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Wind energy technologies have emerged as the predominant renewable energy source within the framework of
present-day electric power systems. Their design process, aligned with foundational theories, ought to be
precision-engineered and systematized to fully maximize the potential of this energy source. This study presents
a platform as solution designed and built to characterize and assess Small Wind Turbines (SWT), based on free
software and open hardware. Additionally, the developed methodology step-by-step guide is disclosed. The
characterization is based on the use of Permanent-Magnet Synchronous Generator (PMSG) as machine widely
adopted in Wind Energy Conversion System (WECS) less than 100 kW. The core theoretical background is
detailed to confirm the accuracy of the parameters procedures acquisitions. Poles number, machine design
constant, armature reactance, synchronous reactance, and power-dynamic characteristic related to WECS are
determined. This laboratory set-up is composed of variable industrial fan, rectifier, boost converter and a bidi-
rectional Direct-Current (DC) source as a battery emulator. All components have been assembled within the
laboratory environment using commercially available elements. Low implementation cost and versatile methods
determine the real input in practice of this platform. To validate the effectiveness for any SWT, a real one is
tested, and every parameter proposed is calculated.

mean [7]. Focus on the wind energy, the 22.13 per cent generation in
Spain was from this technology in contrast to the 15.9 per cent as mean
in EU. In accordance to the data depicted, Spain as a member of the
European Union, shows serious commitment and significant progress
towards the aforementioned transition, in accordance with the guide-
lines and policies established at the European level [8] to address the
issue.

Introduction

Given the present climate apprehension, multiple power generation
systems are undergoing accelerated changes towards a decarbonized
mix by 2050 [1] thus fulfilling what was agreed in the EU 2030 Agenda
for Sustainable Development, specifically in “increase substantially the
share of renewable energy in the global energy mix” [2]. This study

research contributes directly to the initiatives and actions of this EU
purpose by making a specific renewable energy system handier.

From final energy demand per sector in EU27 + UK in 2022, the
demand in residential and industry sectors represented the 27 per cent
and 25 per cent, respectively [3], that could be supplied by self-
consumption introducing solar and SWT generation [4]. The efforts
from EU governments are giving way to this distributed generation sit-
uation by promoting the small-scale installation [5].

In Spain, the energy mix generation is great compared to other EU
countries given that the 42.2 per cent of the total energy generated in
2022 was from renewable sources [6] versus the 39.4 per cent as EU
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The progression in this ecological transition involves the construc-
tion of new renewable generation [9] but prioritizing the design, anal-
ysis, and experimentation of the different technologies to be installed.
The optimal exploitation of energies, specifically wind energy, consti-
tutes the framework of the research presented in this paper, that will be
based on the theory of electric machines, and on the use of power
electronic applied to PMSG as the machine widespread used in WECS
[10-12].
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Literature overview

Upon conducting a literature review prior to the research, only one
scientific and rigorously conducted article has been identified that ex-
hibits a subtle alignment with the present research. In this context, the
author in Verde et al. [13] emphasizes the importance of addressing the
power losses to find real power curves of WECS but without providing
the environment necessary to carry out the experiment, making it
unreplicable. Furthermore, that study does not address a tangible ne-
cessity, and as a result, there is no practical implementation.

The existing literature lacks similar works to the one presented in this
paper. This contribution fills a significant gap in the current scientific
knowledge on wind energy, particularly in the domain of PMSG and
their behaviour under variable wind speed conditions linked with the
WECS that contain it. The absence of comparable research underscores
the novelty and importance of the findings and insights put forth in this
paper, thus enhancing the comprehension of synchronous machines and
their operational characteristics applications.

The work addressed encompasses two key components parametri-
zation: PMSG and WECS, so the literature overview must be divided into
these fundamental subparts due to it has never been combined with the
same purpose followed in this work.

