendix 2.B. It was meant as a general script, there forth it can be
used to analyze other topologies for this type of machine with outer rotor configuration, by
simply changing the geometrical dimensions.
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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.
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Fig. 2.9. Electric circuit of the FE 2D model

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.

Table 2.3. Active materials used in the FE-modeling of the BLDCPM machine

Part Material data
Stator core JFE Steel: 50IN400
Rotor core JFE Steel: 50IN400

Permanent magnet

Reversible NdFeB

Radia Pattern (Circular Direction)

Winding

Copper

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 partsis set to 4 mm. A transient analysisis 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
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to observe the behavior of several parameters of the machine that are going to be presented in

section 2.3.
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].

Table 2.4. Parameters of the reference BLDCPM machine

Parameter Value
Bore diameter D, 189 [mm)]
Airgap g 0.8[mm]
Magnetic length of the machine L,, 45 [mm]
Width of the main stator tooth [, 20.617 [mm]
Width of the intermediate stator tooth I, ;,; 4.123 [mm]
Depth of the main stator tooth h;, 24.934 [mm]
Thickness of the permanent magnet h,,,, 4.091 [mm]
Thickness of the stator yoke h,, 23.194 [mm]
Thickness of the rotor yoke h,., 17.413 [mm]
Thickness of the main pole shoe h,. 3.467 [mm]
Thickness of the intermediate pole shoe k. i 3.591 [mm]
Number of pole pairsp 6
Number of slots N 9
Current density 8¢y 3 [A/mm?]
Phase resistance R, 0.036 [Q]
Phase inductance L, 1.353 [mH]
Base electromagnetic torque T,,, 20 [Nm]
DC busvoltage V. 120[V]

A more detailed view of the flux densities aong 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 appearsin
the stator tooth when in aligned position with the surface mounted permanent magnets on the

rotor.
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Fig. 2.10. Magnetic flux-line distribution and flux density results of FEanalysis

In order to analyze some parameters the analytical, semi-analytica and FE models
were simulated for the base operating point, which corresponds to the rated speed of 490
[rpm], equivalent to a 9.3 [m/s] wind speed. To be noted that the simulations of the semi-
analytical and FE models are considered dynamic in their nature (even if performed at steady
state) due to the fact that they analyze the behavior of the machine during one
electrical/mechanical cycle operation.

The waveforms of the back-EMF voltages are presented in fig. 2.11 for the semi-
analytical and FE models. As a note for the electromagnetic parameters presented throughout
this subchapter, because the analytical model is not time dependent, the instant values
obtained with this model will only be listed in table 2.5 for comparison to the values obtained

with the other two models.
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Fig. 2.12. FE-computed and semi-analytically obtained three-phase stator-current and el ectromagnetic

torque waveforms of the BLDCPM reference machine

The stator-winding phase-current and el ectromagnetic torque waveforms are presented
infig. 2.12 (a, b), obtained for the DC-bus voltageV,;. = 60 V.

As it can be seen from fig. 2.12, a peak in the current waveforms appears if the V..
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 (el ectromagnetic
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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 Pl 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 torgue 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 el ectromagnetic 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.

Table 2.5. Results comparison between the models of the BLDCPM machine for the Vdc = 60 V

Parameter BLDCPM M achine models
Analytical® | Semi-analytical Numerical

a-Phase Back-EMF voltage e, [V] @ 20.38 20.39 23.71
Electromagnetic torque T,,,, [N.m] @ 19.49 20.4 21.63
Electromagnetic torque ripple AT, [N.m] @ 0 3.38 15.67
a-Phase current I, [A] @ 24.54 29.42 33
a-Phase current overrun Al [A] 0 52 9
Simulation time 8e-5[9 3[9 ~ 1 [h] 30 [min]

(1) Instant value

(2) Maximum value over period operation

(3) Average value over one period operation

(4) Cdlculated as AT,,,, = max(T,,,) — min(T,p)
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Fig. 2.13. Errors for average electromagnetic torque and maximum current in FE-based, semi-
analytical, analytical models vs. CPU time in logarithmic scale

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.
24  Conclusions

In this chapter the components of the WWECS 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.
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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-anaytical model have been
discharged and reshaped for faster usage, resulting into the analytical model. Asthis 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-anaytical model, which implies the need for analyzing several methods that can help in
reducing the wind-speed profile and integrating it in the cal culation procedure of the uWECS.
This enquire will be done by the upcoming chapter.
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Appendix 2.A

Sizing Model of the BLDCPM Gener ator

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.

Fig. A.1 Geometric model of the BLDCPM generator

The bore radius R, of the stator helps in resolving the several geometric relations that
characterize the generator. Starting from the assumption that the flux linkage of one cail
versus the rotor position presents a linear variation, the expression for the amplitude of the
back-EMF has the following form [7]:

Epp = %EQZRSLmQ (A1)
where
zZ: Total number of conductors carrying current
Bg : Peak value of the magnetic flux density inthe air gap [T]
Ly : Magnetic length of the machine [mm]

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,;. and k,, coefficient, the latter one representing the ratio
between the half of the DC bus voltage and the back-EMF one at base speed operation:

o Ve
E . =
Ph " 2k,

(A.2)
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For a generator with radial magnetic induction in the air gap and magnets, presuming a
constant air gap thickness, it can be assumed that the magnetic induction in the air gap
presents an ideal waveform as in fig. A.2. This makes possible to define the opening of the
main (a) and intermediate (a;,;) Stator tooth and the width of the magnets (8) so that the

flux to be maximum:
B = (A3)

with

Fig. A.2 Ideal waveform of the magnetic induction in the air gap

From the above and based on the flux conservation between a magnet and the main

stator tooth, the peak value of the magnetic flux density in the magnet can be calculated as:

Bpm _ §gaRS (A4)
B(Rs + g)Tsky
where
g: Air gap thickness [mm]
Thg Ratio between the length of the rotor on the one of the stator (1 < 1. < 1.2)
kg Leakage coefficient set to 0.8

Further on, the dimensions of the generator can be determined based on the following

relations:
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> Thewidth of the main (l,;) and intermediate (I, ;) Stator tooth:

A~

Bg
len = =— aRy (A.5)
Bin
Bg
lth_int = B_aintRs (A.6)
th
with
B, : Amplitude of the magnetic induction in the stator tooth [T]
» Thethickness of the main pole shoe:
B, (a l l
g .1 th .1 th
=== (=- 1- A.
e [Bth (2 sin (ZRS)) Rsl Ry [ cos (Sm (ZRS))] (A7
» The number of stator slots (N, ):
3
N = Ep (A.8)
» The depth of the main stator tooth (h,;,) from the slot area:
Agior = hen[2m(Rs — €p) — whe — Nglep] (A.9)
3 1
Aslotkr = EZE (AIO)
with
6: Current density in the conductors [A/mm?]
k, : Slot filling coefficient: set to 0.5

> Thethickness of the main (h.) and intermediate (h, ;) Stator pole shoes:

hy=— __p(—1 ___1 A1l
©~ cos(a/2) ° (cos(a/Z) B ) (A-11)
he ine = Rs[1 — cos(@int/2)] + hc cos(@n:/2) (A.12)

> Thethickness of the stator (ks ) and rotor (k) yokes:

1B
hey = ==2 Ly, (A.13)
2 By,
1B
hry =55 BRs +9) (A.14)
ry
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where

Esy :  Peak value of the magnetic induction in the generator’s stator yoke [T]
Amplitude of the magnetic flux density in the generator’s rotor yoke [T]

B, : Amplitude of the magnetic flux density in the permanent magnets [T]

» Theexterior (D,,.) andinterior (D;,;) diameters:

Dint = 2Rs — 2(ep + hyp + hgy) (A.15)
Dext = 2Rs + 2(g + hym + hyy) (A.16)
with
hpm : 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 (Tpm = TCO) helps in
determining the thickness of the permanent magnet (based on a ssimplified equation of the

Ampere’s law at no-load operation) and to determine the phase resistance of the generator:

o [Bym — Br(1 + apmTym) | rpm + Byg = 0 (A.17)
z o)
Rph = peo(1+ acoTeo) ELths 7 (A.18)
where
Hpm Relative permeability
B, : Remnant induction of the permanent magnetsat 0° C [T]

apm, Qco ¢ Thermal coefficients of the permanent magnets and copper respectively

Pco * Copper resistivity at 0° € [Q-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:

1 ZImax Bc ﬁ( 29)
B. —B.(1 T h —+— 1+ — k =0 (A.
.uo.upm [ [ r( + apm pm)] pm + 4p + Lo + ZRS TrsKikd ( 9)
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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 (1,,) and from

the fluxesin the slots (1)5) and in the pole shoe(y,; ):

3
Lon =59 + 2(Ys + ¥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, ), teeth (M,;) and

copper windings (M,,,)

Mgy, = dgymhg, [2(Rs — €5 — hyp) — hsy|Lim (A.21)

e,+h he.ine + h
b (o c_int c) Rs] Lm (A.22)

Mgy, = dp N [(lth + lth_int)hth + (a > + Aint )

3 7T
M, = dg, EZELths (A.23)

» The mass of the permanent magnetsis:
Mpm = dpmpﬁhpm [hpm + Z(Rs + g)]LmTrs (A.24)
» The mass of the rotor can be calculated as:

M,y = dpymthyy[Ary + 2(Rs + €4 + Rpm) | LinTrs (A.25)

Density of the stator and rotor yokes [kg/m?]
dep Density of the stator teeth [kg/m®]

deo * Density of the copper [kg/m?]

dpm Density of the permanent magnets [kg/m°]
Lips The medium length of a half turn [mm]

Finally, the total mass of the generator results as:

My tor = Mgy + My, + Moo + My, + My, (A.26)
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Appendix 2.B

VBScript for the Pre- and Post-Processing in IMAG Designer of the
BLDCPM Generator

" IMAG-Designer Script

‘Created by ZAHARIA ANDREEA 21.03.2016

Set designer = CreateObject("designer.Application.140")

Set designerstarter = CreateObject ("' designerstarter.InstanceManager™)

Set 0objFSO = CreateObject(" Scripting.FileSystemObject”)

Const ForReading = 1

Set objFile = objFSO.OpenTextFile("F\ANDREEA ASUS\DOCTORAT\MatlabJmag\BLDC _inputs.txt",
ForReading)

strContents = objFile.ReadAll

Execute strContents

drawing and simulation of complete machinein 2D

" Dist_cails - distance between coil and interior pole shoe (mm)
DistMag - distance between magnets (mm)
D_Shaft - shaft diameter (mm)
' D_extStat - stator diameter
JugS- stator yoke height (mm)
WS- main stator tooth length (mm)
hc - main stator tooth width sole (mm)
hd - stator tooth height (mm)
Ns - no. of slots
' arc_talpa - arc opening of the main stator pole shoe (rad)
alfa_i - arc opening of the intermediate stator pole shoe(rad)
li - intermediate stator tooth length (mm)
Nr - no. of magnets
hi - intermediate stator tooth width
D_intMag - magnet interior diameter (mm)
D_extMag - magnet exterior diameter (mm)
D_extR - exterior diameter of the rotor (mm)
Lm - magnetic length of the machine (mm)
turn_ph - number of turns per phase
Rph - phase resistance (ohm)
speed - machine rated speed (rpm)
Iref - rated current (A)
deltai - hysteresis band
Vdc - Vdc voltage (V)
' size part - size of mesh in machine parts
size gap - size of mesh in machine air-gap
' RadialDiv - radial divisionsin mesh properties
CircDiv - circumferential divisionsin mesh properties
" no_paralel - number of processor to be used
' casel_steps - number of steps
" casel_div - number of divisionsin simulation
Maxlter - maximum no. of iterations

INPUTS- CONSTANT VARIABLES

---- m=3'no. of phases : arc_tapa=(2*pi)/Nr : afa i=arc_tapa/5
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maxArcOpenStat = (2*pi)/Ns: R_Shaft = D_Shaft/2 : R_Shaftug = R_Shaft+JugS: R_extStat = D_extStat/2
R_ShaftugPol = R_ShaftJug+hd : R_extStatTalp = R_extStat-hc : ArcCoilOpen =

(maxArcOpenStat/2)* Dist_coils

LatPolMiclntl = (li)/R_Shaftdug : h_polMic = R_extStat-R_ShaftJug-hi

'%6%0%%6%0%%0%%0 %% %% %0%%0%%0 %% %% %% %% %% %0%6%6 %% %% %% %% %% %0 %% %% % %% %0 %% %%
‘Magnet

maxArcOpenMag = (2*pi)/(Nr) : R_intMag = D_intMag/2 : R_extMag = D_extMag/2

ArcOpenMag = maxArcOpenMag
'%0%0%%6%0%0%6%0%0%6%0%0%6%6%0%6%6%0%0%6%0%0%6%0%0%6%0%%6%0%0%6%0 %0 %% %0 %% %0%6%6%0%6%6%0%%6%6 % %% %%
'Rotor

R _extR=D_extR/2: ArcOpenRot = (2*pi)/(Nr)
'%0%0%%6%0%0%6%0%0%6%0%%6%6%0%6%%0%6%6%0%0%6%0%0%6%0%%6%0%0%6%0 %0 %% %0 %% %0%6%6%0%6%6 %% %696 %0 %% %%
'For coils and magnets set part

U _dwl=Ns+2: U_dw2=2*U_dwl: U_upl=U_dw1+3

V_upl=Ns+1:V_up2=V_upl+5:V_dwl=V_upl+3: V_dw2=V_dwl+V_upl

W_upl=Ns+3: W_up2=W_upl+4: W_dwl=W_upl+Ns

Mup=Ns*3+1 : Mdw=Mup+1

'%0%0%%%0%6%0%%0 %% %% %% %% %0%6%0%6%6%%0%6%0 %% %% %% %% %% %% %0 %% %% %% %% %% %0 %% %%
'Sarting study

study="Transient2D" : name_study="Transient_|load"

'Set materials

mat_stator="50JN400" : mat_rotor="50JN400" : mat_coil="Copper" : mat_PM="Reversible/NdFeB_Br=1.0(T)"
'%6%0%%6%0%%6%0%0%6%0%0%6%6%0%6%6%0%6%6%0%6%6%0%0%6%0%%6%%0%6%6%0%6%0%0%6%6%0%6%6%0%0% %0 %% %0 %% %0 %%
‘Material properties

eddy_stator=0 : lamination_stator=1: stator_factor=98 : flag_stator=0 : saturation_stator=100

eddy_rotor=0 : lamination_rotor=1: rotor_factor=98 : flag_rotor=0 : saturation_rotor=100

eddy PM=0: temp_ PM=0: pattern PM="RadialCircular" : orientation_PMup=0 : orientation_PMdw=0
use_ironLoss=1: calc_type ironLoss=2

'%0%0%%6%0%6%0%%0%0% %% %% %% %0%6%0%6%0%%0%6%0 %% %% %% %% %% %0 %% %% %% %% %% %% %0 %% %%
‘Conditions

angle=0: axis_speed =0: axis _torque=0

‘Iron loss condition

frequency_type=1

base freq=((Nr/2)* speed* (pi/30))/(2* pi)

'Circuit load %%RECTIFIER%%

on_state=1: off_state=0

‘for U-

ul=0: u2=30*(2/Nr) : u3=u2+0.001 : u4=u2+120* (2/Nr) : u5=ud+0.001 : u6=360* (2/Nr)

‘for U+

u7=0 : u8=210*(2/Nr) : u9=u8+0.001 : u10=u8+120*(2/Nr) : ul1=u10+0.001 : u12=360* (2/Nr)

‘for V-

v1=0: v2=30*(2/Nr) : v3=v2+0.001 : v4=270* (2/Nr) : v5=v4+0.001 : v6=360* (2/Nr)

‘for V+

v7=0 : v8=90*(2/Nr) : v9=v8+0.001 : v10=v8+120*(2/Nr) : v11=v10+0.001 : v12=360* (2/Nr)

‘for W-

w1=0: w2=150*(2/Nr) : w3=w2+0.001 : w4=w2+120* (2/Nr) : w5=w4+0.001 : w6=360* (2/Nr)

‘for W+

w7=0 : w8=90* (2/Nr) : w9=w8+0.001 : w10=330*(2/Nr) : wll=w10+0.001 : w12=360* (2/Nr)

'Hysterezis

hyst_type=2 : Imax=Iref+(deltai/2) : Imin=Iref-(deltai/2)

'Study case set-up

Casel_description = "Study of an outer rotor BLDCPM generator geometry "

paralel=1: casel step type=1: casel end point=((60/speed)* (360/Nr))/360

Set app = designer

Call app.NewProject("Optimizare")

Call app.SaveAs(" C:/Userg/azaharia/Desktop/Deschide Jmag/script complet/BLDC_script_draw.jproj™)
Call app.LaunchGeometryEditor()
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Set geomApp = app.CreateGeometryEditor()

Set ref1 = geomApp.GetDocument().GetAssembly().Getltem(" XY _PLANE")

Set ref2 = geomA pp.GetDocument().CreateReferenceFromitem(refl)

Call geomApp.GetDocument(). GetAssembly().CreateSketch(ref2)

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch").OpenSketch()

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch™).CreateV ertex(0, 0)

'Stator — shaft - circle

X_Shaft = R_Shaft* cos(maxArcOpenStat)

y_Shaft = R_Shaft* sin(maxArcOpenStat)

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch").CreateArc(0, 0, R_Shaft, 0, x_Shaft, y_Shaft)
'Sator - inferior yoke - circle

Jug_anglePctInf = (wS/2)/R_ShaftJug

arcPolJug = (maxArcOpenStat-((wS)/R_ShaftJug)-LatPolMiclnt1)/2

Jug_anglePctSupl = Jug_anglePctInf+arcPol Jug

x_Jduglnf = R_ShaftJug* cos(Jug_anglePctInf)

y_Juglnf = R_ShaftJug* sin(Jug_anglePctlnf)

X_JugSup = R_ShaftJug* cos(Jug_anglePctSupl)

y_JugSup = R_ShaftJug*sin(Jug_anglePctSupl)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch™).CreateArc(0, 0, x_Juglinf, y_Juglnf,
X_JugSup, y_JugSup)

'Sator - superior yoke - circle

Jug_anglePctSup2 = Jug_anglePctInf+arcPol Jug+L atPolMiclntl

Jug_anglePctSup = maxArcOpenStat-((wS/2)/R_ShaftJug)

x_Juglnfl = R_Shaftug* cos(Jug_anglePctSup?2)

y_Juglnfl = R_ShaftJug*sin(Jug_anglePctSup?2)

X_JugSupl = R_ShaftJug* cos(Jug_anglePctSup)

y_JugSupl = R_Shaftug* sin(Jug_anglePctSup)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch").CreateArc(0, 0, x_Juginfl, y_Juginfl,
X_JugSupl, y_JugSupl)

'Sator - inferior main pole shoe - circle

X_talplSup = R_extStat* cos(arc_talpal2)

y_talplSup = R_extStat*sin(arc_talpa/2)

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch").CreateArc(0, 0, R_extStat, O, x_talplSup,
y_talp1Sup)

'Stator - superior main pole shoe - circle

ArcTalpPctInf = maxArcOpenStat-(arc_talpal2)

X_tap2inf = R_extStat* cos(ArcTa pPctlnf)

y_tap2inf = R_extStat*sin(ArcTalpPctl nf)

X_talp2Sup = R_extStat* cos(maxArcOpenStat)

y_talp2Sup = R_extStat* sin(maxArcOpenStat)

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch™).CreateArc(0, O, x_talp2Inf, y_talp2Inf,
X_talp2Sup, y_talp2Sup)

'Stator - intermediate tooth - circle

descArcTapMic = (maxArcOpenStat-arc_talpa-alfa i)/2

ArcTalpMicl = (arc_talpa/2)+descArcTapMic

ArcTalpMic2 = (arc_talpa/2)+descArcTapMic+afa i

x_tap2InfPolMic = R_extStat* cos(ArcTapMicl)

y_talp2InfPolMic = R_extStat*sin(ArcTalpMicl)

x_talp2SupPolMic = R_extStat* cos(ArcTapMic2)

y_talp2SupPolMic = R_extStat*sin(ArcTalpMic2)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch").CreateArc(0, O, x_talp2InfPolMic,
y_talp2InfPolMic, x_talp2SupPolMic, y_talp2SupPolMic)

