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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.
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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]

13



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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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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Fig. 2.6. Semi-analytical simulation model scheme in Matlal/Simulink environment

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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Fig. 2.8. FE-discretized 2D cross-sectional model of the reference BLDCPM machine
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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.

Selected references

[1] G. L. Johnson, Wind energy systems, Electronic edition ed., 2001.

[2] A. Jaafar, B. Sareni, X. Roboam, J. Belhadj M. Belouda, "Design methodologies for
sizing a battery bank devoted to a stand-alone and electronically passive wind turbine
system," Renewable and Sustainable Energy Reviews, Elsevier, vol. 60, pp. 144-154,
2016.

[3] T.Ackermann, Wind power in power systems, Wiley ed., 2005.

[4] Andreea Adriana Laczko (Zaharia), S. Brisset and M.M. Radulescu, "Modeling
approaches to brushless DC permanent-magnet generator for use in micro-wind turbine
applications,” International Conference on Electrical Machines ICEM 2016, |EEE, 2016.

[5] J. R., & Miller, T. J. E. Hendershot, Design of brushless permanent-magnet motors,

45



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

Magna Physics Pub. ed., 1994.

[6] Jacek F. Gieras, Permanent magnet motor technology, design and applications (third
edition), Taylor and Francis Group ed., 2010.

[7] S. Brisset, Brochet P., "Analytical model for the optimal design of a brushless DC wheel
motor,” COMPEL-The international journal for computation and mathematics in

electrical and electronic engineering, vol. 24, no. 3, pp. 829-848, 2005.

[8] T.-H. Kim, M. Ehsani H.-W. Lee, "Practical control for improving power density and
efficiency of the BLDC generator,” |EEE transactions on power electronics, vol. 20, no.
1, pp. 192-199, 2005.

[9] Ciprian Simon, ANALYS SAND CONTROL OF THE FAULT-TOLERANT OPERATION
OF SMALL ELECTRONICALLY-COMMUTATED MOTORS:.: PhD Thesis, 2010.

[10] A. A., Zaharia, M. V., Radulescu, M. M., & Brisset, S. Laczko, "Modeling and
simulation of a brushless DC permanent-magnet generator-based wind energy conversion
system,” Ecological Vehicles and Renewable Energies (EVER), 2015 Tenth International
Conference on (pp. 1-7). IEEE., 2015.

[11] IMAG - Simulation Technology for Electromechanical Design. [Onlin€].

https://www.jmag-international .com/

[12] T. J. E., Hendershot, J. R. Miller, Design of brushless permanent-magnet machines,
Motor Design Books, Ed., 2010.

46


https://www.jmag-international.com/

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

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)

56



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

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)

57



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

'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)

61



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

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

66



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

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
70



Chapter 3 Long-Term Wind-Speed Profile Modeling and Simulation for the Micro-Wind Energy Conversion System

» 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
and shutdown E 010 — Clipped energy
Bl Energy recoveredunder g ¢
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. 9 10}
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= ‘
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107
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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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Number of occurrences
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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 chapte