On the one hand, there is a theoretical part on which the short-circuit
and no-load studies of generators are based, and the characteristics that
can be obtained from these tests. Synchronous generator and its ana-
logues such as asynchronous generators, are subject of continuous
research and evolution [14].The analysis of the armature reaction field
is one of the most critical issues since it determines the efficiency and
quality wave [15], the torque characteristic [16], vibration, and the
acoustic noise [17], crucial in wind energy generation. The pole number
correlates the machine speed and its momentum of inertia [18], so in
variable wind speed it is decisive for considering the proper generation
regime. Also, variation in the pole-pair impacts the achievement of
different gear ratios [19] in multiple gear systems. For PMSG, the ma-
chine constat K stablishes the Back Electromotive Force (back-EMF)
constant determining the generator efficiency and transient stability in
faults [20], also, this K influences the torque produced in the generator
and therefore the current flowing through its windings. In the process of
designing generators for their incorporation into wind energy systems, it
is essential to substantiate their design and construction establishing
relationships among all factors that influence it.

On the other hand, the WECS themselves that inherently encompass
the characteristics embedded within the PMSG behaviour. The
outstanding field that concerns this study in WECS is the ability to:
maximize the power extraction from the wind if it is required, and the
adaptation to variable conditions. When delving into that field, two
important characteristics are considered: the power performance curve
Cp and the dynamic characteristic diagram. Although both represent
similar concept, the power performance curve is specifically defined in
terms of the tip-speed ratio [21] and it represents the relation between
aerodynamics and wind energy. This characteristic can be obtained by
using historical and recorded data [22,23] or by direct experimentation
with the machine [24]. While a methodology exists for conducting
studies of this nature focusing on WECS characteristics [25], its analysis
of the generator and the interplay with its properties remains incom-
plete. Subsequently, advanced algorithms for the curve modelling and
estimating has been developed [26,27]. In the methodology proposed in
this paper, to simply relate the mechanical speed of the wind turbine to
the final electric power it can produce, it is acquired the second char-
acteristic named, the dynamic characteristic diagram for different wind
speed [28,29].

The necessity of relating all of these parameters to wind speeds and
operating regimes lies in the fundamental understanding of how the
turbine’s performance is influenced by environmental factors. The in-
fluence of wind speed on armature reaction and synchronous reactance,
as well as the variation in rotational speed, is essential for
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comprehending the turbine’s response to different wind speeds. This
knowledge is crucial for the effective design, operation, and integration
of wind turbines into power systems, ultimately contributing to the
optimization of wind energy performance and reliability.

New contributions, applications, and paper organization

This research contributes in terms of novelty, originality, and sig-
nificance in the following:

e Development of a testing procedure, step by step, for WECS char-
acteristics acquisition.

Design and implementation of a boost converter from a half-bridge
IGBT topology commercial module for wind energy technology
purpose.

Constitution of a general and easy-to-construct WECS experimenta-
tion platform. Consisting of the variable industrial fan used to
generate wind, rectifier, boost converter and its controller and the
battery. The aim is to globalize it and make the study really
reproduceable.

Establishment of the theoretical performance of the PMSG in
response to wind speed variations, validated through experimenta-
tion on a dedicated platform.

The proposed experimental platform allows characterizing wind
turbines up to a power of 15 kW limited by the installed power con-
verter, with the possibility of scaling it to higher power.

As solution of green energy transition, this platform contributes
significantly to the design process of innovative wind-based electricity
generation through the experimentation and with the consequent SWT
characterization [30]. It would be possible to control the wind turbine at
any of its operating points and to adapt any part of WECS rotor, stator,
blades, bushing...etc. in a systematic manner. This means that any tests
raised in WECS optimization can be conducted under control.

Furthermore, given the rigorous theoretical groundwork disclosed
here, this platform can help university labs for the students gaining
hands-on experience and apply theoretical knowledge in a real-world
setting WECS [10]. Nowadays in teaching, the most used are simula-
tion using PC software [31] or emulations by Alternating Current (AC)
sources or those created by a semi-physical simulation testing bench
[32,33]. All these types of WECS recreation will never be able to surpass
the usable real system proposed here. Furthermore, prior to create a
wind turbine simulator or emulator, it is necessary to base and validate it
with real system models [34] and this platform can be also a solution in
validation labours.

The paper is organized as follows. Theoretical foundations of PMSG
and the relation to WECS in Section 2. The experimental set up for
creating the platform and the procedures to acquire the parameters in
Section 3. Experimental results in a case of use are presented and dis-
cussed in Section 4, and some conclusions are depicted in Section 5.