'Sator - inferior pole shoe -inferior line

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch").Createl ing(R_Shaft, 0, R_extStat, 0)
'Stator — inferior pole shoe — superior line

ArcTapPol = (wS/2)/(R_ShaftJugPol)

X_TalpPol1End = R_ShaftJugPol* cos(ArcTal pPal)
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y_TapPol1End = R_ShaftJugPol*sin(ArcTalpPol)

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch").CreateLine(x_Juginf, y_Juglnf,
X_TalpPol1End, y_TalpPol1End)

'Sator — inferior pole — sole — superior line

x_talplLineSup = R_extStatTalp* cos(arc_talpa/2)

y_talpllLineSup = R_extStatTalp*sin(arc_talpa/2)

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch™).CreateLine(x_talplLineSup, y_talplLineSup,
X_talplSup, y_talplSup)

'Stator — inferior pole — sole—inferior line

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch™).CreateLine(x_talplLineSup, y_talplLineSup,
X_TapPol1End, y_TapPol 1End)

'Stator — superior pole — superior line

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch").Createl ine(x_Shaft, y_Shaft, x_talp2Sup,
y_talp2Sup)

'Stator — superior pole — superior line

ArcTalpPol2 = maxArcOpenStat-((wS/2)/R_ShaftJugPol)

x_TapPol2End = R_ShaftJugPol* cos(ArcTal pPol2)

y_TapPol2End = R_ShaftJugPol*sin(ArcTalpPol2)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch").CreateLine(x_JugSupl, y_JugSupl,
X_TapPol2End, y_TalpPol2End)

'Stator — superior pole— sole— inferior line

ArcTalpPctInf2 = maxArcOpenStat-(arc_talpal/2)

x_tap2InfEnd = R_extStatTal p* cos(ArcTalpPctinf2)

y_talp2InfEnd = R_extStatTalp* sin(ArcTa pPctInf2)

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch™).CreateLine(x_talp2Inf, y_talp2inf,
x_talp2InfEnd, y_talp2InfEnd)

'Stator — superior pole— sole— superior line

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch").CreateLine(x_TapPol2End, y_TalpPol2End,
x_talp2InfEnd, y_talp2InfEnd)

' Sator — intermediate pole — inferior line

AcrcPolMic = (afa_i-((li)/R_ShaftJugPoal))/2

AcrcInfPolMic = ArcTapMicl+AcrcPolMic

Xx_PolMicInfEnd = (R_ShaftJug+h_polMic)* cos(AcrclnfPolMic)

y_PolMiclnfEnd = (R_ShaftJug+h_polMic)*sin(AcrclnfPolMic)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch™).CreateLine(x_JugSup, y_JugSup,
x_PolMiclnfEnd, y_PolMiclnfEnd)

' Sator — intermediate pole — superior line

AcrcSupPolMic = AcrclnfPolMic+((li)/R_ShaftugPol)

x_PolMicSupEnd = (R_ShaftJug+h_polMic)* cos(AcrcSupPolMic)

y_PolMicSupEnd = (R_Shaftug+h_polMic)*sin(AcrcSupPolMic)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch™).CreateLine(x_Juginfl, y_Juginfl,
X_PolMicSupEnd, y_PolMicSupEnd)

' Sator — intermediate pole — sole — inferior line

x_PolMicInfTalpEnd = (R_extStat-hi)* cos(ArcTapMicl)

y_PolMiclnfTapEnd = (R_extStat-hi)*sin(ArcTapMicl)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch™).CreateLine(x_talp2InfPolMic,
y_talp2InfPolMic, x_PolMiclnfTalpEnd, y_PolMiclnfTa pEnd)

' Sator — intermediate pole — sole — superior line

x_PolMicSupTapEnd = (R_extStat-hi)*cos(ArcTalpMic2)

y_PolMicSupTalpEnd = (R_extStat-hi)*sin(ArcTalpMic2)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch™).CreateLine(x_talp2SupPolMic,
y_talp2SupPolMic, x_PolMicSupTapEnd, y_PolMicSupTa pEnd)

' Sator — intermediate pole — sole- inferior line from yoke

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch™).Createl ine(x_PolMiclnfEnd,
y_PolMiclnfEnd, x_PolMiclnfTalpEnd, y_PolMiclnfTal pEnd)

' Sator — intermediate pole — sole — superior line from yoke

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch™).Createl ine(x_PolMicSupEnd,
y_PolMicSupEnd, x_PolMicSupTapEnd, y_PolMicSupTal pEnd)

'Select rectangle

Call geomApp.View().SelectByRectangleWorldPos(-10, -10, 0, D_extStat, D_extStat, 0, 0)
‘Createregion
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Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch").CreateRegions()

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch").CreateRegionRadial Pattern()

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch™).Getltem(" Region Radial
Pattern).SetProperty("Merge", 1)

Set ref1 = geomApp.GetDocument().GetAssembly().Getltem(" Sketch").Getltem("V ertex")

Set ref2 = geomA pp.GetDocument().CreateReferenceFromitem(refl)

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch™).Getltem(" Region Radial
Pattern").SetPropertyByReference(" Center"”, ref2)

ReDim refarray(0)

refarray(0) = "faceregion(TRegionltem47)"

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch™).Getltem(" Region Radial
Pattern™).SetProperty("Region", refarray)

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch™).Getltem(" Region Radial
Pattern").SetProperty("Angle", (360/Ns))

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch™).Getltem(" Region Radial
Pattern").SetProperty("Instance", Ns)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch™).SetProperty("Name", " Stator core'")
Call geomApp.GetDocument().GetAssembly().Getltem(" Stator core™).SetProperty("Color”, "darkgreen™)
Call geomApp.GetDocument().GetAssembly().Getltem(" Stator core').CloseSketch()

Set geomApp = app.CreateGeometryEditor()

Set ref1 = geomApp.GetDocument().GetAssembly().Getltem(" XY _PLANE")

Set ref2 = geomApp.GetDocument().CreateReferenceFromitem(refl)

Call geomA pp.GetDocument().GetAssembly().CreateSketch(ref2)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").OpenSketch()

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").CreateVertex(0, 0)

'‘Coil 1 - yoke- circle

X_coil1End = R_ShaftJug* cos(ArcCoil Open)

y_coil1End = R_ShaftJug* sin(ArcCoil Open)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").CreateArc(0, 0, x_Juglinf, y_Juglnf,
X_coil1End, y_coil 1End)

'Coil 2 —yoke- circle

Arc_coil2End = ArcCoil Open+(maxArcOpenStat-ArcCoil Open* 2)

X_coil2End = R_ShaftJug* cos(Arc_coil 2End)

y_coil2End = R_ShaftJug* sin(Arc_coil 2End)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").CreateArc(0, O, x_coil2End, y_coil2End,
X_JugSupl, y_JugSupl)

'Coil 1 - inferior line

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").CreateLine(x_JuglInf, y_Juglnf,
x_TapPol1End, y_TapPol1End)

'Coil 1 - superior line

X_coillLineSup = R_extStatTal p* cos(ArcCoil Open)

y_coillLineSup = R_extStatTal p* sin(ArcCoilOpen)

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch.2").CreateLine(x_coil1End, y_coil 1End,
x_coil1LineSup, y_coil1LineSup)

'Coil 1 - sole—inferior line

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch.2").Createling(x_talplLineSup,
y_talplLineSup, x_TapPol1End, y_Ta pPol1End)

'Coil 1 - sole— superior line

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").Createl ine(x_talplLineSup,
y_talplLineSup, x_coil1LineSup, y_coil1LineSup)

'Coil 2 — superior line

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").Createl ine(x_JugSupl, y_JugSupl,
X_TalpPol2End, y_TalpPol2End)

'Coil 2 —inferior line

x_coil2Linelnf = R_extStatTa p*cos(Arc_coil2End)
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y_coil2Linelnf = R_extStatTalp*sin(Arc_coil 2End)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").Createl ine(x_coil2End, y_coil 2End,
x_coil2Linelnf, y_coil2Linel nf)

'Coil 2 - sole— superior line

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch.2").Createline(x_Ta pPol 2End,
y_TalpPol2End, x_talp2InfEnd, y_talp2InfEnd)

'Coil 2 - sole—inferior line

Call geomA pp.GetDocument(). GetAssembly().Getltem(" Sketch.2").Createline(x_coil2Linelnf, y_coil2Linelnf,
x_talp2InfEnd, y_talp2InfEnd)

'Select rectangle

Call geomApp.View().SelectByRectangleWorldPos(-10, -10, 0, D_extStat, D_extStat, 0, 0)
‘Createregion

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch.2").CreateRegions()

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch.2").CreateRegionRadial Pattern()
Set ref1 = geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").Getltem("Vertex")

Set ref2 = geomA pp.GetDocument().CreateReferenceFromitem(refl)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").Getltem(" Region Radial
Pattern").SetPropertyByReference(" Center"”, ref2)

ReDim refarray(1)

refarray(0) = "faceregion(TRegionltem71)"

refarray(1) = "faceregion(TRegionltem72)"

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").Getltem(" Region Radial
Pattern™).SetProperty("Region”, refarray)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").Getltem(" Region Radial
Pattern").SetProperty("Angle", (360/Ns))

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.2").Getltem(" Region Radial
Pattern").SetProperty("Instance", Ns)

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch.2").SetProperty("Name", " Coil ")
Call geomApp.GetDocument().GetAssembly().Getltem(" Coil").SetProperty(" Color", "gray")
Call geomApp.GetDocument().GetAssembly().Getltem(" Coil").CloseSketch()

Set geomApp = app.CreateGeometryEditor()

Set ref1 = geomApp.GetDocument().GetAssembly().Getltem(" XY _PLANE")

Set ref2 = geomA pp.GetDocument().CreateReferenceFromitem(refl)

Call geomA pp.GetDocument().GetA ssembly().CreateSketch(ref2)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.3").OpenSketch()

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.3").CreateVertex(0, 0)

‘Magnet 1 — interior circle

distMaglint = (DistMag/2)/R_intMag 'unghiul in rad de despartire

ArcOpenMaglint = ArcOpenMag-distMaglint

X_Maglint = R_intMag* cos(ArcOpenMaglint)

y_Maglint = R_intMag* sin(ArcOpenMagllnt)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.3").CreateArc(0, O, R_intMag, 0, x_Maglint,
y_Maglint)

'Magnet 1 — exterior circle

distMaglExt = (DistMag/2)/R_extMag 'unghiul in rad de despartire

ArcOpenMaglExt = ArcOpenMag-distMag1Ext

X_MaglExt = R_extMag* cos(ArcOpenMaglExt)

y_MaglExt = R_extMag*sin(ArcOpenMaglExt)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.3").CreateArc(0, 0, R_extMag, 0, x_MaglExt,
y_MaglExt)

‘Magnet 1 — inferior line

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.3").Createl ine(R_intMag, 0, R_extMag, 0)
‘Magnet 1 — superior line

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch.3").Createling(x_Maglint, y Maglint,
X_MaglExt, y MaglExt)
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'Select rectangle

Call geomApp.View().SelectByRectangleWorldPos(-10, -10, 0, D_extMag, D_extMag, 0, 0)
'‘Createregion

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch.3").CreateRegions()

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch.3").CreateRegionRadial Pattern()
Set ref1 = geomApp.GetDocument().GetAssembly().Getltem(" Sketch.3").Getltem("Vertex")

Set ref2 = geomA pp.GetDocument().CreateReferenceFromitem(refl)

Call geomA pp.GetDocument(). GetAssembly().Getltem(" Sketch.3").Getltem(" Region Radial
Pattern").SetPropertyByReference(" Center"”, ref2)

ReDim refarray(0)

refarray(0) = "faceregion(TRegionltem84)"

Call geomA pp.GetDocument(). GetAssembly().Getltem(" Sketch.3").Getltem(" Region Radial
Pattern").SetProperty("Region”, refarray)

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch.3").Getltem(" Region Radial
Pattern").SetProperty("Angle", (360/Nr))

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.3").Getltem(" Region Radial
Pattern").SetProperty("Instance", Nr)

" End sketch and change name and color

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.3").SetProperty("Name', "Magnet™)
Call geomApp.GetDocument().GetAssembly().Getltem(" M agnet™).SetProperty(" Color”, "cyan")
Call geomApp.GetDocument().GetAssembly().Getltem(" M agnet™).CloseSketch()

Set geomApp = app.CreateGeometryEditor()

Set ref1 = geomApp.GetDocument().GetAssembly().Getltem(" XY _PLANE")

Set ref2 = geomA pp.GetDocument().CreateReferenceFromltem(ref 1)

Call geomApp.GetDocument().GetAssembly().CreateSketch(ref2)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").OpenSketch()

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").CreateVertex(0, 0)

'Rotor — interior circle

X_RotInt = R_extMag* cos(ArcOpenRot)

y_Rotint = R_extMag* sin(ArcOpenRot)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").CreateArc(0, 0, R_extMag, 0, x_Rotlnt,
y_Rotint)

'Rotor — exterior circle

x_RotExt = R_extR*cos(ArcOpenRot)

y_RotExt = R_extR*sin(ArcOpenRot)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").CreateArc(0, 0, R_extR, 0, Xx_RotExt,
y_ROtEXxt)

'Rotor — inferior line

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").Createline(R_extMag, 0, R_extR, 0)
'Rotor — superior line

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").Createline(x_RotInt, y_RotInt, x_RotExt,
y_RotEXt)

'Select rectangle

Call geomApp.View().SelectByRectangleWorldPos(-10, -10, 0, D_extR, D_extR, 0, 0)

‘Createregion

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").CreateRegions()

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").CreateRegionRadial Pattern()

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").Getltem("Region Radial
Pattern™).SetProperty("Merge", 1)

Set refl = geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").Getltem("Vertex™)

Set ref2 = geomA pp.GetDocument().CreateReferenceFromitem(ref1)

Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").Getltem(" Region Radial
Pattern").SetPropertyByReference(" Center"”, ref2)

ReDim refarray(0)

refarray(0) = "faceregion(TRegionltem96)"
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Call geomApp.GetDocument().GetAssembly().Getltem(" Sketch.4").Getltem(" Region Radial
Pattern").SetProperty("Region”, refarray)

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch.4").Getltem(" Region Radial
Pattern").SetProperty("Angle", (360/Nr))

Call geomA pp.GetDocument().GetAssembly().Getltem(" Sketch.4").Getltem(" Region Radial
Pattern").SetProperty("Instance”, Nr)

" End sketch and change name and color

Call geomApp.GetDocument(). GetAssembly().Getltem(" Sketch.4").SetProperty("Name", "Rotor core")
Call geomApp.GetDocument(). GetAssembly().Getltem(" Rotor core").SetProperty("Color", "blue™)

Call geomApp.GetDocument().GetAssembly().Getltem(" Rotor core").CloseSketch()

'Import geometry

Call app.ImportDataFromGeometryEditor()
Call geomApp.GetDocument().SaveM odeL (0)
Call geomApp.Quit()

Set app = designer
Call app.GetModel (0).SetName("BLDC_script_draw™)

‘Dimi
For i =1to (((2*Ns)/3)+2)
If i <= (((2*Ns)/3)+2-(Ns/3)) Then
Do
Select Casei
Case 1,2
Ifi=2Then
Call app.GetM odel (0).SetPartName(" Coil", " Coil U Dw")
Else
Call app.GetM odel (0).SetPartName(" Coil", " Coil V Up")
End If
Case Else
Call app.GetModel (0).SetPartName(" Coail ", "Coil W Up")
Call app.GetModel (0).SetPartName(" Coil", "Coil U Up")
Ifi=(((2*Ns)/3)+2-(Ns/3)) Then
Exit Do
Else
Call app.GetM odel (0).SetPartName(" Coil", " Coil V Up")
End If
End Select
Exit Do
Loop
Else
Call app.GetM odel (0).SetPartName(" Coil", "Coil V Dw")
Call app.GetM odel (0).SetPartName(" Coil ", " Coil W Dw")
Ifi <(((2*Ns)/3)+2) Then
Call app.GetModel (0).SetPartName(" Coil ", "Coil U Dw")
End If
End If

Call app.GetM odel (0).GetGroupList().CreateGroup(" Coil U Dw")
For i =1toNs/3
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Select Casei
Casel
Call app.GetM odel (0).GetGroupList().AddPartToGroup(" Coil U Dw",U_dw1)
CaseElse
Call app.GetM odel (0).GetGroupList().AddPartToGroup(" Coil U Dw",U_dw?2)
U_dw2=U_dw2+3
End Select
Next
Call app.GetM odel (0).GetGroupL.ist().CreateGroup(" Coil U Up™)
For i =1toNs/3
Call app.GetM odel (0).GetGroupList().AddPartToGroup("Coil U Up",U_upl)
U_upl=U_upl+3
Next
Call app.GetM odel (0).GetGroupList().CreateGroup(" Coil V Up™)
For i =1toNg/3
Select Casei
Casel
Call app.GetM odel (0).GetGroupList().AddPartToGroup(" Coil V Up",V_upl)
CaseElse
Call app.GetM odel (0).GetGroupList().AddPartToGroup(" Coil V Up",V_up2)
V_up2=V_up2+3
End Select
Next
Call app.GetM odel (0).GetGroupList().CreateGroup(" Coil V Dw")
For i =1toNg/3
Select Casei
Casel
Call app.GetM odel (0).GetGroupList().AddPartToGroup(" Coil V Dw",V_dw1)
Case Else
Call app.GetM odel (0).GetGroupList().AddPartToGroup("Coil V Dw",V_dw?2)
V_dw2=V_dw2+3
End Select
Next
Call app.GetModel (0).GetGroupList().CreateGroup(" Coil W Up")
For i =1toNs/3
Select Casei
Casel
Call app.GetM odel (0).GetGroupList(). AddPartToGroup(" Coil W Up",W_upl)
Case Else
Call app.GetM odel (0).GetGroupList(). AddPartToGroup(" Coil W Up",W_up2)
W_up2=W_up2+3
End Select
Next
Call app.GetM odel (0).GetGroupList().CreateGroup(" Coil W Dw'")
For i =1toNg/3
Call app.GetM odel (0).GetGroupList(). AddPartToGroup(" Coil W Dw",W_dw1)
W_dwl=W_dw1+3
Next

For i =1toNr
If (i mod 2=0) Then
Call app.GetM odel (0).SetPartName(" Magnet", "Magnet Dw'")
Else
Call app.GetM odel (0).SetPartName("Magnet", "Magnet Up")
End If

Call app.GetM odel (0).GetGroupL.ist().CreateGroup("Magnet Up™)
For i =1toNr/2
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Call app.GetM odel (0).GetGroupList() . AddPartToGroup("Magnet Up",Mup)
Mup=Mup+2

Next

Call app.GetM odel (0).GetGroupList().CreateGroup("Magnet Dw™)

For i =1toNr/2
Call app.GetM odel (0).GetGroupList(). AddPartToGroup("Magnet Dw",Mdw)
Mdw=Mdw+2

Next

Call app.GetM odel (0).CreateStudy(study, name_study)
Call app.SetCurrentStudy(0)

'STATOR

Call app.GetM odel (0).GetStudy(0).SetM aterial ByName(" Stator core”, mat_stator)

Call app.GetM odel (0).GetStudy(0).GetM aterial (" Stator core”).SetVaue("EddyCurrent”, eddy_stator)
Call app.GetM odel (0).GetStudy(0).GetM aterial (" Stator core™).SetVaue(" Laminated”, lamination_stator)
Call app.GetM odel (0).GetStudy(0).GetM aterial (" Stator core”).SetValue(* LaminationFactor”, stator_factor)
Call app.GetM odel (0).GetStudy(0).GetM aterial (" Stator core").SetValue(" SetlnsulationFlag”, flag_stator)
Call app.GetM odel (0).GetStudy(0).GetM ateria (" Stator core™).SetVa ue(" MagnetizationCorrection",
saturation_stator)

Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetVaue("UselronLoss’, use_ironLoss)
Call app.GetM odel (0).GetStudy(0).GetM ateria (" Rotor core").SetValue("CalcType", calc_type_ironLoss)
Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetDirectionXY Z(1, 0, 0)

Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetOriginXY Z(0, 0, 0)

'ROTOR

Call app.GetM odel (0).GetStudy(0).SetM aterial ByName(" Rotor core”, mat_rotor)

Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetVaue(" EddyCurrent”, eddy_rotor)

Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetVaue(' Laminated”, lamination_rotor)
Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetValue(" LaminationFactor", rotor_factor)
Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetValue(" SetlnsulationFlag”, flag_rotor)
Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core™).SetValue(" M agnetizationCorrection",
saturation_rotor)

Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetValue("UselronLoss', use ironL oss)
Call app.GetM odel (0).GetStudy(0).GetM ateria (" Rotor core").SetValue("CalcType", calc_type_ironLoss)
Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetDirectionXY Z(1, 0, 0)

Call app.GetM odel (0).GetStudy(0).GetM aterial (" Rotor core").SetOriginXY Z(0, 0, 0)

'MAGNET

Call app.GetM odel (0).GetStudy(0).SetM ateria ByName("Magnet Up", mat_PM)

Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Up").SetValue(" EddyCurrent”, eddy PM)

Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Up").SetVaue(" TemperatureType'", temp_PM)
Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Up").SetDirectionXY Z(1, 0, 0)

Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Up").SetOrientation(orientation_PMup)

Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Up").SetOriginXY Z(0, 0, 0)

Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Up").SetPattern(pattern_PM)

Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Up").SetVaue(" Poles’, Nr)

Call app.GetM odel (0).GetStudy(0).SetM aterial ByName(" Magnet Dw", mat_PM)

Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Dw").SetValue("EddyCurrent”, eddy PM)

Call app.GetM odel (0).GetStudy(0).GetM ateria ("Magnet Dw").SetValue(" TemperatureType", temp_PM)
Call app.GetM odel (0).GetStudy(0).GetM ateria ("Magnet Dw").SetDirectionXY Z(1, 0, 0)

Call app.GetM odel (0).GetStudy(0).GetM ateria (" Magnet Dw").SetOrientation(orientation_PMdw)

Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Dw").SetOriginXY Z(0, 0, 0)

Call app.GetM odel (0).GetStudy(0).GetM ateria (" Magnet Dw").SetPattern(pattern_PM)

Call app.GetM odel (0).GetStudy(0).GetM aterial ("Magnet Dw").SetValue("Poles’, Nr)

'COILS

Call app.GetM odel (0).GetStudy(0).SetM aterial ByName(" Coil U Up", mat_coil)

Call app.GetM odel (0).GetStudy(0).SetMaterial ByName(" Coil U Dw", mat_coil)
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Call app.GetM odel (0).GetStudy(0).SetM aterial ByName(" Coil V Up", mat_coil)

Call app.GetM odel (0).GetStudy(0).SetM aterial ByName(" Coil V Dw", mat_coil)
Call app.GetM odel (0).GetStudy(0).SetMaterial ByName(" Coil W Up", mat_coil)
Call app.GetM odel (0).GetStudy(0).SetM aterial ByName(" Coil W Dw", mat_coil)

‘Load circuit

Call app.GetM odel (0).GetStudy(0).CreateCircuit()

Call

app.GetModel (0).GetStudy(0).LoadCircuit("F\ANDREEA ASUS\DOCTORAT\MatlabJmag\circuit\circuit_|loa
d

voltage.jcir")

Call app.SetCurrentStudy(0)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" Uphase").SetVaue(" Turn”, turn_ph)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" Uphase").SetV a ue(" Resistance”, Rph)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" Uphase").SetVa ue(" L eakagel nductance”, 0)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V phase").SetVaue(" Turn”, turn_ph)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V phase").SetVa ue(" Resistance”, Rph)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V phase").SetV al ue("' L eakagel nductance”, 0)
Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent("Wphase").SetVaue(" Turn”, turn_ph)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("Wphase™").SetVa ue(" Resistance”, Rph)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("Wphase™"). SetV a ue(” L eakagel nductance™, 0)
'Set commutation sequence for:

'Switch U-

Call app.GetDataM anager().GetDataSet(2).SetName(" Switch_U-")

ReDim refarray(5,1)

refarray(0,0) = ul

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.GetDataM anager().GetDataSet(" Switch U-").SetTable(refarray)

Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent(" U-CurrentLimit").SetValue(" X Type", 13)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U-CurrentLimit").SetVa ue(" Period", 0)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U-CurrentLimit").SetValue("t1", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U-CurrentLimit").SetValue("t2", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent(" U-CurrentLimit").SetValue(" CurrentM ax™,
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent(" U-CurrentLimit").SetVa ue(" CurrentMax”,
I max)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U-CurrentLimit").SetVa ue(" CurrentMin”,
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U-CurrentLimit").SetVa ue(" CurrentMin”,
Imin)

'‘Switch U+

Call app.GetDataM anager().GetDataSet(10).SetName(" Switch_U+")

ReDim refarray(5,1)

refarray(0,0) = u7

refarray(0,1) = off_state

refarray(1,0) = u8

refarray(1,1) = off_state

refarray(2,0) = u9

refarray(2,1) = on_state
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refarray(3,0) = ul0

refarray(3,1) = on_state

refarray(4,0) = ull

refarray(4,1) = off_state

refarray(5,0) = ul2

refarray(5,1) = off_state

Call app.GetDataM anager().GetDataSet(" Switch U+").SetTable(refarray)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U+CurrentLimit").SetValue(" X Type", 13)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U+CurrentLimit").SetV a ue(" Period", 0)
Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent(" U+CurrentLimit").SetValue("t1", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U+CurrentLimit").SetValue("t2", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U+CurrentLimit").SetVa ue(" CurrentM ax”,
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U+CurrentLimit").SetVa ue(" CurrentMax",
I max)

Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent(" U+CurrentLimit").SetVaue(" CurrentMin",
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" U+CurrentLimit").SetVaue(" CurrentMin",
Imin)

'Switch V-

Call app.GetDataM anager().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.GetDataM anager().GetDataSet(" Switch_V-").SetTable(refarray)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V-CurrentLimit").SetVa ue(" X Type", 13)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V-CurrentLimit").SetValue(" Period", 0)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V-CurrentLimit").SetValue("t1", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V-CurrentLimit").SetValue("t2", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetVa ue(" CurrentM ax”,
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent("V-CurrentLimit").SetVa ue(" CurrentMax",
Imax)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V-CurrentLimit").SetVa ue(" CurrentMin”,
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V-CurrentLimit").SetVa ue(" CurrentMin”,
Imin)

'Switch V+

Call app.GetDataM anager(). GetDataSet(8).SetName(" Switch V+")

ReDim refarray(5,1)

refarray(0,0) = v7

refarray(0,1) = off_state

refarray(1,0) = v8

refarray(1,1) = off_state

refarray(2,0) = v9

refarray(2,1) = on_state

refarray(3,0) = v10

refarray(3,1) = on_state

refarray(4,0) = v11

refarray(4,1) = off_state

refarray(5,0) = v12
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refarray(5,1) = off_state

Call app.GetDataM anager().GetDataSet(" Switch_V+").SetTable(refarray)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V +CurrentLimit").SetValue(" X Type", 13)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V +CurrentLimit").SetValue(" Period”, 0)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V +CurrentLimit").SetValue("t1", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V +CurrentLimit").SetValue("t2", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V +CurrentLimit").SetVa ue(" CurrentM ax”,
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V +CurrentLimit").SetVa ue(" CurrentM ax”,
Imax)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V +CurrentLimit").SetVaue(" CurrentMin",
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V +CurrentLimit").SetVa ue(" CurrentMin”,
Imin)

'‘Switch W-

Call app.GetDataM anager().GetDataSet(5). SetName(" Switch W-")

ReDim refarray(5,1)

refarray(0,0) = wl

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.GetDataM anager().GetDataSet(" Switch_W-").SetTable(refarray)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W-CurrentLimit").SetVaue(" X Type", 13)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent(" W-CurrentLimit").SetVaue(" Period”, 0)
Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetValue("t1", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W-CurrentLimit").SetVaue("t2", 0)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent (" W-CurrentLimit").SetVaue(" CurrentM ax™,
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W-CurrentLimit").SetV alue(" CurrentM ax”,
I max)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent (" W-CurrentLimit").SetVaue( CurrentMin",
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent("W-CurrentLimit").SetVaue(" CurrentMin®,
Imin)

'Switch W+

Call app.GetDataM anager().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) = wll

refarray(4,1) = on_state

refarray(5,0) = w12

refarray(5,1) = on_state

Call app.GetDataM anager().GetDataSet(" Switch_ W+").SetTable(refarray)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W+CurrentLimit").SetVa ue(" X Type", 13)
Call app.GetM odel (0).GetStudy(0).GetCircuit().GetComponent("W+CurrentLimit").SetVa ue(" Period”, 0)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W+CurrentLimit").SetValue("t1", 0)
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Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W+CurrentLimit").SetValue("t2", 0)
Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W+CurrentLimit").SetValue(" CurrentMax”,
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W+CurrentLimit").SetValue(" CurrentMax”,
I max)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W+CurrentLimit").SetVa ue(" CurrentMin®,
hyst_type)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("W+CurrentLimit").SetVaue(" CurrentMin”,
Imin)

'Set Vdc voltage

Set func = app.FunctionFactory().Constant(Vdc)

Call app.GetM odel (0).GetStudy(0).GetCircuit(). GetComponent("V dc").SetFunction(func)

‘Coils condition for:

'U-phase

Call app.GetM odel (0).GetStudy(0).CreateCondition("FEM Coil", "U_phase")

Call app.GetModel (0).GetStudy(0).GetCondition(0).SetLink(" Uphase")

Call app.GetM odel (0).GetStudy(0).GetCondition(0).GetSubCondition(0). SetName(" Group 1")

Call app.GetM odel (0).GetStudy(0).GetCondition(0).GetSubCondition(0).ClearParts()

Set sel = app.GetM odel (0).GetStudy(0).GetCondition(0).GetSubCondition(0).GetSel ection()

Call sel.SelectPart(" Coil U Up")

Call app.GetM odel (0).GetStudy(0).GetCondition(0).GetSubCondition(0). AddSel ected(sel)

Call app.GetM odel (0).GetStudy(0).GetCondition(0).CreateSubCondition(" FEM Coil Data", " Group 2")
Call app.GetM odel (0).GetStudy(0).GetCondition(0).GetSubCondition(1).SetVa ue(" Direction2D", 1)
Call app.GetM odel (0).GetStudy(0).GetCondition(0).GetSubCondition(1).ClearParts()

Set sel = app.GetM odel (0).GetStudy(0).GetCondition(0).GetSubCondition(1).GetSel ection()

Call sel.SelectPart("Coil U Dw")

Call app.GetM odel (0).GetStudy(0).GetCondition(0).GetSubCondition(1). AddSel ected(sel)

'V-phase

Call app.GetM odel (0).GetStudy(0).CreateCondition("FEM Coil ", "V _phase™)

Call app.GetM odel (0).GetStudy(0).GetCondition(1).SetLink("V phase")

Call app.GetM odel (0).GetStudy(0).GetCondition(1).GetSubCondition(0).SetName(" Group 1")

Call app.GetM odel (0).GetStudy(0).GetCondition(1).GetSubCondition(0).ClearParts()

Set sel = app.GetM odel (0).GetStudy(0).GetCondition(1). GetSubCondition(0).GetSel ection()

Call sel.SelectPart("Coil V Up")

Call app.GetM odel (0).GetStudy(0).GetCondition(1).GetSubCondition(0). AddSel ected(sel)

Call app.GetM odel (0).GetStudy(0).GetCondition(1).CreateSubCondition(" FEM Coil Data', " Group 2")
Call app.GetM odel (0).GetStudy(0).GetCondition(1).GetSubCondition(1).SetVa ue(" Direction2D", 1)
Call app.GetM odel (0).GetStudy(0).GetCondition(1).GetSubCondition(1).ClearParts()

Set sel = app.GetM odel (0).GetStudy(0).GetCondition(1).GetSubCondition(1).GetSel ection()

Call sel.SelectPart("Coil V Dw")

Call app.GetM odel (0).GetStudy(0).GetCondition(1).GetSubCondition(1).AddSel ected(sel)

‘W-phase

Call app.GetM odel (0).GetStudy(0).CreateCondition("FEM Coil", "W _phase")

Call app.GetM odel (0).GetStudy(0).GetCondition(2).SetLink("Wphase")

Call app.GetM odel (0).GetStudy(0).GetCondition(2).GetSubCondition(0).SetName(" Group 1")

Call app.GetM odel (0).GetStudy(0).GetCondition(2).GetSubCondition(0).ClearParts()

Set sel = app.GetM odel (0).GetStudy(0).GetCondition(2).GetSubCondition(0).GetSel ection()

Call sel.SelectPart("Coil W Up™)

Call app.GetM odel (0).GetStudy(0).GetCondition(2).GetSubCondition(0). AddSel ected(sel)

Call app.GetM odel (0).GetStudy(0).GetCondition(2).CreateSubCondition(" FEM Coil Data', " Group 2")
Call app.GetM odel (0).GetStudy(0).GetCondition(2).GetSubCondition(1).SetVa ue(" Direction2D", 1)
Call app.GetM odel (0).GetStudy(0).GetCondition(2).GetSubCondition(1).ClearParts()

Set sel = app.GetM odel (0).GetStudy(0).GetCondition(2).GetSubCondition(1).GetSel ection()

Call sel.SelectPart("Coil W Dw")

Call app.GetM odel (0).GetStudy(0).GetCondition(2).GetSubCondition(1). AddSel ected(sel)

‘Motion condition

Call app.GetM odel (0).GetStudy(0).CreateCondition(" RotationMotion", " Speed_cond")

Call app.GetM odel (0).GetStudy(0).GetCondition(3).SetVa ue(" AngularV el ocity", speed)

Call app.GetM odel (0).GetStudy(0).GetCondition(3).SetVa ue(" Initial RotationAngl€", angle)

Call app.GetM odel (0).GetStudy(0).GetCondition(3).SetVa ue(" Axis2D", axis_speed)

Call app.GetM odel (0).GetStudy(0).GetCondition(3).ClearParts()
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Set sel = app.GetM odel (0).GetStudy(0).GetCondition(3).GetSel ection()

Call sel.SelectPart("Rotor core")

Call sel.SelectPart("Magnet Up")

Call sel.SelectPart("Magnet Dw'")

Call app.GetM odel (0).GetStudy(0).GetCondition(3).AddSel ected(sel)

"Torgue condition

Call app.GetM odel (0).GetStudy(0).CreateCondition(" Torque”, "Torque_cond")

Call app.GetM odel (0).GetStudy(0).GetCondition(4).SetVa ue(" Axis2D", axis_torque)

Call app.GetM odel (0).GetStudy(0).GetCondition(4).ClearParts()

Set sel = app.GetModel (0).GetStudy(0).GetCondition(4).GetSel ection()

Call sel.SelectPart("Rotor core")

Call sel.SelectPart("Magnet Up")

Call sel.SelectPart("Magnet Dw'")

Call app.GetM odel (0).GetStudy(0).GetCondition(4).AddSel ected(sel)

‘Iron loss calculation condition

Call app.GetM odel (0).GetStudy(0).CreateCondition("Ironloss’, "Iron_loss")

If frequency_type=1 Then
Call app.GetM odel (0).GetStudy(0).GetCondition(6).SetV a ue(" Basi cFrequency Type", frequency_type)
Call app.GetM odel (0).GetStudy(0).GetCondition(6).SetVa ue(" Poles’, Nr)
Call app.GetM odel (0).GetStudy(0).GetCondition(6).SetV alue(" RevolutionSpeed”, speed)

Else
Call app.GetM odel (0).GetStudy(0).GetCondition(6).SetVaue(" BasicFrequency Type", frequency_type)
Call app.GetM odel (0).GetStudy(0).GetCondition(6).SetVaue(" BasicFrequency”, base freq)

End If

Call app.GetM odel (0).GetStudy(0).GetCondition(6).SetVa ue(" JouleL ossCal cType", 3)

Call app.GetM odel (0).GetStudy(0).GetCondition(6).SetVa ue(" Cyclicity", 0)

Call app.GetM odel (0).GetStudy(0).GetCondition(6).SetVa ue(" LaminationThickness', 0.5)

Call app.GetM odel (0).GetStudy(0).GetCondition(6).SetV alue("' LaminationL ossNumbDivision™, 5)

'Add size control ( element part)
Call app.GetM odel (0).GetStudy(0).GetM eshControl ().CreateCondition(" Part", "Part_cond")
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). GetCondition(0).SetVaue(' Size", size_part)
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). GetCondition(0).ClearParts()
Set sel = app.GetModel (0).GetStudy(0).GetM eshControl (). GetCondition(0).GetSel ection()
Call sel.SelectPart(" Stator core")
Call sel.SelectPart("Rotor core")
Call sel.SelectPart("Magnet Up")
Call sel.SelectPart("Magnet Dw'")
Call sal.SelectPart("Coil U Up")
Call sal.SelectPart(" Coil U Dw")
Call sel.SelectPart("Coil V Up")
Call sel.SelectPart("Coil V Dw")
Call sel.SelectPart(" Coil W Up")
Call sel.SelectPart("Coil W Dw")
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). GetCondition(0). AddSel ected(sel)
'Add size control (air gap)
linii_stator=20 : linii_coil=10: linii_magnet=4
polmicl=6 : polmic2=39 : polmic3_1=61 : polmic3_2=63 : polmic3_3=59
polmarel=5 : polmare2=27 : polmare3_1=49 : polmare3_2=51 : polmare3_3=47
tot_stator=Ns*linii_stator : tot_coil=Ns*linii_coil : tot_magnet=Nr*linii_magnet
pml=tot_stator+tot coil+1
pml_1=pml+2: pml_2=pml+4
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). CreateCondition(" Edge”, "Gap")
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). GetCondition(1).SetValue(" Size", size_gap)
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). GetCondition(1).ClearParts()
Set sel = app.GetM odel (0).GetStudy(0).GetM eshControl (). GetCondition(1).GetSel ection()
'% Edges intermediate and main stator teeth %
For i=1toNs
Select Casei
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Case 1,2
If i=2 Then
Call sel.SelectEdge(polmic2)
Call sel.SelectEdge(polmare2)
polmic3=polmic2+linii_stator
polmare3=polmare2+linii_stator
End If
Call sel.SelectEdge(polmicl)
Call sel.SelectEdge(polmarel)
Case 3
If (Ns=6) Or (Ns=9) Then
Call sel.SelectEdge(polmic3_1)
Call sel.SelectEdge(polmare3_1)
polmic4=polmic3_1+linii_stator
polmared=polmare3_1+linii_stator
Else
If (Ns=12) Then
Call sel.SelectEdge(polmic3_2)
Call sal.SelectEdge(polmare3_2)
polmic4=polmic3_2+linii_stator
polmared=polmare3_2+linii_stator
Else
Call sel.SelectEdge(polmic3)
Call sel.SelectEdge(polmare3)
pol mic4=pol mic3+linii_stator
polmared=polmare3+linii_stator
End If
End If
Case Else
Call sel.SelectEdge(pol mic4)
Call sal.SelectEdge(polmared)
polmic4=polmic4+linii_stator
polmared=polmared-+linii_stator
End Select
Next
'% Edges magnets %
For i=1to Nr
Select Casei
Casel
If (Ns=6) Or (Ns=9) Then
Call sal.SelectEdge(pml_1)
pm2=pm1_1+linii_magnet+1
Else
If (Ns=12) Then
Call sel.SelectEdge(pml_2)
pm2=pm1_2+linii_magnet+1
Else
Call sel.SelectEdge(pm1)
pm2=pm1+linii_magnet+1
End If
End If
Case Else
Call sel.SelectEdge(pm2)
pm2=pm2+linii_magnet
End Select
Next
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). GetCondition(1). AddSel ected(sel)
'Set mesh properties
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). SetVaue("MeshType", 1)
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). SetV alue(" Radia Division”, Radia Div)
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). SetV alue(" Circumferential Division”, CircDiv)
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ReDim refarray(0,1)

refarray(0,0) = 1

refarray(0,1) =0

Call app.GetM odel (0).GetStudy(0).GetM eshControl ().GetTable(" SlideTable").SetTabl e(refarray)
Call app.GetM odel (0).GetStudy(0).GetM eshControl (). SetV alue(" 2dM eshingM ethod”, 2)