Theoretical foundations

Before addressing the characterization of a wind turbine, it is
essential to expose the theoretical principles on which it is based. In this
section, the equations, and relevant peculiarities of PMSG and WECS
that are required for a comprehensive understanding of this experi-
mental platform is presented in detail.

The wind generator is moved by the blades integrated into the rotor
axis that will collect part of the power carried by the wind, P, eq. (A.1)
Appendix A. Consequently, the relationship between the power carried
by the wind and the electrical output power P, is outlined in eq. (A.2)
Appendix A, where the Cp (power coefficient) will only depend on 4 (tip
speed ratio) as in SWT the pitch angle is uncontrollable. In the platform
presented in this paper, the generator performance 7, considered in eq.
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(A.2) Appendix A, also includes the friction when the shaft rotates, as in
[35]. In [36] the author details the calculation of each loss for WECS.

For the platform created in the research presented in this paper, the
characterization will be given by the relationship between the electrical
power and the mechanical rotation speed of the machine, since the
power coefficient mentioned above is intrinsically contemplated, this is
called the dynamic characteristic of the machine.

Furthermore, by obtaining that characteristic curve it is possible to
determine the optimum tip-speed ratio A, for each wind speed, eq.
(A.3) Appendix A. The optimum tip-speed ratio is the case when the
power generated becomes maximum, or what is the same, Cp is
maximum [37].

This approach makes feasible the determination of the maximum
power that WECS is capable of produce for each wind speed.

As explained in 1. Introduction, most small horizontal axis wind
turbines are composed of a direct-drive PMSG. This type of generators
does not have field excitation, therefore the electromotive force E, is
only proportional to the rotation speed w,, during the entire operation of
the machine for any connected load [38].

Es=Kewy, (€Y)

The value of the voltage produced by the generator under load V;, will be
equal to the electromotive force generated with the existing speed E4
minus the voltage drop AVyg, produced by the resistance of the
winding R4 and by the synchronous reactance [38].

Vd) = EA - AVstator = EA _IA (RA +]XS) (2)

Fig. 1 shows the equivalent circuit of PMSG per-phase. The synchronous
reactance Xg is the sum of the self-inductance of the stator winding X4
and the armature reaction X.

Xs :X+XA (3)

The armature reaction is defined as the response or effect resulting from
the interaction between the magnetic field generated by the magnets
and the magnetic field induced by the machine stator.

Determining the reactance X, is consistently possible by measuring
the parameters below:

XA :LA .2.7Z'felect (4)

Being L, the inductance of the stator winding and f.. the electrical
frequency of the generated voltage.

Due to the statement provided in eq. (1), through the platform pre-
sented in this study, the internal voltage of the machine can be calcu-
lated based on the voltage and the rotation speed measured with the
generator in no-load operation. Since the electromotive force would be
known for each rotation speed, it would be possible to estimate the
voltage drops produced at any time with any connected load, eq. (2).

RA XS

+
|
+

<
S

,._--
e--Lload-e

Fig. 1. Equivalent circuit of PMSG per-phase.
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Furthermore, since the resistance of the stator winding R4 remains
constant, the synchronous reactance Xs can be estimated. This makes
possible to calculate the armature reaction X by using eq. (3) because X4
is defined for each value of fep., €q (4).

The design constant of the machine, k, and the magnetic flux, ¢,
created by magnets can be coined in a single term K. This parameter will
have a proportional value and can be determined for each operating
condition of the machine as another characteristic parameter in this
testing platform. It will be observed that, being experimental, the
measurement does not always remain at the same value, but it does have
a trend.

As it is a generator composed of an inductor rotor where the per-
manent magnets are coupled, these will be organized in pairs. This
important construction detail is called the number of pairs of rotor poles.
The rotational speed w,, at which the generator rotor rotates is related to
the electrical frequency fe. of the voltage generated and pole pairs P
contained. This relationship is directly proportional, meaning that, if
you increase the mechanical speed, the electrical frequency will also
increase [39]:

__fe60
=

P %)

Where P is the generator pairs of poles. To determine it, it is only needed
to measure the electrical frequency f. of the generated voltage and the
speed at which the rotor of the machine is rotating @, in that moment.
The procedure of this calculation is shown in the next section.

Experimental set up and procedures

This section will be divided into two parts, the first one will detail the
equipment necessary to start up the platform and the second part will
explain the data acquisition procedure. This last subsection is in turn
divided into the different parameters and characteristic curves of the
generator that can be obtained.

Experimental set-up

In order to characterize any wind turbine, it is necessary to have a
variable industrial fan controlled by a frequency converter that allows to
generate and modify the resulting wind speed that will move the wind
turbine, see Fig. 2.

The three-phase current is rectified by rectifier diodes, just before

Fig. 2. Variable industrial fan used to generate wind.



J. Clavijo-Camacho et al.

this, it is necessary to place two wattmeters in Aron’s connection [40] in
order to measure the electrical power generated. Once the current is
rectified, it flows through sensors installed in a Printed Circuit Board
(PCB) designed ad hoc. Employing this PCB, it is possible to measure the
power after the conversion to DC and monitor the WECS generation via
PC. This data acquisition compromises the employment of a current
transducer to measure the voltage (LEM LV 25-P) [41] and a non-
invasive current sensor (LEM LA 55-P) [42], both signals are input into
the Arduino MEGA controller [43] to be monitored from the computer.
In Fig. 3, every stage is presented and in Fig. 4b) is schematized.

Arduino allows the possibility to generate the PWM signal that
govern the IGBT incorporated in the converter. To create and modify
this PWM signal, a simple code on Arduino has been designed with the
use of a PWM library [44]. The duty cycle pulse width will be varied
manually in order to test the wind turbine. In Fig. 4b) can be observe the
device controlled by this signal.

This platform is conducted thanks to the power converter that can
vary the working point of the wind turbine. It is a converter that raises
the voltage from a lower level to a higher level, decreasing the current.
To construct it, a Modular IGBT Power Stack from GUASCH company
with reference MTM-1/2B2IC0225F12HB is used that incorporate a half
bridge topology and capacitor bank C, Fig. 4a). This type of IGBT module
is a constructive solution that allows for high versatility in creating
customized IGBT power equipment. It consists of two IGBT designated
T1 and T2. In the platform object of this work, the first IGBT will remain
open while the second will be driven by the PWM signal generated by
the Arduino. In Fig. 4a) the manufacturer’s electronic schematic is
shown and in b) the configuration adapted to build-up the necessary
boost converter. To complete the boost converter built from the IGBT
power stack, a L coil is connected at the input. Every parameter is
indicated in Fig. 3 and its values depicted in Table B.1 of Appendix B.
The value of the coil has initially been calculated in an analytical way
[45] and then it has been empirically adapted to the tested wind turbine.

This IGBT has a switch frequency of 10 kHz, that is, it can switch
every 0.0001 s. The output of the system will be connected to a battery
emulated by a bidirectional source from the company EA Elektro
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Automatik, specifically the PSB 9000 model. This electronic instrument
reproduces a real 350 V Li-Ion battery behavior which enable it works as
energy source or sink. This device can be controlled mostly automati-
cally by the software EA Battery Simulator during test runs. This is
another essential feature of the setup to make it reproducible and
versatile.

In addition to the above, the platform needs measurement in-
struments such as:

e Wattmeters connected at the output of the wind turbine to measure
the three-phase power generated.

e Multimeters for measuring voltage and current, verifying the correct
operation.

e Frequencymeter that measures the electrical frequency of the voltage
wave generated by the generator.

o A tachometer to measure the speed of rotation of the shaft. This may
be photodetector or contact.

e Oscilloscope that displays both the PWM signal and any other
characteristic parameter of the machine. In the case of this platform,
in addition to the PWM, the current in the coil and the voltage in the
IGBT T2 are shown.

Data acquisition procedures

Once the necessary platform equipment has been detailed, the pro-
cedure to characterize the small wind generator will be disclosed below
for each parameter.