Call app.GetM odel (0).GetStudy(0).GetM eshControl (). SetValue(" AirRegionScal€", 1.25)

Call app.GetM odel (0).GetStudy(0).CreateM esh()

Call app.View().ShowMesh()

‘Pre-processing

Call app.GetM odel (0).GetStudy(0).SetDescription(Casel_description)

Call app.GetM odel (0).GetStudy(0).GetStudyProperties().SetVa ue("Model Thickness', Lm)
Call app.GetM odel (0).GetStudy(0).GetStudyProperties().SetVa ue(" NonlinearMaxl teration”, Max| ter)
Call app.GetM odel (0).GetStudy(0).GetStudyProperties().SetVa ue(" UseMultiCPU", paralel)
Call app.GetM odel (0).GetStudy(0).GetStudyProperties(). SetValue("MultiCPU", no_paralel)
Call app.GetM odel (0).GetStudy(0).GetStep(). SetValue(" Step”, casel _steps)

Call app.GetM odel (0).GetStudy(0).GetStep(). SetValue(" StepType", casel step_type)

Call app.GetM odel (0).GetStudy(0).GetStep(). SetV alue(" EndPoint"”, casel_end_point)

Call app.GetM odel (0).GetStudy(0).GetStep(). SetV alue(" StepDivision”, casel _div)

Call app.View().SetCurrentCase(1)

Call app.GetM odel (0).GetStudy(0).Run()

‘Post-processing

Call app.SetCurrentStudy(0)

Call app.GetM odel (0).GetStudy(0).CreateContour("flux density")

Call app.GetM odel (0).GetStudy(0).GetContour (0).SetResult Type( M agneticFluxDensity", ")
Call app.GetM odel (0).GetStudy(0).GetContour(0).SetResultCoordinate(" Global Rectangular™)
Call app.View().SetContourView(tr ue)

Call app.SetCurrentStudy(0)

Call app.GetM odel (0).GetStudy(0).CreateFluxLine("flux line")

Call app.GetM odel (0).GetStudy(0).GetFluxLine(0).SetResul tType("V ectorPotentia ™, ")

Call app.GetM odel (0).GetStudy(0).GetFluxLine(0).SetNormal (0, 0, 1)

Call app.View().SetFluxLineView(true)

Call app.SetCurrentStudy(0)

Set tables = app.GetM odel (0).GetStudy(0).GetResult Tabl ()

Call tables.SetX'Y ZComponent(" Absolute™)

Call tables.WriteAllTables("F\ANDREEA_ASUS\DOCTORAT/MatlabJmag/Rezultate load.csv", "Time")

Call app.DeleteModel (0)
objFile.Close
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Chapter 3

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

3.1 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 PWECS.
Typicaly 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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Fig. 3.1. Long-term wind speed profile representation

For evauating 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 aternative. 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 aso
provided.
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3.1.1 Methodsfor simplifying the long-term wind-speed profile

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 isin searching
for a certain wind speed of the wind-speed profile for which the design should be achieved
and then used to calculate uytWECS 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:

8759(1%Vlt )
Vrated = 23759 t; (31)
i=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, < v;;,, = 2 m/s Or v, > Ve = 20 m/s, aswell
that it can function at the nominal power Py jimit (Vrateq), 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.

Power at turbine shutdown and standstill
e Maximum extractible power

. e Clipped power
4]

107 - Pwtji'mit(vin)
Pwtflimit (v'rated)

Wind turbine power | W]

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Data

Fig. 3.2. Micro-wind turbine power over awind-cycle operation in logarithmic scale
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» An analysis on the operating time, starting from fig. 3.2 and based on the
assumptions stated earlier, denotes that the micro-wind turbine is unusable (zero
power) for 22% of the time (1918 hours) over a wind cycle of 8759 hours.
Likewise, the turbine operates under the MPPT strategy (maximum extractible
power region represented with blue dots in fig. 3.2) for 38% (3337 hours) of the
cycle, while 40% (3504 hours) of the time is limited (clipped power region
represented with red dots in fig. 3.2) to function at the nomina power
Pu¢_timit (Wratea)-

» 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.

. 10! ; — Energy at turbine shutdown and standstill
Bl Energy lost at standstill —= j — Recovered energy
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= ‘
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107
a) b)

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

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
intervalg/bins, evenly distributed, asillustrated in fig.3.4.

The discretization factor An 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
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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 begiven by N - An.

2000
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Wind speed [m/s]

Fig. 3.4. Statistical distribution of the wind speed profile

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 smplification, the turbulence phenomena is not considered in the generation

process of the new wind signal.
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"l "‘ “"";‘;":"'ﬁﬁt """’*""""4‘;\ ! "“2‘;:. ' l I] “ -

Wind speed profile Statistical distribution Sampling and Interpolation Continuous wind speed
signal

Fig. 3.5. Process of wind speed-profile simplification based on statistical distribution

Having determined the new wind speed operating points and their number of
occurrences it is possible forwards to employ this signal in the ssmulation 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
3.13.

C) Barycenter method

The third method explored for simplifying the wind cycle is based on the barycenter
method, which alows to reduce both the smulation time and the wind data that will be
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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 axia 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 alow number of regions asillustrated 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 regionr.
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Fig. 3.6 Division example of the long-term wind-speed profile into a chosen number of regions

(vw)r, mean wind speed
(v2),, mean square wind speed

Bary , = (3.2)
l(v{};)r , mean wind speed of 4th power

N,, number of points in the regionr

3.1.2 Barycenter method applied to the computation of pWECS 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 asfollows:

» Mechanical losses (P,,..;,) due to friction phenomena:

(Vig)r

(V)7

Precn = fwt 972‘ N, (3.3)
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with
J Friction coefficient (N.m/rad)

> Copper losses (P; ) caused by the currentsin the stator windings:

(vig)r
(V)

» The iron losses can be decomposed into three distinct parts: the hysteresis losses

Pj,r = 3RII%MS T N, (3.4)

( Pre_nys), the losses caused by the eddy currents (Pr, 0qqy) @d the excess losses, which

are not included into this study.

N. (V)
PFe_hys r khys £ (Bth + Bscg/) 'Q N Dwlr (3-5)
" (W)
N7 (Vi)
PFe _eddy ,r — keddy — (Bth + B y) 'QZ i ; (3-6)
" (v)?
where
knys :  Hysteresisloss coefficient obtained from manufacturer data

keaay : Eddy current loss coefficient obtained from manufacturer data

> The considered three-phase power converter can exhibit conduction (P.ynqg j6pr) and

switching (Ps,, j6pr) l0sses in its IGBT devices as well as losses in their anti-parallel

diodes:
1 VCE - VCEO < ) ( )
Pcond_IGBT r = 6 lgfmod <I— Ig_RMS r N, ( W)Z +3 fmodVCEOIRMS r ( W); (3.7)
n_IGBT Uy Dy
1 4 (viy)r
P =6|=(Eoy + E I — 3.8
SW_IGBT ,r l3 ( ON OFF) VCC(test)ICC(test) Cpk,r fsw r (vw)% ( )
1 (Vi) (v)r
Pdiode r= 6 5(1 - fmod) VFIC_RMS,r N < )2 + 6VF commfeleIF AVG rN ( )2 (3-9)
W W
Ic rms = lrus IC_pk = Igus + 10%lzpys v Apave = IC_pk/z (3.10)
where
finod * Modulation factor (0 < foa < 1)
Veg - Collector-emitter voltage of the IGBT [V]
Vero : ON-state, zero current collector-emitter voltage [V], obtained from the
manufacturer datasheet
In g * Nominal current of the IGBT [A]
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Ic rus The current during the 120" switch conduction period [A]
Eon : Turn-on switching losses [J]

Eopr ¢ Turn-off switching losses [J]

V, : Nominal voltage available in the machine [V]

VCC(test) : Test V0|tage [V]

Iectest) * Test current [A]

fow : Switching frequency [Hz]

Vi : Forward ON-voltage in the diode [V]

Teomm : Commutation time of the machine [s]

fete * Fundamental frequency of the machine [Hz]

IPVEE The average forward current of the diode during phase commutation [A]

A more detailed explanation on the entire process of how these losses equations are
determined can be found in Appendix 3.A.

To validate the method, at the first step the losses of the wind energy system were
calculated for al 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 |osses
with the help of the same semi-analytica model by applying the barycenter method and the
relations (3.3)-(3.9), considering several 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 fig. 3.7 with and without taking into account the ratio of the barycenter
parameters. Practically, the lack of ratio in the power losses expressions denotes that their
caculation is done with the help of the statistical distribution by means of histogram
approach. The curves in the figures show that the usage of the barycenter ratio alows to

achieve asmall error faster and with fewer regions.
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Fig. 3.7. Percentage errors between different total power losses of the wind energy system based
reference BLDCPM generator

3.2 Simulations of pWECS operating over long-term wind-speed cycle

The yWECS discussed in chapter 2 isimplemented in Matlab, for the analytical model
and in Matlab/Simulink for the semi-analytical model. The model simulations are performed
with the BLDCPM generator parameters listed in table 2.4 and on the micro-wind turbine
performance points previously discussed, i.e. v, =2m/s, v, =9.3m/s and v, =
20 m/, but now for alarger 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.

3.2.1 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
conditions and results/responses is N,,,4 = 5° = 125, while setting the variation domain of
the factors between [-1,1]. The test condition matrix and the response vector for this specific
design resembl e to those presented in equations (3.11) and (3.12).
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Table 3.1 Variation domain of the wind turbine performance factors

Level Cut-in wind speed Rated wind speed Cut-off wind speed
(Vi) (Vn) (Vmax)
1(-2) 1 7 18
2(-0.5) 1.75 8 19
3(0) 25 9 20
4(0.5) 3.25 10 21
5(1) 4 11 22

Vin  Vp  Vmax
e
Test matrix = [_9'5 _1 _:1] (3.11)
los 1 1|
LT 1 1
[ Pin_total, Pyosses_total, Pout_total, Nsys; |
Pin_total, Pyosses_total, Pout_total, Nsys,

Results = (3.12)

Pin_totallz4 Plosses_totallz4 Pout_totallz4 7753/5124

Pin_tota1125 Ploses_tota1125 Pout_totallzs 7753/5125

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]:

1 Ncond 1 Ncond Ncond
AVG = [N Z Pin_totali N z Plosses_totali N_ Z nsysl-] (313)
cond =1 cond ey cond =1

Efactor; = (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 (X73° P;,,,), the total power losses (X573° Pigsses;) Over the
long-term wind profile (composed of mechanical, Joule, iron and power converter |osses), as
well as the total output power (X773° Pyy,) and the overall efficiency of the wind energy

8759
Zizl Pouti

system (Tlsys = EWTP) , which is the result of the ratio between the total useful power
i=1 Tin;

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 al 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
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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 datais situated between 0 and 5 m/s.
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Fig. 3.11 Tendency graph for ytWECS global efficiency

Lower value of the rated wind speed results in a decrease of power extraction and
losses and also with negative impact upon the system efficiency. As high wind speeds are
quite few in the studied wind profile, alower or an increased value of the cut-off wind speed
of the turbine does not affect that much neither one of the responses.

To better observe the efficiency of the different components of the wind energy
system the semi-analytical model was simulated for a variety of speed and torque values and

their contour maps are represented in the figures below.
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Fig. 3.12 Efficiency contour plots for a) micro-wind turbine, b) BLDCPM generator and ¢) power

electronic converter

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 istoo 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.
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Table 3.2. Comparison table of yWECS 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 ~2h ~14s ~0.003 s
Total input power
N 1,814.9 1,813.2 1,786.1
i=1{Pin_we)i [KW]
Total power losses
N 401.52 401.18 468.19
i:1(Plosses>i [kW]
Total mechanical losses
149.44 149.35 151.81
?I=1(Pmech>i [kW]
Total joule losses
N 58.665 58.593 63.958
i=1(P;); [kW]
Total iron losses
. 21.140 21.128 21.541
i=1{Pre )i [KW]
Total converter losses
. 172.28 172.11 230.88
Zizl(Pconv)i [kW]
Total output power
N 1,413.4 1,412.0 1,317.9
i=1(P0ut_sys>i [kW]
System efficiency
S (Pout sys)i 0.7788 0.7787 0.7379
n -
> L ilPin_we )i

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 smulated at steady state for one electrical period
of the BLDCPM generator (0 <t < T) under At = 5-10~¢ sampling time.

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 smulation time of the
semi-analytical model is achieved with satisfactory accuracy. The analytical model exhibits
the smallest ssmulation time, but with precision penalty. Therefore, the semi-analytical model

associated to the barycenter method proves to be well-suited for the design optimization
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process. An error graph for some of the quantities from the above table are illustrated in fig.

3.13.
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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

anaysis.

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

thewind cycle:

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

»  The datistical distribution based histogram method appears to be a better
aternative, 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.
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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 anal ytical
model. Even if it performs the fastest, a quite large error is found when compared to the semi-
analytical 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.
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Appendix 3.A

Calculation of WWECS 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]:
Precnh = fthZ (A1)

From the tip speed equation results that the rotational angular speed, €, can be linked

to the wind speed by relation (4.2):
Q= kg, (A.2)

where k; is a speed coefficient.

In reference to this, (4.1) can be reformulated as:

Prech = Cmechvv%/ (A.3)

With Crpecn = ks?fwt-
Presuming C,,..p IS constant within one region, the sum of mechanical loss for all the

points (p) in the considered region (r) can be expressed:

Ny Ny
— 2 2

Z Pmech,p — “mech,r Z vw,p - Cmech,rNr(vw>r (A-4)

p=1 p=1

AS Cpnecn r 1S a@ssumed constant, it can be computed for any point of the region, but the

barycenter of the considered areaiis preferred:

Pmech,b — fwtﬂg — fwt-Q72‘

Crmechr = ‘f/'b Uﬁ/,b v‘%}'r (A.5)
with v, , = (,), and Q, = Q, therotational speed computed for the wind speed v,, ;,.
In the end the mechanical losses result as.
(vi)
Prechr = fwtﬂ72'Nr - ; (A.6)
()7

requiring Q,., (v, ), (v3), for their resolution.
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A.2 Copper losses assessment

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

P;(t) = R[i2(t) + ip (t) + i2(t)] (A.7)

From (4.7) the average copper loss can be found by determining the RMS value of one
period (0 <t <T) of the function through relations (4.8)-(4.11):

1 T

B = O =7 | pOE (A9)

T
by = g f [i2(0) + i5(6) +ig()] dt (A.9)

0

T T T
e i2 2 .2

P, =R UO ig(t)dt +f0 ip(t)dt +L i (t)dtl (A.10)
P; = R[I3us o + I3ms b + Ius. c| (A.11)

where Ipys pn = / % OT if,h(t)dt represents the equation which determines the quadratic mean

for each phase current. If assumed that the phase currents have the same RM S value the losses

in the stator windings become:
P; = 3RIZys (A.12)

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 (4.13) and linked to the RMS
current by (4.14):

Tom = kwv‘f, (A.13)
Tem = kilgus (A.14)

where k,, , k; are speed and torque coefficients.

In this context, (4.12) becomes:

P =Cul (A.15)
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2
with ¢; = 3R (';—W) . Making the same assumption as before, that C; is constant within one
t

region, then the sum of copper loss for all the points (p) in the considered region (r) can be

written as:

Ny N,
z Pf'P = C]';T Z th,p = Cj,rNr<v\f/)r (A16)
p=1 p=1

As C;, is constant, it can be computed for any point of the region, but again, the

barycenter of the considered areaiis preferred:

P _ 3RIZusy _ 3RIFus

4 4
17w,b w,b

L= A.17
'], T v U\f;,r ( )

with vy, , = (vy,) and Izysp = Irms, itS corresponding current, computed for the wind

speed vy, 1
Finally,
Ny "
Bir= Z Fip = %Nr(vé)r (A.18)

i=1

(vo)r
(vw)?

and it isbased on Iy -, (U )y, (Vi) tO be computed.

P;r = 3RIgys, Ny (A.19)

A.3 lronlossdeter mination

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:

PFe_hys = khys f (Bgz + Bsogz) (A.20)

4 ~ ~
PFe_eddy = ;keddy fezle (Bt,?h + ZBSZy) (A.21)

where By, B, are the stator tooth and yoke flux densities, and ks and kg4, represent the
hysteresis and eddy current loss coefficients, which can be calculated from manufacturer data,
and f,;. is the fundamenta frequency, which is given by the pole-pairs number and by the

rotor angular speed of the machine:

we = Ny, Wo = 2T fore (A.22)
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Thus, (4.20) and (4.21) become:

P — Ko (Bg + B%)Q (A.23)
Fe_hys hys 2T th Sy .
NZ
PFe _eddy — keddy 3 (Bth + ZB y)‘QZ (A~24)

Given aso the proportionality of the rotor angular speed of the machine to the wind
Speed:

PFe_hys = Chysvw (A.25)
PFe_eddy = eddyvv%/ (A.26)
where Crys = ksknys 5= i (B + BE) and Coqqy = k2 keddy — (Bth +2B2).

Considering Cpys and Ceqq4, constant within one region then the sum of iron loss for

all the points (p) in that region (r) can be written as:

Ny N,

z Pre nysp = Chys,r Z Vwp = Chys,rNr<vw>r (A.27)

p=1 p=1

Ny N,

Z PFe_eddy,p = Leddy,r z vv%/,p = Ceddy,rNr(vv%)r (A.28)
=1 p=1

As Cyys and Cpqq, are constant, they are computed for the barycenter of the area as:

P
PFe_hys,b khys 21 (Bth +B y)‘Qb

C =
hys,r vW'b vw,b
Ny .
_ knys 55 (B, + B)Q, .
Vir :
N2 X
_ Pre eady,p _ keddy 3 (B + 2B y).Q
Ceddy,r - 1.72 ) = vz -
w, W,
N2
keaay =5 (Bf + 2B3,)07
- (A.30)

Vi,
with v, , = (v,), and Q, = Q, its corresponding rotational speed, computed for the wind
Sp%d vW,b'
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Finally,
N _ Knys (B +B%)Q,

PFe_hys,r = 2 i PFe _hys,p = - v‘:hr >N, (V> (A.31)

N ()
PFe _hys;r — khys - (B + Bg/)ﬂ N < w>r (A.32)

Uw )

Npe keddyZ—Z)(th+2§SZy)Q72~ 2
PFe_eddy,r = Zp=1 PFe_eddy,p = v Ny (1) (A.33)
N; (viy)
PFe _eddy,r — keddy 2 (Bth + ZBszy)'QZ ( . )T (A-34)
Vw Iy

and it isbased on Q,, (v, ), (v3), to be computed.
A.4 Conduction and switching lossesin 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].

e Conduction lossin IGBTs

As the BLDCPM machine has only two phases active for 120" in an electrica 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;

1
PCHl_T = §fmodVCEolc_RMs (A.35)
1 Vee — Vero
PCHZ_T = §fmod <m Ig_RMS (A.36)
n_
Ic rus = IRMS_ph (A.37)

Based on (4.13) and (4.14) the above relation can be rewritten as:
Penir = CeniViy (A.38)
Pehor = CeraVi (A.39)

. ky, 1 ky\2 1
whit Ceyq = k_‘:gfmodVCEO and Ceyp = (k_‘f) gfmodVCEo-
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Like before, C.y; and C.y, ae considered constant for one region, then the

conduction losses for al the pointsin the region are deduced as:

Ny Ny
Z Pewirp = Cenir Z vv%/,p = CCHl,rNr<vv%)r (A.40)
p=1 p=1
Ny Ny
Z Pewzrp = Cenzr Z Vn;}/,p = CCHz,rNrW\fz)r (A.41)
p=1 p=1

Further on the barycenter of the areais calculated:

1 1
C _ PCHl_T,b _ §fmodVCEOIC_RMS,b _ gfmodVCEOIC_RMS,r A 42
CH1,r — 172 - 172 - vz ( . )
w,b w,b w,r

1 Veg =V, 1 Ve =V,
§fmod (M> Ig_RMS,b §fmod (u) IL%_RMS,r

C _ Pchz b _ In 16T In 16T A.43
CH2,r — 4 - 4 4 ( . )
17W,b vw,b Uw,r

with vy, , = (vy, ) and I¢ ruspy = Ic rus, itS corresponding current, computed for the wind

speed v,,
At last,
Ny 1
3 Fmoa" crolc RMSF X
Peyiryr = Z Peyirp = > Ny (v ) (A.44)
p=1 w,r
1 (v2)
P cu1Tr =5 f modVCEOI C_RMS,r N, L; (A.45)
3 (V)7
Ny 1 f (VCE — VCEO) 12
37 mod I C_RMS,r
_ _ n_IGBT 4
Pewo 1 = Z Peworp = ) Ny (v )y (A.46)
p=1 w,r

1 Vee = Vero ()
P CH2.Tr = gf mod <— | %_RMS,rNT ﬁ (A.47)

In_IGBT
relying on I gus.rs (Vw)rs (V2)r , (Uit)r t0 be computed.