Rotor winding poles numbers

As PMSG, the electrical frequency and the rotation speed of the rotor
are related to the number of pairs of poles, as seen in eq. (5). Therefore,
to calculate this last parameter it will be necessary to obtain the me-
chanical speed of the rotor w,, and the electrical frequency of the wave
felect, measured with a tachometer and frequency meter, respectively.

In generator no-load operation, a minimum of 2 measurements of
each parameter are made and in each measurement the incident wind

Fig. 3. Complete experimental set up of the platform presented.
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Fig. 4. Modular IGBT Power Stack scheme a) From manufacturer b) Boost Converter customized by adapting the half bridge topology equipment. Parameters values

are disclosed in Appendix A.

speed will be change. Subsequently, applying the eq. (5) described in
section 2. Theoretical foundations for each measurement, it is possible to
obtain the number of pairs of poles, approaching the nearest integer.

PMSG design constant

The K constant of a PMSG takes on a fundamental role in the oper-
ation of the machine and, unless stated by the manufacturer, it remains
unknown. To calculate it, as seen in eq. (1), it is enough to know the
relationship between the electromotive force E4 generated by the ma-
chine and the rotational speed in the shaft. During generator in no-load
condition, perform the following steps:

. Set a wind speed with the industrial fan.

. Let the stabilization of the wind turbine.

. Measure the mechanical speed of the shaft, wp,.

. Measure the voltage on terminals between two phases, Vieasure-

HwWN -

It is necessary to repeat the previous steps in a minimum range of
wind speeds, the desirable would be from its speed cut-in to its speed
cut-off. Depending on the configuration of the stator winding, the rela-
tionship between the measured voltage and the electromotive force may
be as is indicated in Appendix B, eq (A.4) and (A.5).

When facing the values of E4 versus w, it will be possible to see how,
being experimental, the values of this constant K oscillate, but always
around the straight line that best fits the values taken, as will be shown
in section 4. Use Case. In addition, the mean value for the parameter K is
calculated by the zeroth moment, and it is also possible to obtain its
standard deviation by calculating the square root of the second central
moment. Based on these two data, mean and standard deviation, the
construction constant of the PMSG is characterized.

PMSG armature reaction and synchronous reactance

The electromotive internal force E4 has already been obtained for
each rotational speed in the previous subsection, now it would be
possible to calculate by eq. (2) the voltage drop produced in the stator
AViaior just measuring V,; for each mechanical speed of rotation o, with
the rectifier, converter and battery already connected. It should be noted
that, in the same way as before, when measuring the voltage between
phases it is necessary to differentiate between the star or delta connec-
tion, but when current flows, the measured voltage Vipeqsure g0es from
having a relationship with E4 to V. Fig. 1 schematizes what has been
discussed.

Finally, as the resistance of the stator winding R4 can be measured
and the stator current I, can be quantified in each experiment with an
ammeter, it is possible, therefore, to calculate the synchronous reactance
X of the machine. This makes it possible to know the armature reaction
X by means of eq. (3), due to X4 value is calculated for every fe.. eq. (4).

Establishing a wind speed and the no-load generator rotating at a

settled speed, the conversion system is connected. Modifying the PWM
will impose a load and cause the generator to rotate at different rota-
tional speeds, the armature reaction X can be estimate for different
incident wind speeds and different rotation speeds thanks to this
modification of the PWM. The data collection process is visually repre-
sented in Fig. 5 via a flowchart.

An example of table to be fill in for the data collection procedure
proposed will be shown in section 4. Use Case.

WECS dynamic characteristics curve

The extraction of the maximum power to be generated by this type of
system inevitably involves performing a behaviour profile of the turbine
for variable wind speed while varying rotational speed. This curve en-
ables the establishment of an optimum tip-speed ratio 1, where the
point of maximum conversion efficiency is reached. In SWT, the
Maximum Power Point Tracker (MPPT) is set by controlling the elec-
tronic converter [46].

Carrying out the data collection described in Fig. 5, is it possible to
obtain electric power P, versus rotational speed w,, for each wind
speed v, tested. According to the flowchart provided, the rotational
speed variation is made by the changeable PWM following the Duty
Cycle, called DutC List, stablished.

The Aqy is indicated in the dynamic characteristic curve obtained for
the use case presented in this study.