The total conduction losses on all the transistors result:

Peonda 16Ty = 6(P ca1 Ty T P CHZ_T,r) (A.48)
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e Switchinglossin the | GBTs

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

expression:

Va

1
Py 1687 = 3 (Eon + Eorr) Ic pi fsw (A.49)

VCC(test) ICC(test)

where I ,, is calculated for a 110% overload of the generator winding current.

A simplification of the above mentioned equation is:

Psw 1687 = Csw_16BT Vi (A.50)

Vn

. Ky 1
with Cgy 16pr = %3 (Eon + Eorr) fsw-

Veetest)Icc(test)
If C,,, were to be constant in the considered region, the switching losses of al the

pointsin the region result as:

N, N,
Zpil PSW_IGBT,p = Lsw_IGBTr Zpil vv%,p = sw_IGBT,rNr<vv%/>r (A'Sl)

The calculation of Cs,, follows on for the barycenter of the considered area:

1 |4
5 (Eon + E n I
PSW_IGBT,b 3 ( oN OFF) VCC(test)ICC(test) C_pk.b fsw
CSW_IGBT,T = > = >
vw,b vw,b

1 V
5(Eoy + E n I
_ 3 ( ON OFF) VCC(test) ICC(test) Cpk.r fSW

(A.52)

2
vw,r

with v, , = (v ) and I¢ pk » = Ic pi » the corresponding current, computed for the wind

Speed Vw b
Finally,
1 v,

Nr 3 (EON + Eorr i% 7} IC_pk T fow
. _ CC(test)!CC(test) 2 A.53
Psw_16BTr = Psw 16eTp = v2 Nr{vwdr (A-53)

= w,r

1 |74 (%%)r
P = —(E,y + E 1 N,—— A.54
sw_IGBT,r 3 (Eon OFF) VCC(test) ICC(test) fsw Cpk,rir (v,)2 ( )

and they depend on I¢ pir, (Vw )y, (V43), t0 be assessed.
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e Diodelossesdueto:
A) PWM switching of thetransistors

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 (4.54). To be noted that the recovery switching

losses in the diode are excluded.
Pow dioge = 5 (1= fmoa)Vrlc rus (A.55)
Through reformulation:
Psw_giode = Csw_dioaeV (A.56)

kw1
where Csw_diode = k_tg 1- fmod)VF-
Considering Cy,, gi0qe CONstant within one region, then the sum of switching losses in

the diode for al the pointsin that region are:

Ny Ny
— 2 2

Z Psw_diode,p — Lsw_diode,r z vw,p - Csw_diode,rNr(vw)r (A-57)

p=1 p=1

The computation of Cg,, 4504 fOr the barycenter of one particular region is based on:

1 1
Poyw dgiodep 3 (1 = fmoa)Vrlc_ rms,p 3 (1 = frnoa) Vrlc rms,r
Csw_dioder = 2 = 2 =

vw,b vw,b

(A.58)

Vi r
with v, , = {(w, ), and I¢ rysp = Ic rus, the corresponding current, computed for the wind
speed vy, p.

On thisbasis,

Ny 1
(1 - fmod)VFIC_RMS,r

. NAV2),  (A59)
vW,T'

_ _3
Psw_diode,r - Psw_diode,p -
p=1
2
(vw>r

1
Psw_dioder = § (1- fmod)VFIC_RMS,rNr (v,))2 (A.60)
wlr

and requests I¢ gy (U )rs (Vi2), fOr computation.
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B) Phase commutation

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 phenomenais computed as:

Pcomm_diode = 6VFIF_AVGTcommfele (A.61)

where Ir 4y6 = Ic pi/2 isthe average forward current of the diode during commutation.

Again, through substitution (4.61) can be reformulated as:

2
Pcomm_diode comm_diode Vw (A-62)

where Ceomm diode = ';—“t” 6ViT ommfere @d if assumed constant within one region, it helpsto

determine for al the pointsin that region the total diode loss caused by phase commutation:

N, Ny
P ; = ; v2,=C ioderN-(V2) (A.63)
comm_diode,p comm_diode,r w,p comm_diode,r*‘r\Yw/r .

p=1 p=1

For computing C.omm _aioqe fOr the barycenter of the region, the following equation is
employed:

Pcomm_diode,b _ 6VFTcommfele IF_AVG,b _ 6VFTcommfele IF_AVG,r

2 2 2
vw,b vW,b vw,r

Ccomm_diode,r -

(A.64)

with vy, , = (w, ), and Ir ay6p = Ir ave, the corresponding current, computed for the wind

speed v, .
Ultimately,
& 6VeTsommfote |
F le 'F_AVG,
Peomm_dioder = Z Peomm_diodep = Comrzze : . Nr(vv%')r (A.65)
o=1 w,r
_ (vir)r
Pcomm_diode,r - 6VFTcommfele IF_AVG,rNr <U )2 (A-66)
wlr

and requires Ir 4y r» (Vi )r, (v3), to be determined.
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Chapter 4

Design Optimization of the BLDCPM Generator over
Wind-Speed Cycle Operation

4.1 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 suitabl e solution for the determination of an appropriate design. Due
to the many operating points within the wind-speed cycle and because the optimization process
regquires 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 ytWECS model.

4.1.1 Sourcesof 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 asit provides aglobal 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.

Thedesign process as presented infig. 4.1, startsfrom aset of initial/input specifications
which pass through several phases before the final decision is made. The second phase after the
analysis of theinput specificationsis represented by the mathematical formulation of the design

and optimization problem.
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Specification
definition

. V' Problem formulation
- |Design problem |
* None feasible solution | formulation ‘
* Poorly defined objectives | ————— ——
» Absence of constraints | Optimization problem)
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n
- 4 g
.. - Problem
Pussnsnnnnnnnnnhnnnnnnnnnnnns .
- = . solving |
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Fig. 4.1. Schematic representation and possible problems of the design optimization process

At this stage, the geometric and physical relations that characterize the behavior of each
component in the system are al put together to form the model of the considered system. It is
however quite difficult to take into account al the physical phenomenathat 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 aso 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 agorithms (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
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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.

Generator + Wind turbine +
Rectifier + Wind speed cycle

4

Generator + Wind turbine
+ Rectifier

Generator +
Wind turbine

Generator

Gain

Complexity

>

Fig. 4.2. Gain vs. complexity by integration of utWECS components design
4.1.2 Design optimization

Asthe objective is to find the optimum variables that allow attaining the best technical
and/or economical performances, mathematical formulation of the constrained optimization
problem with one or multiple objectives represents an important issue of the design

optimization process:
mXin fo(X) o=1,..,m
subjectto g;(X) < 0 i=1,..,n4 4.1)
hj(X) =0 j=1,..,ny

where X = [xl,xz,...,xnv] € 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. Asthey can be of severa typesthe design space (S) for each of them can be defined
as[1]:

e S:xt < x, <x!, x,€R- for continuous design variables (x) where

each of them has an upper (U) and alower (L) bound
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S x, € S - for discrete design variables where each of them has a finite set
of values

The terms g;(X) and h;(X) in the above general optimization problem represent the

inequality and equality constraints that have to be respected for optimal solution.

4.1.3

Difficultiesin design optimization

Asstated before, the computation timeis 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:

Instant

The number of design variables and constraints
The nature of the design space : continue, discrete or mixed
The nature of the optimization problem: constrained, non-constrained

Number of objectives

Simulation -
, Difficult to be
Fast Slow management :
used in
1s 10s 2min 1h design optimization

Fig. 4.3. Importance of the simulation time for the design optimization process

Moreover, the opportunity of different modeling level becomes also a problem for the

design optimization due to multi-physics phenomena of the different componentsin the system.

Three types of models can be exploited with different precision and response time:

The anayticad model expresses the system phenomena through multiple
equations, being based on many hypothesis and simplifications which make it
fast but in general not very accurate.

The semi-analytical model allows taking into consideration some
electromagnetic nonlinearities in solving nonlinear equations, providing good

trade-off among precision and computation time.

The FE-based numerical model is the most precise among al, as locd
saturation, among other distributed quantities can be computed. Still, it can be
quite time consuming depending on the density of the generated mesh.

98



Chapter 4 Design Optimization of the BLDCPM Generator over Wind-Speed Cycle Operation

In the end, the significance of the computation time for the optimization process is as
classified in [2] and depicted in fig. 4.3.

4.2. Formulation of the pkWECS 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 yWECS

modd are introduced in the next sections.
4.2.1 Objectivefunction

The objective function proposed for resolution is:

» Theminimization of the overall power lossesin the uWECS over a long-term
wind-speed cycle operation.

These losses consist of mechanical losses in the turbine (Py,..,), copper (P;) and iron
(Pf.) losses in the generator, conduction and switching (F.,,,,) l0sses in the power converter,

the power flow in the system being represented by fig. 4.4.

Wind turbine BIDCPMG Rectifier

——

T

Pmeéh(ﬂ) P}(D PFe (Q) Pconv“)
Fig. 4.4. Power flow in the wind energy conversion system

The optimization problem can be therefore formulated as:
min(OF(X) = Ptotal_loss) = min(Pmech_t + P]'_t + PFe_t + Pconv_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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4.2.2 Design variablesand 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, dong with their nature and variation domain.

Table4.1. List of the ytWECS design variables

To
_ _ o Definition _
Component Variable Notation | Type | optimize ] Unit
domain
?
Rotor blade radius Ry¢ c Fixed 15 [m]
Friction coefficient fwe c Fixed 0.025 [Nm/rad]
Wind
_ Cut-in wind speed Vin C Yes [1+4] [m/g]
turbine : :
Nominal wind speed Uy, c Yes [4+20] [m/g]
Cut-off wind speed Vinax c Yes [20+25] [m/g]
Number of pole pairs p d Yes {2,...,20} -
Number of phases m c Fixed 3 -
Stator bore diameter Dy c Yes [100+500] [mm]
Magnetic length L c Yes [50+500] [mm]
Air gap thickness g c Yes [0.5+5] [mm]
Ratio length
Tys c Yes [1+1.2] -
rotor/stator
Stator’s laminated ]
. kst c Fixed 0.95 -
filling factor
Slot copper fillin
p? ) J k, o Fixed 0.5 -
Generator coefficient
Remnant induction of _
B, c Fixed 1 [T]
the magnets
Peak magnetic R
_ o _ By C Yes [0.5+1] [T]
induction in the airgap
Peak magnetic
induction in the rotor B, c Yes [0.6+1.6] [T]
yoke
Peak magnetic
induction in the stator B, c Yes [0.6+1.6] [T]
yoke
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Peak magnetic

induction in the stator B, c Yes [0.6-1.8] [T]

teeth
Current density Sgens c Yes [0.5+8] [A/mm?]

Ratio DC voltage/EMF k, c Yes [0.5+10] -

Commutation
frequency fsw C Yes [1+30] [kHZ]
Rectifier DC bus voltage Vae c Yes [48+300] [V]
Number of IGBTsin _
veralld NGeT d Fixed - -

» Micro-wind turbine variables for design optimization

As adirect coupling between the wind turbine and electrical generator is considered in
thiswork 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 thiswork 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-siderectifier 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 ssimply as nonlinear inequality constraints in order to:

e Assure that the output power generated at cut-in wind speed overcomes the power

lossesin the system:
910 Poyt yin 2 0 [W] (4.3)
e Limit theinner diameter of the generator for mechanical reasons:
g2(X): Dine = 80 [mm] (4.4)
e Narrow the thickness range of the magnet to avoid alarge volume of these parts:
93(X): hyyy < 6 [mm] 4.5)

e 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]:
94 (X): det(Ds, Sgens, Ben, Bg) =0 (4.6)

e Ensure that the maximum temperature in the stator windings does not exceed a
critical limit:
gs(X): Ty, < 130 [°C) 4.7)

e Guarantee that the magnets can support a current in the phase windings three times

the rated current without demagnetization:
Imax
9o (X):Ipn < —= [4] (4.8)

e Achieve asufficiently small rising time of the phase current:

X):time_I,, < —— [s 4.9
g7 ph 30fele [ ] ( )
where f,;. represents the generator frequency.
e Limit the hysteresis band-width of stator current :
Ai
gs(X):—< 0.1 (4.10)
Ipn

e Ensurethat the generator massis less than an imposed value:
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99(X):Mgen_t < 20 [kg] (4.11)

e Achieve agood efficiency of the generator over the entire wind cycle, obtained as

the ratio between the total output energy (X ;(Pyur gen)i - At;) Of the generator
and the total input energy given by the wind turbine (XN (Pin we)i - At;), with N

being the number of wind speeds within the considered wind profile:

glO(X): Ngen_cycle = 0.9 (4.12)
4.2.3. 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 along-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.

Table 4.2. 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

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 surviva
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.
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4.5. The beginning of the genetic algorithm corresponds to a random initialization of the
population with certain number of individuals. The next step isto 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.

Initial Evaluate each Yes "
population individual within | e - Display
(Generation=0) the population resulls

‘ No
Selection of
the next

generation

{

o N
Next Reproduction
generation with

crossover

v

Reproduction
with

mutation
e

Fig. 4.5. Schematic representation of the standard genetic algorithm principle

To better observe how this agorithm heads towards the global solution the “wave”
function from Matlab environment was chosen as example for finding the location where the
function presents its highest peak (fig. 4.6).

2 >

'
o

[
b

Fig. 4.6 Global maximum searching based on genetic algorithm applied to Matlab “wave” function
104



Chapter 4 Design Optimization of the BLDCPM Generator over Wind-Speed Cycle Operation

It finds the best values x = 1.2608 and y = 0.5692 for the maximum global of the
function represented by z = 4.37. It isimportant to add that the optimum resultswill vary based
on the random start points of the solver. Another run of this example with genetic algorithm
may give different results for x and y but for the same z.

4.3 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 paralel by using the command parpool(7) within the
paralel computing toolbox of MATLAB.

4.3.1 Singlelevel 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
workflow of the global optimization process incorporating GA agorithm, 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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Fig. 4.7. Schematic representation of the optimization process based semi-analytical s mulation model

with barycenter method
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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 areference (semi-

analytical with complete cycle) that allows to compare the other optimization approaches.

Table 4.3. Comparative design output quantities

Semi-analytical model Semi-analytical model
with complete cycle with barycenter method
No. of operating points 8,759 6

Tota input power [KW] ~ 2,866 ~ 2,856
Tota 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

Tota output power [kKW] ~ 2,365 ~ 2,356

System efficiency 0.8251 0.8249

The second direction in this section is to perform the optimization upon the anal ytical
simulation model based on the same workflow of the optimization process as the one depicted
in fig. 4.7 for the semi-analyticd model. The optimization time and number of model

evauations for both optimizations are summarized in table 4.4.

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
model presents values for the parameters quite far from those of the semi-anaytical model,

which is considered as reference given its better accuracy.
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Fig. 4.8 Discrepancy between analytical and semi-analytical optimization results for several
output quantities

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
isto 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.
4.3.2 Two-level optimization approach

For arefining of the optimization results with the analytical model, a correction strategy
that uses evaluations of the semi-analytica model associated to the barycenter method is

proposed and implemented in the two level optimization approach, as presented in fig. 4.9.

N |
Wmd speed cvcle ! ‘Analytical model Correction Loap |
I 'I correction I
11y | :
A .1 : |
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| | v ___
[
| IPerformancepomts ‘ t 1
1
I Analytical sizing 1
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1 simulation model 'I
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OP = min(Pyotai toss) |' > Semi-analytical
Design Constraints: model evaluation 1

8i(X) = [g1.92 .. 810] J__iJJ
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1600 Generation S
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Fig. 4.9 Schematic representation of the correction process of the analytical simulation model
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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 goa 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 mode!:
mXin | OF (X) — I, withy = 500 [kW] (4.13)

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 asurrogate model that includes the analytical model and a correction on its outputs.
This correction is calculated by evaluating the obtained configuration with the semi-anaytical
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.

|Pl]f)ss total SAb — Pllf)ss total SU| 3
total, total SUL 10~ (4.14)

|Pl](()ss_total_SAb|
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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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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The convergence history for some particular output variables are displayed in fig. 4.10.

The optimal results found at the 6™ iteration are again confronted to those of the semi-
analytical model with complete cycle from section 4.3.1 in terms of design variables and
electromagnetic characteristics, being summarized in table 4.5.

Table 4.5. Design optimization results

Par ameter Unit _Surrogate model Semi—analytical model
with complete cycle with complete cycle
Design variables
Vin [m/s] 29 2.96
v, [m/s] 9.77 9.71
Vimax [m/s] 21.33 21.37
N, 10 12
D [mm] 216 250
L, [mm] 76 58
g [mm] 11 1.16
Trs 1.128 1.153
B, (T] 0.63 0.64
B,, (T] 152 1.51
B, (T] 1.22 1.32
B [T] 171 17
Sdens [A/mm?] 3.42 2.8
k, 2.55 2.39
fsw [kHz] 25.8 24.9
Vac [V] 263 234
Optimization function (Pyss rotar)
OF(X) | [kw] | 500 | 500
Electromagnetic parameters of the BLDCPM generator
Ryn [ohm] 0.14 0.095
Lpp [mH] 3.7 25
P, (W] 1,734 1,716
Geometric parameters of the BLDCPM generator
D [mm] 155 185
Dy [mm] 240 274
L [mm] 12.47 12.43
hy, [mm] 174 20.4
h, [mm] 2.83 2.96
Lin int [mm] 25 2.48
he ine [mm] 2.88 3
hym [mm] 3 3.18
hg, [mm] 8.77 8
h., [mm] 7.8 7.54
n 441 470
Mgep ¢ [kg] 14.7 14
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Power balance of the wind energy system

Pin_total [kW] 2,775 ~ 2,866
Pout_total [kW] 2,339 ~ 2,365
Nsystem 0.8428 0.8251

However, this time by applying the correction strategy of the analytica 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 dlightly 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 methodol ogy,
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 severa 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 cyclein 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. 4.11).
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Fig. 4.11 Convergence history for several quantities by iteratively increasing the number of
barycenters

44 Conclusions

In this chapter the design optimization methodol ogy 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 parametersthat satisfy the problem constraints while performing the minimization of
the power losses of the wind energy system over along-term wind speed profile.

In the first phase, an optimization with the semi-analytical model with the barycenter
method has been conducted and severa output results were confronted to the semi-anal ytical
model responses under completewind cycle operation. A good correl ation 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 areduced 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-anaytical one, which is considered as a more precise
model. The results of this approach respond well to the optimization problem leading to good

resultsin a very reasonable time, making possible for other optimizations to be relaunched.
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Chapter 5

Experimental Study of BLDCPM Generator Prototype

5.1 Experimental characterization of the BLDCPM generator prototype

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

» outer rotor with surface-mounted Nd-Fe-B magnets (fig. 5.1)

» inner slotted stator of steel |aminationswith 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.

Bicycle
wheel
Quter rotor
configuration

NdFeB magnets

Fig. 5.1. Rotor part configuration of the BLDCPM prototype machine
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Fig. 5.2. Stator part configuration of the BLDCPM prototype machine
5.1.1 Experimental study of BLDCPM generator no-load operation

Since only few information is provided for the BLDCPM prototype machine, several of
its features are found experimentally. As mentioned in chapter 1, the electronic commutation
of three-phase BLDCPM machine comprises six conduction intervals of 60 electrical degrees
per cycle for each stator phase. The stator-phase-current commutation as a function of rotor
position is performed using the output signals of three Hall-effect rotor-position sensors
mounted in the stator (fig. 5.2). The Hall-effect sensors are supplied with constant DC voltage
of 5V (x0.5V) and their rotor-position output signals are processed for electronic self-
commutation of stator-phase currents by means of PICOLLO converter, shown in fig. 5.3, also

available in the laboratory.

SV DC supply
Machine phases for the sensors Hall sensors
connection ports connection ports

Enable/ disable switch Protection fuse
Jor tokque control

Fig. 5.3. PICCOLO converter used for Hall sensors rotor-position signal's processing
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Thein-wheel BLDCPM machine was set in motion by means of afew adjustments (fig.
5.4). Due to the outer rotor topology of the in-wheel motor, it is pulled by a belt connected to
the shaft of a rotating motor with speed regulation that emulates the wind turbine, as shown in
fig. 5.4.

Driving motor

BLDCPM

Connection machine
belt to the
prime mover
assembly
L_) igital Machine
oscilloscope support

PICCOLO N Foliage

converter i o

Fig. 5.4. Experimental set-up for no-load operation of the BLDCPM generator prototype

It is noticeable without saying that the exterior diameter of the in-wheel machine is a
few times greater than the one of the driving shaft, which leads to different speeds between
them. On this basis, the speed of the BLDCPM generator results by dividing the driving motor
speed to the ratio of their exterior diameters, which was found to be 7.2.

No-load (open-circuit stator) experiments for the BLDCPM generator prototype were
carried out next, at low speed, which alow determining which sensor corresponds to which
phase, by visualizing on the digital oscilloscope with the help of differential voltage probes, the
line-to-line back-EMF voltage waveform and the corresponding Hall-effect sensor output
signals, as exemplified in fig. 5.5.
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Hall sensor

Filtre du bruit désactivé

Line-to-line EMF voltage

Fig. 5.5. Experimentally-obtained line-to-line back-EM F waveform and Hall-effect sensor output signal
under no-load operation of the BLDCPM generator prototype.

As clearly shown by fig.5.5, the Hall-effect sensor output signal change itslogical state
from 0to 1, when the corresponding back-EMF ascending slopeisinitiated. The same principle
applies to al stator phases of the BLDCPM prototype machine, leading to the stator-phase
switching sequence of table 5.1.

Table 5.1. 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 - + of f
0 0 1 - of f +
1 0 1 off - +
1 0 0 + - off
1 1 0 + off -

Other measurements under open-circuit condition were performed to determine the
back-EMF coefficient k., s, which directly linksthe rotational speed of the machinetoitsRMS
stator-phase back-EMF, dueto their linear relation, as shown in fig. 5.6. Based on repeated no-

load experiments at different rotor speeds the value of this coefficient has been obtained

kemf ~ 0.34 [ra‘;/s]'
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0 I 1 1
0 50 100 150 200

n [rpm]

Fig. 5.6. Experimental characteristic of line-to-line back-EMF vs rotor speed
of the BLDCPM generator prototype.
5.1.2. 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 assembl ed.

Supply and
Three-phase dSpace board 1104 ca?n?a} i’
power converter

the em ulator

DC voltage
source

Driving
motor

Resistive
load

PCB BLDCPM
signal cart machine

Fig. 5.7. . Experimental laboratory set-up for BLDCPM generator prototype performance analysis
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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 isto 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 dSPA CE board [1] and a PCB signal cart.

The three-phase full-bridge power converter employed for the testsis of Semikron type,
characterized by a maximum current supply of 30 [A] for avoltage 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. 5.9-1€ft). 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).

Fig. 5.8. Variableresistor
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Fig. 5.9. dSpace 1104 controller board (left) and digital input/output ribbon cable for measurements
and control (right)

To be able to acquire the position signals of the Hall effect sensors (digital data) and to
control the BLDCPM machine based on the 120° electrical degree commutation pattern (six
sectors of 60° each) the ribbon cable from fig. 5.8 (right part) was created. The communication
with the board is done by means of the ControlDesk software and the correspondence with the
Matlab/Simulink [2] control blocks is achieved in real-time viathe Real Time Interface (RTI),
as the compiler generates a C/C++ code of the simulation blocks and loads it into the memory
of the dSPACE board.

The general structure of the main program implementation in Matlab/Simulink
environment for the real-time tests is depicted in fig. 5.10. The first step consists of achieving
the real-time measurements of the Hall sensors signals with the rotor position information by
means of the input ports from the dSPA CE board and of the BLDCPM machine phase currents,
respectively, as depicted by the blocks on the left in fig. 5.11.

[RT1Data i
» MASTER BIT OUT
Bit1
0
MASTER BIT OUT
Master switch
Bitd
» MASTER BT OUT
AN
Habc — Habe Phases > - I_> Convert &e
Enable Data Conversion MASTER BIT OUT
labc —W labc
BitS
Sensors Generator Control
e ol At » MASTER BIT OUT
Currents
Bit3
MASTER BIT oUT

Bit6

Fig. 5.10. RTI based Matlab/Simulink control model of the BLDCPM machine
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J
MASTERBIT IN 4% I A "
1104 Phase A
1104A|
DS1104BIT_IN_C17 Ha DSHMMADC C3
MASTERBIT IN b ADC b
] labc
DS1104BIT_IN_C16 Hb DS1104ADC_C6 Phase B
Habc
MASTEREIT IN 4% ADC 4%
DS1104BIT_IN_C18 He DS1104ADC_C7 Phase C
a) Hall sensors signals measurement b) BLDCPM machine phase currents measureinent

Fig. 5.11. RTI based “Sensors and Currents” block

Therefore, the second step consists of determining the reference currents for each state
from 0 to 360" by implementing the commutation sequence from table 5.1 and based on the
previous measurements of the sensors. A representation for thefirst 60° electrical degree sector
isillustrated in fig. 5.13.

As a torgue control cannot be realized for this set-up, only the phase currents are
controlled by means of Pl regulators or hysteresis comparators (fig. 5.12). The outputs of the
current regulation correspond to the signals transmitted to the converter power units (IGBTS)
which are controlled by the dSPACE board based on these signal values. The communication
with the board is realized by the six “Master Bit Out” RTI blocks from fig. 5.10.

The rotational speed of the BLDCPM machine is used as a criterion for cancelling the
load if the machine speed exceeds an imposed limit value or if the power converter senses an
error. The machine speed is calculated by means of a speed and position sensor attached to the
shaft of the driving motor, by multiplying the output response of the motor speed port by 60
and dividing it by 600, which represents the maximum resolution of the encoder and applying
afilter to uniform the result (values also provided by the datasheet). At last, the rotational speed
of the BLDCPM generator is estimated by dividing the SRM speed to the 7.2, value previously
determined.
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Fig. 5.12. RTI representation of the “Generator Control” block
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Fig. 5.13. RTI representation for the current control for a 60-el ectrical-degree sector of an electrical
cycle

5.1.3 Experimental results

The Control Desk interface contains graphical toolsfor visualizing the measured signals
of the rea-time experimenta investigations and display tools to revea the instant values for
certain quantities. The solver chosen when realizing the tests is the Runge-Kutta with a fixed
time step of At = 6 - 107> [s]. The values of two variables are changed during the tests:

» The “master switch” which is used to enable (1) and disable (0) the control strategy

» The “Iref” variable which is set to control the peak phase currents of the machine

by increasing or decreasing its value
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The tests were conducted for various rotational speed, DC voltage source and resistive
load values for aregulation of the machine phase currents with Pl controllers.

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 voltageis 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.

{83 Platter_10: Phase Alusti
3 1 TaTEERa0E Commentd

s Maswr P vt
Hewt Platle

Master switch Value | £ 06 Plober 9 Phase ACut!
1 v

~ Speed_BLDC/Outi

i Fites Standand Fites,. Mrcheck 8

e variskdes | | Messutemers Do Pl |38 Plat? e | 8 fenepiecer | 3 Log

Fig. 5.14. Experimental waveforms of the BLDCPM generator through Control Desk interface

However, a decrease in the DC voltage will have repercussion on the machine phase

current, asit will exhibit apeak in its waveform, being noticeablein figs. 5.15 and 5.16.
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Fig. 5.15. Experimental waveforms of the BLDCPM generator through Control Desk interface

Fretiy Filtre du bruit désactivé

Fig. 5.16. Experimental waveforms of the BLDCPM generator stator-phase current and voltage at a

rotational speed of 30 [rpm] measured on the oscill oscope

Other tests were conducted to investigate this phenomena for higher rotational speeds
of the BLDCPM machine. At the nominal speed of the machine of 200 [rpm] the resistive load
needed to be increased to avalue of 2.2 [ohm] and the reference current was set to 6 [A] . For a
DC voltageof 13[V] the same peak appears in the current’s shape (fig. 5.17), but it al so presents
adightly atered form due to the lack of a control on the DC voltage.

123



Chapter 5 Experimental Study of BLDCPM Generator Prototype

=4 Plotter_10: Phase CIOutl

-1, TOTEDe+308 |, 1, TITE0e+308 Corverted

= Frarme AU LR Unik - Pl s Fiatfa v 2 241 =,
B Frase crowt 518357 £} HestS.. Patto
Bl Prase Bou 0732422 £) HostS . Patfo
- Doy ey S 1R ] S OSTINS - Hmg s (= L b

= (&) Plotter_10: Phase CiOutl

-1, 797ESe+308 . 1. 79TE0e+308 Converisd

Phase COU ]

2 Mams Walkine Uind + Rasis Paatin 1 2 2 -
B Frase cooutt 5. 41082 I} HostS_. Patfo
D Phase Bi0wt L 2ases $) Hosis Pratio

1 N MASL LT i =

M ovams b0

b)

Fig. 5.17. Experimenta waveforms of phase currentsfor a) DC voltage of 13[V] and b) DC voltage
of 18[V]

5.2 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
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. Severa 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 asignificant rolein the quality of the generated electrical energy.
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The peak in the current waveform is obtained even for alack of a chopper control of the DC

busvoltage. At last, steady state aswell as dynamic experimental tests have also been provided.
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General Conclusions and Per spectives

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 WECS is described in the first chapter of the thesis.
It is based on a brushless DC permanent magnet generator with direct coupling to the three-
bladed 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 severa aspects needed to be covered,
i.e. the modeling of the complete WWECS. For that reason along 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 ssmulating 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 alarge 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 alows to consider the entire cycle when designing the
generator based on its corresponding parameters, being associated with the semi-analytical
simulation model. Likewise, a senditivity analysis upon the performance points of the micro-

wind turbine (cut-in, rated and cut-off wind speeds) by means of afull factorial design has been
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realized in order to determine how several of the WWECS 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 simul ations of the semi-analytical model over
compl ete 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 al so 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:

» Thedevelopment of an analytical sizing and simulation model in Matlab and a semi-
analytical simulation model based PI control of the power and hysteresis regulation
of the currentsin Matlab/Simulink environment

» 2D modeling and analysisof a BLDCPM generator by means of an automatic link
between IMAG Designer and Matlab software through a script file based on Visua
Basic language

» Thedevelopment of anew method adapted to the MPPT region, that reduces awind-
speed profile into several operating points and its adaptation to the calculation of
the UWWECS power |osses (mechanical, copper, iron and converter losses)

» The design optimization of a BLDCPM generator integrated in a complex micro-
wind energy conversion system, operating over a long-term wind-speed cycle, by

using:
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e a developed semi-analytical simulation model in Matlab/Simulink
environment associated to an original barycenter method and coupled to a
genetic agorithm technique, resulting in a single-level optimization

approach

e atwo-level optimization approach that consistsin inner and outer loops. The
inner loop performs an optimization with the devel oped analytical sizing and
simulation model associated to a complete wind-speed cycle operation by
using agenetic 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 atest 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
» Toimplement a multi-objective design optimization of the WECS

» Toextend and perform the optimization of the micro-wind system when considering
also a direct coupling to the eectrical network or when interconnecting other
sources of renewable energy

» Topology optimization of the stator, magnets and rotor parts of the BLDCPM

generator
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Modeling approaches to brushless DC
permanent-magnet generator for use
In micro-wind turbine applications

Andreea Adriana Laczko (Zaharia), S. Brisset and M.M. Radulescu

Abstract -- This paper reports on the modelling of a direct-
driven 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 time-
scale wind-speed fluctuations, an original barycenter method
isapplied.

Index Terms -- brushless DC permanent-magnet generator,
direct drive, finite-element field analysis, long-term wind-speed
profile, trapezoidal back-EMF, wind ener gy 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 high-
torque 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 smulation timeis 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.
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Three techniques are investigated in this paper for the
modeling of the BLDCPM generator: analytical, semi-
anaytical 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-termwind-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.
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Fig. 1. Long-term wind-speed profile representation



The three-blade wind turbine model, delivers power (Fig. 2)
expressed as[9]:

1

2 3
Pt = Par 7Ry Cp (M) vy

D
where pair is the air density (kg/m3), Ry is the radius of the
turbine-rotor blades (m), vw, the wind speed (m/s), and Cy(%),
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.
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Fig. 2. Power characteristics of the reference micro-wind turbine
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]:

. di
v-v =R +(L-M)—+e 2

n dt

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;, is the stator neutral voltage:
v = 1 v, —Xe ©)]

n- 3( abc abc)

The trapezoidal phase back-EMF waveforms are
dependent on the rotational angular speed of the generator,
and shifted in al the three stator phases asin Fig. 3.

The electromagnetic torque can be expressed as:

aia+€yiy+ecic
Q

Tem =

(4)
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Fig. 3. FE-computed back-EMF waveforms of the considered
BLDCPM micro-wind generator

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 Pl controller. The output of this power-
regulation 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
signalsfor rectifier power devices and for providing the line-
to-neutral stator-phase voltages.

Pref:> Pl Power ¢ Lrer
Control J [
- -4 -
Hysteresis | 5123
Current
Control J
Pem PWM Ush
]l k]
Controlled
Iphs | Rectifier T
| Generator [phs, Q
A— \lg—‘ Equations ‘_I
N
Wind Wind Thad Losses
Turbine Calculation

Fig. 4. Simulation model scheme of the direct-driven BLDCPM
micro-wind generator under study

Particular quantities, such as the torque ripple and current
peak, play a significant part in the design process of the
generator. Asthey 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.

Even before starting the simulation one can presume that it
will take alot 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
1ps. 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 alows 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 axial-
flux 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 regionrr.

<VW>r' mean wind speed
2 .
<VW> , mean square wind speed (5)
Bary, = r
<v‘\1N> , mean wind speed of 4th power
r
N pt number of points in the region r

The copper loss Pj, and iron 10ss Pre nys and Pre eqay fOr
each barycenter are calculated as:
4
),

2
Pir =3RRrms rNpt ——7 (6)
<VW>r
Np <VW>
R =Kk« — BY+BE) O N _— " (7
(= r
e hysr = “hys or Bth B%/ pt <v>
W/
2 2
N V.
P 52 2, 42 <W>r 8
Pre_eddy, r = Keddy 3 (Byp +2Bgy) Q 'Npt—— ®

Vi)

A more detailed explanation on the entire process of how
these losses eguations were determined can be found in the
appendix.

To validate the method, at the first step the copper and
iron losses of the BLDCPM wind generator were calculated
for al points of the wind cycle by using the semi-analytical
model and the totality of each loss was obtained through
their addition.
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Fig. 5. Division example of along-term wind-speed profile into a chosen
number of regions

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 and 7
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.
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Fig. 6. Percentage errors between calculated copper |osses
of the considered BLDCPM generator

—— with ratio
—e— without ratio

Iron loss

4,

2,

ot .\¥ :
2 3 4 5 10

Regions

Error [%)

Fig. 7. Percentage errors between calculated iron losses
of the considered BLDCPM generator

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 time-
based 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:

A=QRyt Iy ©)

The electromagnetic power of the generator (Pem) is
assumed to result as:

0, V <V, , VvV 2V
w in w  max
c (10)

opt

17, RS PG b <y <y

em 2" ar wt /13 mech in w b
opt

_ , V <V <V
r mech max

where P defines the rated power, Vin, Vb, Vinax represent the

cut-in, base and cut-off wind speeds and Prech represents the
mechanical loss as [8]:

_ 2

Pmech = fut © (12)

Due to the fact that the back EMF is proportiona to the

rotational speed, its amplitude is sufficient to be taken into

account for the calculation of the generator phase-stator

current peak value:

E=keQ (12)
Pem
=0 (13)

Furthermore, the developed electromagnetic torque can be
computed as.

T

em

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
itsinability 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 IMAG 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] (equivaent to 9 [m/q]
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.

= 2Kkg | (14)
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Fig. 8. FE-discretized cross-sectional model of the considered
BLDCPM generator
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Fig. 9. FE-computed three-phase stator-current waveforms of the considered
BLDCPM generator
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Fig. 10. FE-computed electromagnetic torque waveform of the
considered BLDCPM generator

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 profileis of 1h
and 20 minutes, estimation for the entire long-term wind
profile gives one year of simulation time.



300 &
@ Analytical <Tem>
3 20 ‘ FE <Tem>
o O FE Imax
g
& °
ot
®
0 \ ‘ . .
10° 10° 10! 102 10*
CPU Time [s]

Fig. 11. Errorsfor average electromagnetic torque and maximum current in
FE, semi-analytical, analytical models vs. CPU timein log-scale

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

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 semi-
analytical model aswell.

I[Il. 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
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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 element-
based numerical field model of the considered BLDCPM
wind generator.

IV. APPENDIX

A. Reference wind turbine parameters

Radius of the turbine-rotor blades: Ry = 1.25[m]
Friction coefficient: fu: = 0.02 [Nm/rad)]

Optimal power coefficient: Cp o= 0.441
Optimal tip speed ratio: Agx= 6.9

The Cp (A) power coefficient of the reference wind turbine
is afunction of tip speed ratio (1) and can be found through
interpol ation:

Co(\) = -3.98:108 - A7 — 4.21.106 - 25 + 2.1.10% - A5 —
3.1103 - A% + 1.64-102 - A3 — 0.0176 - A6 + 0.0174 - A —
1.93-103

where 1 depends on the turbine rotational speed, Q and on
the wind speed, vy asin (9).
B. Barycenter method

The copper loss P;, as a time-varying function, can be
expressed for the semi-analytical model as:

Pj(t)= R[ig(t)+it2,(t)+ig(t)J

From (15) the average copper loss can be found by
determining the RM S value of one period (0 <t < T) of the
function through relations (16)-(19):

(15)

P =(R 1), =%LTPj (t)el (16)
P =$J’OT [i§(t)+i§(t)+ 2(0)]at (17)

1,7, 17, 17,
P =R [T-[O |§(t)dt+?'|‘0 |§(t)dt+?j‘O |§(t)dt} (18)

2 2 2
Pj = Rl' RMS_a*'RMs_b ! RMS_bJ (19)

1,7, .
where | gy o = ?J‘O i (t)dt 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:

2

From the turbine power eguation 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, Q, is linked to the wind speed by
relation (21). Therefore, the torque can be also considered

(20)



proportional to the square wind speed as in (22) and linked
to the RMSS current by (23):

Q= kSVW (21)
Tem = kwVi (22)
where ks, ki, kyare speed and torque coefficients.
In this context, (20) becomes:
Pj =k v (24)

I

where kj :SR(kW/kt)z. Assuming k; is constant within

one region, then the sum of copper loss for al the points (p)
in the considered region (r) can be written as:

Npt Npt

;Pj,p = ki,r ;Vj\hp = lef N <V:V>r

As k;, is constant, it can be computed for any point of the
region, but the barycenter of the considered areais preferred:

(25

P 3Rl 2 3Rl 2
kj,r _ i,b _ Z{MS b _ Z{MS T (26)
Vw,b Vw,b w,r

with vy, p =(Vy), ad Igusp =lrus, its corresponding
current, computed for the wind speed vy p.

Finally,
et 3Rl Zs ,
=2 Py = N (VL) (@
p=1 w,r
)
P, = 3Rl qus N i (28)

r

and it isbased on lrusy , <Vw>r , <V4> to be computed.

The iron losses in the stator core of the BLDCPM wind
generator can be computed in terms of hysteresis and eddy
current losses [7] as:

Fe  hys khys f (Blh"'Ba) 29)
Pre eddy = 3 Ky 12 (Bt2h+2552v)

where By, By are the stator tooth and yoke flux densities,
and knys and keqay 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:

Wg =NpQ, 0 =2rf (30)
In this context, (29) becomes:
N
P a o
P = kpye — (B +BS) Q
Fe_hys hys th ™ Psy
T (3D)
NG
Pre_eddy = Keddy (B +285) @7

ﬂ_3
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Given also the proportionality of the rotor angular speed
of the machine to the wind speed:

l:)Fe_hys = Chys Vw

) (32
Pre_eddy = CeddyVw

NE 2

Assuming Crys and Ceqqy are constant within one region
then the sum of iron loss for al the points (p) in the
considered region (r) can be written as:

Npt Npt

hysr szp =

P

N (V)

z Fe_hys,p — hysr

p_

Npt Npt (33)
— 2 _ 2

Z PFe_eddy,p - Ceddy,r va,p - Chys,r N pt <Vw>r

p=1 p=1

As Crys and Ceqay are constant, they can be computed for
any point of the region, but the barycenter of the considered
areais preferred:

N
P g o
Pee_nysb _ Xnys 5, (Bih *Bsy) Up
chys,r: =
Vw,b Vw,b
ke ~P (B 4BZ) Q
Knys 5, (Bth + Bsy) Or
Vw,r
) (34)
P a2 . on2) 02
Keqdy —o (BZ +2B3) Q
.  Pre_eddy b ‘edty 3 (Bih *2B§) @
eddy ,r = 2 - V2
w,b w, b
2
2
ety 5 b (8% +28) Q7
- 2
Vw,r
with v, p=(v,), ad Qg =Q  its corresponding

rotational speed, computed for the wind speed Vi,
Finally,

N
khysgp(B[%Jng’) Qr

Npt
Pre hysr = Z PFe  hysp ™ Viur Nt (V) (35)
N ()
p w
Pre_hys,r =Knys or (Bff +B§)) Qr N pt <v >r (36)
Wiy
_szt keddy Jic (Bth+285)’) Qrz <V\%/> (37)
PFe_edd)g r- pzlpFe_eddy p~ 2 pt r
wr
2 VZ
P —k P (8%,+283) Q2N < W>r (38)
Fe_eddy, r =Keddy 3 B, + 285 pt

VW> r

anditisbased on Q ,<w>r, <W2>: to be computed.
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Abstract— This paper deals with a brushless DC
(BLDC) generator-based wind energy conversion system
(WECS) for distributed electric power generation. Three-
phase PWM rectifier and maximum-power -point-tracking
algorithm are used for controlling the BLDC generator
speed to achieve optimum energy output from the wind
turbine. A PWM voltage-source inverter is connected to
the DC bus for voltage and frequency regulation of AC
supply to consumer loads. The BLDC generator-based
WECS is modeled by sub-systems, and its dynamic
behavior is smulated in MATLAB/SIMULINK
environment for different wind-speed conditions and
consumer |oads.

Keywords— brushless DC permanent-magnet generator,
wind energy conversion system, simulation model, MPPT
control, trapezoidal back-EMF.

l. 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 small-
scale wind energy conversion systems (WECSs) [1], [2].

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.

978-1-4673-6785-1/15/$31.00 ©2015 European Union
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Fig.1. Schematic representation of the direct-driven BLDC generator-
based WECS under study.

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 alows the decoupling
of the PWM rectifier from the PWM inverter used for grid
connection and aso for keeping constant the DC-link
voltage. The proposed system is simulated using
MATLAB/ SIMULINK software.

Il.  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 mechanica power of the wind
turbine extracted from the wind has the following
expression [3]:

R =05-Cp(5.2) p- A-vy

C5

[cz j %
Cp(hB)=Cl| —=-c3.-ca|e T +C6-2(2)
4

D

where p is the air density (kg/m3), A is the area swept by
turbine-rotor blades, v, the wind speed and C, 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 hominal
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
nomina value, the turbine operates at nomina 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
awind speed less than 25 m/s, the wind turbine operates
at rated power, and, finaly, 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.
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Fig.2. Generated power vs. wind speed for the proposed system

The MPPT control agorithm is based on computing
the optimal rotational speed of the wind generator (w)
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]:

A _opt
o = -V
ROV )
P —i V4 R5 P Cp_max w3
max = _ 7% “Pair T3 %
2t 2 opt 4)
3
Pmax = Koptim " @r
©®)

where R, is the radius of the turbine-rotor blades and
A_opt isthe optimal tip speed ratio.

I11.  BRUSHLESS DC PERMANENT-MAGNET GENERATOR
MOoDEL AND CONTROL

The simulation model of the three-phase star-
connected BLDC wind generator is built in MATLAB/

SIMULINK, considering identica resistances and

inductances for the three stator-phase windings [5]:
Vg = R-(ia—ib)+(L—M)-d(la_lb) req-ep

(6)
Ve = R-(ib—ic)-r(L—M)-M+eb—eC

. ™)

I, +i,+i,=0
©)

where R and L are phase resistance and inductance, M is
the mutual inductance, i, and g, are the phase currents and
the induced back-EMFs, with k being the a, b or ¢ phase .

The motion equation is expressed as.

T.oT +3.2% g
e L dt r (9)
where T, is the electromagnetic torque developed by the
generator, T, isthe load torque given by the wind turbine,
J and B represent the rotor inertia and the viscous friction
coefficient.

The trapezoidal back-EMF is a function of rotor
position, and has the amplitude:

E=ke o (10)
with k. being the back-EM F constant.
Considering that back-EMF waveforms are identical in

all three stator phases, the back-EMF expression for phase
ais[b]:



T

6-E
(T)'Hr, 0<6, < 6 (11)
E, £<9,<5—”
6 6
e, = _(6'7E)ﬂ +6.E, 2T g 17
z ' ' 6

- E, =

7 <0 <11~/z'
6

EEyo e, BT g c2n
T 6

The expressions for stator-phases b and ¢ can be
expressed according to (11), knowing that each phase has
120-degree phase shift from the other two phases.

The electromagnetic torque expression results as:

_ea|a+eb|b +€cl

Te =
@y (12
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Fig.3 MATLAB/SIMULINK implementation of the BLDC wind-
generator model.

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 signa 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°-switching
pattern of the generator-side rectifier according to the
generator-rotor angular position (Table 1).

TABLE 1: ROTOR ANGULAR POSITION AND
CORRESPONDING REFERENCE PHASE CURRENTS

Sector 0, la ret Ib_ret le ref
1 330%-30° 0 -Ir Ir
2 30%-90° Ir -Ir 0
3 90°-150° Ir 0 -Ir
4 150°-210° 0 Ir -Ir

5 210°%-270° -Ir Ir 0

6 270°-330° -Ir 0 Ir

Further, the ‘ON/OFF PWM signals for driving the
power devices of the wind generator-side rectifier are
achieved from the hysteress 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 |osses.
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Fig.4. Hysteresis current-control implementation in
MATLAB/SIMULINK.

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
60° consisting of a commutation interval and a
conduction interval (Fig.5).

Fig.5. Equivaent 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.

During the commutation interval (Fig.5, A) al 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 freeewheeling current vanishes and the
conduction interval begins (Fig.5,B) with only two
energized phases, according to the operating states of the
PWM rectifier.



TABLE 2: STATOR-PHASE VOLTAGES OF THE BLDC GENERATOR

Sector 0, Van Vin Ve
Commutation Conduction Commutation Conduction Commutation Conduction
Interval Interval Interval Interval Interval Interval
1 e 2 e
sum 'sum (ey + &) 1 e, (e, +€.)
_. _— C
1 330°-30° Vde + €, 3 vde + 3 Vb0ol + ———— ~ Ve + 0 Vco + )
3 3 2 3 3 2
1 e, 1 e
2 =) (e, +&,) . sum (e, +e,) . sum
2 30°-90° 2 Vdo 4 M Va0 + —2 b vdc + Vbo1 4 —2 b Vdc + e
3 3 2 3 3 2 3 3
0 1 Csum (eq +€¢) 1 €sum - E -Vdc + Ssum (g + &)
3 90°-150 — . vdc + Va0 + ———— | —-Vdc+ € 3 3 Veol + ————
3 3 2 3 3 2
1 ) 1 )
oz sum 2 e (e, +€.) . sum (e, +€.)
4 150°-210° s Vvde + s N — . vdc + 2 Voo + 2% X vde + , | Vveor+ 7%
3 3 2 2
0 - E -Vdc + m (e5 + &) 1 €sum (eq + &) 1 Csum
5 210°-270 3 3 Va0l+———— | — Vdc+ Vb0 + ——— —-Vvdc + =N
2 3 3 2 3 3
1 ) 1 €
. sum (e, +e.) . sum 2 =) (e, +e.)
6 270°-330° Vdc + vaol + —2 C Vdc + e Z Ve 4 M Veo + —2 C
3 3 2 3 3 3 3 2

After calculating the dtator-phase voltages for
commutation and conduction intervals of each of the six
operation states of the PWM rectifier, their expressions

have been synthesized in Table 2, where
€m=6,16¢ +€..
’—>|1-'3 e LLLE “Van
Ves v 3
% 2vdcr3 an
-vpn
{ebroc)2 [etacy won + D
(eB+eb)2 wbn
b s leasec)2 B [ea4ab)d “b"\;m
A N . 4 LN
b [earac)2 t _>®
Wen

5 - Voltage generalion

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

Fig. 6 shows the implementation of Table 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,, and Vo represent the voltages for the upper-
side power switch of phase a and the lower-side switch of

phase ¢ and S, and So; are the corresponding PWM
signals. These voltages are obtained as:

Vdc
\V — *
ao 2 ao
_ _Vdc . (13)
col 2 col
Vald j:
=i h
S —
L@D ?"“"HD -\
(& '_\ 1
sacior - 4._. Lian
_’i:\
== nlll L.
.'\ w2}

Fig. 7. Scheme of an operation sector of the three-phase PWM rectifier
in Matlab/Simulink.



V.  CONTROL OF THE GRID-SIDE PWM INVERTER with § denoting the PWM switching functions for each
converter leg of generator-side rectifier and grid-side

The electric energy provided by the three-phase BLDC inverter, respectively.

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 50Hz-
sinusoidal supply to the consumer loads or utility grid
by means of an inductive filter [4] [6].

B. Current control

The currents are controlled using Pl controller to
provide the reference voltages (Figs. 10 and 11).

Ved
é V3 res PI id ref

" . . . . - I—bm_ra!
Fig. 8. Grid-connection implementation in MATLAB/SIMULINK. .—L ot
. . . id_ret - Vd_ref id_ref Vier 7
The dynamic model of the grid connection, developed o o ™ i
in the reference frame rotating synchronoudly with the E} v
. . . . v o 2
grid-voltage space vector, is presented in Fig.8. e ™
A. DC-link voltage control
R
V_ref In1 Fig. 11. Grid-side PWM inverter current-control implementation in
it w11 ) MATLAB/SIMULINK.
Vde " Iref
Plim_de The d-current component is used for DC voltage
regulation and the g-current component is used for the
Fig. 9. DC-link voltage control and active reference current value reactive power regulation. A zero value Was_|mp059d to
generation. the g-component of the reference current, in order to

The measured DC voltage across the capacitor is maintain aunity power factor.

compared to a reference voltage, as shown in Fig. 9.
The DC-link voltage regulation is based on the following VI SMULATION RESULTS

equations. The overall smulation model of the BLDC generator-
based WECS under study is implemented in
MATLAB/SIMULINK environment, using a fix-time step
solver with abasic time step 10ps.

av 1
dc S

=—:(iq —i»)

dt C 12

14
_ o 4 The active torque on the generator shaft is applied by
'de =172 (15) the wind turbine, and the MPPT control yields the
reference power needed to control the BLDC wind

where generator.

_ _ _ _ The wind speed profile, shown in Fig. 12, was chosen
1 :;(Sa"aJ“SD Hp *Sele) for simulations in order to analyze the wind turbine
performancesin MPPT and rated-power regions.

(16) The active power of the BLDC wind generator and the

wind turbine power are illustrated in Fig. 13. Asit can be
seen, starting from 3 m/s wind speed, the turbine is

o1 : : .
i :E'(Sga"gaJrSgb"ngrSgC “igc)



activated and operates under the MPPT region and then at
the rated power, when the nominal wind speed is reached.
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Fig. 12. Wind speed profile.
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Fig. 14. Three-phase stator currents and back-EMFs of the wind
turbine-driven BLDC generator under study.

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.

The line-to-neutral and line-to-line voltages of the
BLDC wind generator, determined by using Table 2, are
emphasized in Figs. 15 and 16.

457 458

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
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Fig. 15. Line-to-neutrd voltage of the wind turbine-driven BLDC

generator under study.
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Fig. 16. Line-to-line voltage of the wind turbine-driven BLDC
generator under study.
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Fig. 17. Simulation results for the DC-link voltage regulation by the
grid-side three-phase PWM inverter.

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.
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Letravail réalisé pour le développement de cette thése a été accompli lors d'une cotutelle
entre I'Université Technique de Cluj-Napoca en Roumanie et I'Ecole Centrale de Lille en France.

La conception d'un systéme autonome de conversion de I'énergie micro-€olienne
représente le coeur de cette étude. L'attention est portée vers le générateur BLDCPM en étoile a
trois phases, ayant un rotor extérieur avec des aimants permanents montés en surface et des
enroulements concentrés avec des forces éectromotrices trapézoidales. Une connexion directe
entre la turbine a axe horizontal et la machine tournant & vitesse variable est considérée puisque
I'application visée est résidentielle et nécessite un fonctionnement a faible vitesse. Le
convertisseur éectronique de puissance a courant alternatif (redresseur) et a pont complet
triphasé du coté générateur est considéré pour contréler 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 a une large plage de vitesse. Aing, le travail de la thése vise a déterminer les
parametres optimaux de conception géométriques et éectriques du générateur BLDCPM, en
assurant des pertes de puissance minimales dans le uy(WECS. 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 |'efficacité du systéme
dans son ensemble. Par conséquent, il est nécessaire de déterminer le niveau de modélisation,
ans que les variables de conception de chacun des composants du systéme. Comme
I'optimisation fait appel a un agorithme pour le processus de conception, le nombre
d'évauations du modéle peut étre assez important. Plus les variables de conception et les
contraintes sont nombreuses, plus élevé est le nombre dévaluations. En consequence, la
réduction du temps de simulation, ainsi que l'intégration et I'exploitation des données provenant
du profil de vitesse du vent pour déterminer la totalité des pertes de puissance dans le yWWECS
considérées sont les principales préoccupations. Ensuite, la méthodologie d'optimisation est
présentée, ainsi que les résultats optimaux obtenus et la comparaison de plusieurs parametres
d'entrée et de sortie.

Il est maintenant possible de fournir une vue d'ensemble sur les objectifs fixés pour cette
thése qui consistent a (i) analyser et développer un modéle de simulation d’un systéme micro-
eolien, 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 systeme peuvent étre
calculées et (iv) incluses dans les approches d'optimisation en vue de leur minimisation tout en
déterminant |es paramétres géométriques et éectriques optimaux du générateur BLDCPM.
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Enfin, des essais expérimentaux sont également effectués sur un prototype de machine

BLDCPM de référence afin de vérifier latechnique de commutation et de contrdle éectronique.
Chapitre 1

Générateur sans balais a aimants per manents et auto-commutation pour

applications micro-éoliennes

Aprés une courte introduction sur le contexte du marché de 1’éolien actuel et des
capacités installées dans le monde entier, une présentation simple des topologies des systémes
micro-éoliens est faite. Cette classification permet un passage facile a la description de
I'architecture retenue du systeme d'énergie éolienne qui va étre étudiée tout au long de la thése.
La configuration est représentée par la micro-éolienne, le générateur éectrique, le convertisseur
CA | CC coté générateur (redresseur) et le bus continu. 1l est supposé que le bus continu est
connecté ala bangque des batteries et présente une tension constante.

Cette structure peut étre considérée comme un bon exemple d'un systéme de conversion
d'énergie éolienne complexe (méme si la limite est fixée au niveau du bus continu) car il integre
des sous-systémes appartenant a différents domaines physiques tels qu’aérodynamique,
meécanique, magnétique, thermique et électrique avec de fortes interférences entre eux, imposant
de considérer le systéme dans sa globalité durant le processus de conception, plutdt que de les
optimiser séparément. Par conséquent, |'approche basée sur la conception par optimisation, qui
représente |'objectif principal de cette thése, est justifiée et peut-ére méme nécessaire pour
atteindre des performances compétitives. De plus, une justification de la connexion mécanique et
du type d'ensemble générateur-redresseur est fournie.

Latopologie d’une micro-turbine &1’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 a vitesse variable. Une configuration d'entrainement direct est préférée
pour le systeme de micro-éolienne étudié car il sagit d'une solution moins colteuse et moins
complexe, plus favorisee pour les petites éoliennes a 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 a rotor externe et a amants permanents montés en
surface avec des forces électromotrices trapézoidales et des enroulements concentrés est proposé
comme solution de générateur électrique pour |'application de micro-éolienne. Le générateur
consiste en une construction simple, basée sur des enroulements dinduit 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 thése. L'absence de balais dans sa configuration donne plusieurs
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avantages pour cette topologie comme |'amélioration de I'efficacité énergétique, une meilleure
fiabilité, une durée de vie plus longue avec moins dentretien, 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 antiparalléle.

Une bréve description des états de commutation du redresseur est aussi donnée.
Chapitre 2

Modélisation en vue de son optimisation du systéme de conversion del'énergie

d’une micro-éolienne comportant un générateur sansbalais

Etablir le bon niveau de la modélisation qui permet de résoudre le probléme de
conception au moyen d'une optimisation d'une maniére assez rapide représente un défi. Par
conséquent, la premiere partie de ce chapitre commence par la modélisation des composants
associés au systeme de conversion de |'énergie de la micro-éolienne.

Le premier composant a 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 I'ensemble générateur-redresseur est discutée apres. Pour cela,
trois niveaux de modélisation du générateur sont analysés afin d'établir le modele approprié qui
peut étre utilisé dans le processus de conception par optimisation du systeme de conversion
dénergie micro-éolienne. Chague modele de simulation inclut les caractéristiques de
dimensionnement du générateur qui seront déterminées au préalable par un modele de
dimensionnement unique au cours de |'optimisation. Les équations géométrigues examinées pour
la conception du générateur sont détaillées dans l'annexe 2.A portant sur le modele de
dimensionnement.

Le premier modéle développé est le modele anaytique de simulation qui peut étre
caractérisée comme un modéle statique basé sur les éguations de dimensionnement et de circuit
de la machine écrites en ne considérant que I'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 a prédire certains phénoménes dans les formes
d'onde des courants et du couple représente son principal inconvénient. Plusieurs hypothéses
sont faites pour ce modele 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 a la vitesse de rotation du générateur, ainsi son amplitude est suffisante pour le
calcul du courant de phase et du couple éectromagnétique du générateur. Deuxiémement,
comme le générateur est a entrainement direct, on suppose que sa vitesse de rotation peut étre
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déterminée a partir du coefficient de vitesse réduite (tip speed ratio) alors que sa puissance
électromagnétique développée est supposee dériver de I'équation de puissance meécanique
d'éolienne en considérant une extraction maximale de la puissance du vent. La mise en ceuvre
des équations sur lesquelles ce modéle repose se fait dans I'environnement de programmation
Matlab et aucun contrdle n'est mis en ceuvre pour ce modele 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 I'énergie éectrique générée, un deuxieme modéle de simulation est étudié, c'est-&
dire le modele semi-analytique en fonction du temps, dont la mise en ceuvre se fait dans
I'environnement Matlab / Simulink. Sa description repose sur trois parties: la premiére présente
les équations éectriques sur lesquelles la modélisation du générateur est réalisée, tandis que la
deuxiéme et la troisieme partie révélent le controle et le modéle de convertisseur de puissance
associé.

L'analyse du générateur triphasé est basée sur un couple d'hypothéses telles que: (i) I'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 trapézoidale et identique dans toutes les phases. Les équations
électriques pour les tensions de phase et les forces électromotrices sont détaillées ains 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 contrdle du courant par hystérésis sont mis
en ceuvre pour assurer que le générateur soit capable de développer une puissance égale a celle
récoltée par laturbine du vent.

La sortie de la régulation de puissance basée sur le régulateur Pl permet de déterminer les
courants de référence des phases sur la base d’une technique de commutation du générateur a
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 dinduit pour suivre celles de
référence, est utilisé ensuite pour obtenir les signaux MLI de commande des interrupteurs du
redresseur. Ce controleur d'hystérésis maintient les courants de phase dans un intervalle imposg,
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 a 120 degrés permet de diviser un cycle
électrigue de 360 degrés en six secteurs de fonctionnement de 60 degrés. Chacun de ces secteurs
est constitué a son tour par des intervales de commutation (changement des phases alimentées
du générateur) et de conduction (écoulement normal du courant a travers deux phases du stator)
dont les caractéristiques opérationnelles sont soulignées dans ce chapitre par une illustration

uniquement sur un secteur car le méme principe sapplique pour les autres.
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Comme ni le modéle analytique ni le semi-analytique ne prend en considération les
caractéristiques non linéaires des matériaux et la géométrie complexe de la machine, un
troiséme modéle est étudié et c'est le modéle numérique a base d’éléments finis. L'avantage
dutiliser ce modele est sa grande précision mais malheureusement il est bien connu pour son
gros temps d'évaluation, ce qui en fait une stratégie déplaisante a considérer dans |'optimisation.
Le modéle en coupe transversale discrétisé en éléments finis du générateur a été crée sur la base
des paramétres dimensionnels d'une machine de référence et soumis a une analyse numeérique du
champ magnétique au moyen du logiciel IMAG Designer. Plusieurs éapes ont été suivies pour
créer le modele avec IMAG.

Ainsi, un lien a éé créé entre IMAG 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 éectrique associé dans un temps court, permettant également de modifier les
spécifications d'entrée, de mettre en ceuvre les conditions aux limites, d'effectuer une anayse
transitoire sur le modéle, et d’enregistrer les résultats qui peut étre facilement visualisés ensuite
dans Matlab.

Pour faire un choix sur le modéle a utiliser, des smulations 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 modéles. Le modele
numeérique révele une grande précision, mais son temps d'évaluation énorme en fait une solution
non viable pour I'optimisation. D'autre part, le modéle semi-analytique, plus rapide en temps de
calcul, démontre sa capacité a détecter les phénomeénes qui apparaissent dans les formes d'onde
de plusieurs grandeurs au cours des périodes de commutation et de conduction du redresseur.
Enfin, le modéle analytique a I'avantage d'étre le plus rapide et pourtant le moins précis des
modéles. Ces deux derniers modéles semblent étre la solution appropriée pour le processus
d'optimisation avec une precision tout a fait acceptable, bien qu'une différence significative peut
étre observée entre eux et le modéle numérique a base d’éléments finis, par conséguent, une

correction doit étre calculé et appliqué aux sorties de ces modéles.
Chapitre 3

Modélisation et simulation du cycle du vent a long terme pour le systéme de

conversion del'énergie micro-éolienne

Comme la puissance de la micro-éolienne varie avec le cube de la vitesse du vent, son
expression souligne I'impact important que la vitesse du vent ait sur le systéme de conversion de
I'énergie micro-éolienne. Le profil du vent considéré pour cette thése 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 I'efficacité de I'ensemble du
systéme, des simulations sur ce cycle long sont nécessaires. Cette approche n'est toutefois pas
souhaitable dans le cadre de |'optimisation de la conception du fait que la simulation du systéme
se répéte a chaque fois que 1’algorithme d’optimisation évalue une nouvelle solution.

Ainsi, le temps nécessaire pour trouver la solution de dimensionnement optimale du
systéme 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 I'objectif du processus de
conception, représenterait une bonne aternative. Aussi, des analyses sont menées dans ce
chapitre ainsi que la présentation des méthodes qui peuvent étre utilisées pour la réduction de la
complexité du profil du vent dans le but de réduire le temps de simulation du systéme micro-
éolien 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 premiére
approche consiste aréduire le profil aun seul point de fonctionnement égal ala vitesse moyenne
du vent dans le profil. Cependant, cette méthode se révele étre une solution inefficace puisgque 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 deuxieme méthode, représentée par la distribution statistique basée sur |'approche de
I’histogramme, peut aider a caractériser en termes d'occurrences le profil de vitesse du vent a
long terme et & le réduire en un nombre réduit de points de fonctionnement. Sur cette base, la
distribution des données du vent peut étre discrétisee en N intervalles, distribués uniformément.
Cette méthode semble étre une meilleure alternative mais conduit a une erreur relative plus
élevée lorsgue plusieurs grandeurs de sortie du systéme sont comparées a celles obtenues lors de
la simulation sur cycle complet.

Enfin, la troisieme méthode explorée pour ssimplifier le cycle du vent est basée sur la
méthode du barycentre qui permet de réduire a 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 systeme d'énergie €olienne pour lequel il y a une relation directe entre
la vitesse du vent et |a 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 paramétres
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
I'explication détaillée de I'ensemble du processus de détermination de ces équations de pertes est
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fournie en Annexe 3.A. Cette méthode révele de faibles erreurs relatives sur les sorties apres les
avoir comparées a 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 systeme éolien, plusieurs simulations sont réalisées avec le modéle 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 dautres. La
puissance d'entrée du systéme éolien et donc les pertes et la puissance de sortie diminuent
lorsgue la vitesse de mise en rotation « cut-in » de la turbine augmente. Une valeur inférieure de
la vitesse nominale du vent entraine une diminution de I'extraction et des pertes de puissance
ainsi qu’un impact négatif sur I'efficacité du systéme. Comme les vitesses de vent élevées sont
trés rares dans le profil éudié, 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 modeles analytique et
semi-analytique sur le fonctionnement a long terme et a profil du vent réduit ont été comparés.
Le modéle semi-anaytique avec cycle complet indique un temps de simulation indésirable pour
envisager de I'utiliser dans un processus d'optimisation. D'autre part, lorsqu'il est couplé a 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 méme
réponse avec le modele analytique. Méme s’il est le plus rapide, une erreur assez grande est
trouvée par rapport au modéle semi-anal ytique basée sur le cycle complet. Par conségquent, il est
conclu gue la solution la plus commode est d'utiliser le modéle semi-anal ytique avec la méthode

du barycentre dans la conception par optimisation du systéme micro-éolien.
Chapitre 4

Optimisation dela conception du générateur sans balais a aimants per manents et

auto-commutation sur cycle de fonctionnement de la vitesse du vent

La phase de conception d’un composant ou systéme consiste a déterminer tous ses
parameétres caractéristiques qui correspondent le mieux aux exigences spécifiées. La conception
optimale du générateur pour les applications micro-éoliennes afin de minimiser un critere
spécifique repose sur la sélection appropriée des multiples parametres de conception.

L’objectif proposé est la minimisation des pertes de puissance globales dans le systeme
sur un cycle long terme de la vitesse du vent. Les variables continues (c) et discrétes (d) du
systeme éolien considéré a optimiser ainsi que celles fixées a une certaine valeur sont également
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décrites. Des contraintes sont imposeées sur le diametre intérieur du générateur, |'épaisseur de
'amant, 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, I'efficacité du générateur pendant tout le cycle du vent, etc. La conception du systéme
conduit a une optimisation mono-objectif sous contraintes qui fait appel a une méthode
stochastique, en particulier une méthode évolutionniste basée sur |'algorithme génétique (GA) de
I'environnement Matlab® pour trouver les caractéristiques géomeétriques et éectriques qui
satisfont aux contraintes tout en minimisant les pertes de puissance du systeme €olien sur un
profil de vitesse du vent along terme.

Comme on pouvait sy attendre, la premiére optimisation est réalisée, sur la base de
quelques données et spécifications initiales, avec le modele semi-analytique et la méthode du
barycentre car il est plus précis que le modele analytique. Seules six régions sont choisies pour
partitionner le cycle du vent et approximer les pertes de puissance dans le systeme 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 modéle semi-analytique avec la méthode barycentrique est capable de
donner une solution optimale. Une fois que I'optimisation est terminée, les résultats obtenus ont
été véifies au moyen du modéle semi-analytique sur le cycle complet du vent et une
comparaison pour certaines grandeurs de sortie de ces deux modeles a é&é 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 deuxiéme direction était d'effectuer une optimisation avec le modéle de simulation
analytique par le méme processus que celui représenté pour le modéle semi-analytique. Ensuite,
les grandeurs de sortie d’intérét résultant de |'optimisation avec le modéle analytique sont
comparées avec celles obtenues par une évaluation du modele semi-analytique lorsque les
entrées sont prises égales a celles en fin du processus d’optimisation avec |le modéle analytique.
Il est observé que le modél e analytique présente des valeurs pour les grandeurs de sortie d’intérét
assez éoignées de celles du modele semi-analytique qui est considéré comme une référence
compte tenu de sa meilleure précision. Néanmoins, le temps d'optimisation avec le modele
analytique est trés faible par rapport a celui du modéle semi-analytique.

Par conséguent, pour un raffinage des résultats d'optimisation avec le modéle analytique,
une stratégie de correction qui utilise des évaluations du modéle semi-analytique associé a la
méthode du barycentre est proposée et mise en ceuvre dans l'approche d'optimisation a deux
niveaux. Pour étre en mesure de faire une comparaison, le probléme d’optimisation est reformulé

comme un probléme d’atteinte d'une valeur cible. La fonction objectif est transformée en une
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distance entre la fonction objectif initiale et une valeur cible dont on cherche a minimiser la
norme euclidienne. Les différences qui apparaissent entre les grandeurs de sortie des modeles
analytique et semi-anal ytique en cycle complet sont localement annulées par 1a construction d'un
modél e de substitution qui inclut le modéle analytique et une correction sur ses sorties.

Cette correction est appliquée en évaluant la configuration obtenue avec le modéle semi-
analytique en dehors de la boucle d'optimisation puis en I'appliquant au modele analytique a la
prochaine itération. Le processus d'optimisation est démarré & nouveau jusgu'a ce que |'écart
entre le modéle substitutif et le modéle semi-analytique avec la méthode du barycentre soit
suffisamment petit. Aing, en appliquant la stratégie de correction du modéle anaytique, des
améliorations significatives de ces résultats sont remarquées dans un temps de résolution
acceptable. Sur cette base et compte tenu du fait que le modél e semi-analytique, méme associé a
la méthode du barycentre, n'offre pas le luxe deffectuer de nombreuses optimisations
d'exploration sur lui, cette stratégie d'optimisation basée sur le modéele analytique avec une
stratégie de correction a éé utilisée pour effectuer d'autres optimisations en augmentant

progressivement le nombre de régions utilisées dans la méthode des barycentres.
Chapitre5

Etude expérimentale du prototype du générateur sans balais a aimant per manent et

auto-commutation

La premiére partie de ce chapitre a brievement décrit le prototype utilisé pour réaliser
I'assemblage expérimental et les essais. Le générateur de référence étudié pour la caractérisation
expérimental e est représenté par une machine a aimants permanents a courant continu sans balais
de type «in-wheel », existant dans le laboratoire L2EP, congu pour une application de vélo
électrique. En outre, la détection de la sequence de commutation pour la machine d’étude sur la
base des informations fournies par les mesures des capteurs a effet Hall a été obtenue a vide en
entrainant le rotor.

La plateforme matérielle et logicielle a ensuite été présentée avec la structure principae
du modéle de contrdle mis en ceuvre dans 1'environnement Matlab / Simulink. Les principales
composantes de ce montage sont :

» Un émulateur de turbine qui est représenté par un moteur d'entrainement alimenté
par un convertisseur industriel qui permet un controle de vitesse de ce moteur.

» Lamachine aamant permanent sans balais al'étude.



Résumé étendu

» Un convertisseur de puissance en pont triphasé, avec six interrupteurs IGBT et six
diodes en antiparallele couplé a une source de tension continue. Sa fonction
principale est d’alimenter et de contréler lamachine de référence.

» Une charge résistive variable pour remplacer le systeme de stockage ou le réseau
de distribution.

» Les composants de contrle représentés par une carte dSPACE et une carte
€électronique pour générer les signaux.

La premiere étape consiste a 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 ASPACE
et des courants de phase de la machine. La carte dSPACE est une plateforme d'interface utilisée
pour le contrdle de la machine, en fournissant également les mesures de certains de ses
parametres électromagnétiques. La deuxieme étape consiste a déterminer les courants de
référence pour chague état de 0 a 360° en mettant en ceuvre la séguence de commutation et en
fonction des précédentes mesures des capteurs. Les courants de phase sont commandés au
moyen de régulateurs Pl. 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 labase de ces valeurs de signal.

Plusieurs tests a vitesse de rotation et tension du bus continu différentes ont été réalises et
visualisés vial'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 role significatif dans la qualité de
I'énergie électrique générée. Le pic dans la forme d'onde de courant est obtenu méme en
I'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 Per spectives

Le sujet de cette these a été centré sur la conception d'un générateur a aimants permanents
sans balais pour des applications micro-éoliennes. Cette enquéte a été réalisée pour minimiser les
pertes de puissance du systeme micro-éolien sur le fonctionnement a long terme du profil du
vent. Cependant, le systéme d'énergie micro-é€olienne a optimiser integre différents sous-
systemes (aérodynamique, mécanique, électrique) avec forte connexion entre eux. On considere
gu'une optimisation du systéme dans sa globalité est une solution plus adégquate qui se
présenterait avec de meilleurs résultats, plutbét que d'effectuer I'optimisation pour chague
composant separément.

Tout au long de cette these, les contributions apportées sont considérées | es suivantes:



Résumé étendu

> Le développement dun modéle anaytiqgue de dimensionnement et de
simulation dans Matlab et d'un modéele de simulation semi-analytique basée
sur le contréle Pl de la puissance et régulation du courant par hystérésis dans
I'environnement Matlab / Simulink

» Modédlisation 2D et analyse d'un générateur a aimants permanents sans balais
au moyen d'un lien automatique entre IMAG Designer et le logiciel Matlab
viaun fichier script basé sur le langage Visua Basic

> Le développement d'une nouvelle méthode adaptée a 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 systeme micro-€olienne (pertes
mécaniques, cuivre, fer et convertisseur).

> L'optimisation du générateur intégré dans le systeme de conversion d'énergie
micro-éolienne complexe, opérant sur un cycle de vitesse du vent a long
terme, en utilisant:

e un modéle de simulation semi-anaytique développé dans
I'environnement Matlab / Simulink associé a une méthode
barycentrique originde et couplé a une technique dagorithme
génétique, résultant a une approche d'optimisation a un seul niveau

e une approche d'optimisation a deux niveaux qui consiste a boucles
interne et externe. La boucle interne effectue une optimisation avec le
modele analytique développé et associé a une opération de cycle
compléte de vitesse du vent en utilisant un algorithme génétique. La
boucle externe guste les sorties du modéle anaytique avec le modéle
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 ceuvre de sa commutation et de son contrédle sur la plate-forme dSPACE.

Cette éude ouvre un certain nombre de perspectives a proposer qui sont briévement

décrites alafin delasection.



Optimisation du dimensionnement et de la commande sur cycle de fonctionnement d’un
générateur a aimants per manents et auto-commutation pour applications micro-éoliennes

Résumé

La conception d'un microsystéme autonome de conversion de I'énergie éolienne représente le ceeur de
cette étude. L'attention est portée vers le générateur BLDCPM en étoile a trois phases, ayant un rotor extérieur
avec des aimants permanents montés en surface et des enroulements concentrés avec des forces électromotrices
trapézoidales. Une connexion directe entre la turbine a axe horizontal et la machine tournant a vitesse variable
est considérée puisgue I'application visée est résidentielle et nécessite un fonctionnement a faible vitesse. Le
convertisseur électronique de puissance a courant alternatif (redresseur) et a pont complet triphasé du coté
générateur est considéré pour contrdler 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 fréguence du générateur
BLDCPM, ce qui oblige sa conception pour un fonctionnement a une large plage de vitesse. Ainsi, letravail de
la these vise a déterminer les paramétres optimaux de conception géométriques et électriques du générateur
BLDCPM, en assurant des pertes de puissance minimales dansle yWECS. 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 |'efficacité du systéme 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 systéme. Comme |'optimisation fait appd a un algorithme pour le processus de conception, le
nombre d'évaluations du modéle peut étre assez important. Plus les variables de conception et les contraintes
sont nombreuses, plus élevé est le nombre d'évaluations. En conségquence, la réduction du temps de simulation,
ainsi que l'intégration et I'exploitation des données provenant du profil de vitesse du vent pour déterminer la
totalité des pertes de puissance dans le uWECS considérées sont les principales préoccupations. Ensuite, la
méthodologie d'optimisation est présentée, ains que les résultats optimaux obtenus et la comparaison de
plusieurs paramétres 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 contréle
électronique.

Mots clefs: générateur sans balais a aimant permanent et auto-commutation, méthode de barycentre,
modélisation, multi-physique, optimisation de conception, microsystéme autonome de conversion de I'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 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 thesiswork aims at determining the
optimal design parameters of the BLDCPM generator ensuring minimum power losses of utWECS over long-
term 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, aswell asthe 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 aresult, reduction of the simulation time, as well asintegration and exploitation
of the available data from the wind-speed profile for determining the total power losses of considered yWECS
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 si optimizarea micro-generatorului cu magneti permanenti si auto-comutatie

electronica cu operare sub un profil al vintului de lunga durata

Rezumat :

Designul unui micro-sistem autonom de conversie a energiei provenita de la o micro-turbina eoliana
reprezintd nucleul acestui studiu. Atentia este indreptata asupra generatorului trifazic cu configuratie de rotor
exterior cu magneti permanenti montati pe suprafata acestuia si cu infasurari concentrate pe stator. O legatura
directa intre turbina cu ax orizontal si generatorul de viteza variabila este considerata, deoarece aplicatia avuta
in vedere este rezidentiald si necesitd functionare la vitezd micd. Convertorul electronic de curent alternativ
(redresor) cu trei faze asociat generatorului este considerat pentru a mentine tensiunea de iesire pe bus cc lao
valoare constantid. Din cauza vitezei variabile a vantului, multe fluctuatii apar in puterea si frecventa
generatorului, fortdnd designul acestuiala o functionare intr-o gama largé de viteza. Astfel, activitatea tezel este
de a determina parametri geometrici si electrici optimi ai generatorului, asigurand pierderi minime de putere in
micro-sistemul de conversie a energiei considerat. O operatiune pe un ciclu de vant cu durata unui an, cu o
vitezd medie a vantului, masurati la fiecare ord este considerat pentru a maximiza puterea extrasa din vant si de
a creste eficienta globald a micro-sistemului. Prin urmare, este necesar sa se determine nivelul de modelare,
precum si variabilele de proiectare pentru fiecare dintre componentele sistemului. Datorita faptului ca
optimizarea apeleazi la un algoritm pentru procesul de proiectare, numarul de evaluari ale modelului poate fi
destul de important. Cu cat existd mai multe variabile de proiectare si constriangeri, cu atit numéarul de evaluari
este mai mare. In consecinti, reducerea timpului de simulare, precum si integrarea si exploatarea datelor
provenite de laprofilul de viteza al vantului pentru a determinarea pierderile totale de energie din micro-sistem,
sunt principalele preocupiri. Tn urmitoarea etapa este prezentati metodologia de optimizare, precum si
rezultatele optime obtinute si compararea mai multor parametri deintrare si de iesire. In final, teste experimentale
sunt, de asemenea, efectuate pe un prototip de masind cu magneti permanenti si auto-comutatie electronica de
referinta pentru a verifica tehnica de comutare si de control electronic.

Cuvinte cheie: generator cu magneti permanenti si auto-comutatie electronicd, metoda baricentrului,
proiectare prin optimizare, micro-sistem autonom de conversie a energiei, ciclu de vant de lunga durata