Use case

According to the theoretical foundation, required set-up, and data
acquisition procedure stablished in this study, the SWT platform has
been developed. However, to corroborate these assumptions it is
necessary to carry out real tests with a veritable SWT.

The wind turbine that is going to be characterize has horizontal axis,
multi-bladed with six blades with a radius of 34 cm each, vane rudder
and an uncontrollable pitch angle. The PMSG is coupled in the same
shaft that make it rotates, which receives the torque generated by the
turbine, therefore, it rotates at the same speed. Nevertheless, this speed
differs from the voltage frequency generated that will depends on the
poles number calculated below. The SWT tested is shown in Figure B.1 in
Appendix B.

As indicated in the procedure to obtain the number of pairs of poles,
the Table B.2 of empirical measurements for N° pairs of poles obtain-
ment is shown in Appendix B.

It can be considered valid that the integer number of pairs of poles is
four, indicated in the third column of Table B.2 in Appendix B. In WECS,
the PMSG with a high number of pole pairs is certainly the most
convenient for such applications because of its capability to operate at
low speed without decreasing the efficiency, thus allowing to avoid
gearbox [47]. In addition, the general rules of winding development for
PMSG with the relevant restrictions are complied with [48].
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Fig. 5. Laboratory procedures for PMSG and WECS characterization.

The generator constant K is calculated for each sample using eq. (1)
according to the procedure described in the corresponding section. The
experimental values obtained as mean and standard deviation is
depicted in Appendix B, Table B.3: For a total of thirteen samples, the
scatter plot is shown in Fig. 6.

Since the standard deviation is of such a low order, the mean is
consistent as the value of the constructive constant K of the machine.
This value depends on the characteristics of the machine design, the
geometry of the permanent magnets and the material used.

Fig. 7 shows the difference between the electromotive force given in
non-load conditions and the voltage once the load is connected and for
the different imposed wind speeds, as well as for the different rotation
speeds of the rotor. It can be verified that the lower the wind speed, the
lower the voltage drop in the stator due to a lower circulating current.

13 o
12 ° O K value
11 (o]
10 3 Mean
g 9 o
g 8 o
Z 7 o
7 6 °
25 o
4 o]
3 o]
2 (o]
1 (o]
0.157 0.161 0.165 0.169 0.173 0.177 0.181 0.185
K Value (V's)

Fig. 6. Scatter Plot from different empirical measurements of machine con-
stant K.
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300

400 500
Mm (rpm)
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Fig. 7. Comparison of electromotive force in idle configuration with respect to
the voltage once the load is connected.

Measuring the voltage drop, it is possible to calculate the synchro-
nous reactance X;. Next, due to that the reactance of the stator X, is
known for each rotor speed, the armature reaction X is calculated. Based
on data presented in Table B.4. Appendix B (the experimental data
collection for the SWT characterization from use case), in Fig. 8a) can be
observe how the synchronous reactance X; is the algebraic sum of the
functions X, observable in the Fig. 8b) and the armature reaction X
Fig. 8c). As expected, the function X, is linearly dependent on wy,.

The resultant function X; is the sum of a lineal X, function and X
function defined by the bivariate polynomial equation given in eq. (B.1)
on Appendix B. Furthermore, the coefficient of this equation is
appointed in Table B.5 of Appendix B. This X function demonstrates a
non-lineal behaviour between armatures reaction and rotational speed.
Concerning how armature reaction is influenced by the wind speed or
available wind power, it is important to note that the value increases
proportionally, but only slightly and maintain the same pattern for every
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Fig. 8. Experimental results for different wind speeds and rotational speeds imposes by the converter. a) Synchronous Reactance, X; b) Stator Inductance, X c)
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wind speed as can be seen in Fig. 8c).

Finally, the characteristic curve of the WECS presented in this case
study is obtained, in which the output power for different wind speeds is
represented in Fig. 9. The MPPT is indicated with a black box, corre-

sponding to the optimum tip-speed ratios Agp;.
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Conclusions

The comprehensive study has introduced an innovative and efficient
methodology for experimentally evaluating small wind turbines (SWTs).
The developed testing platform has demonstrated its efficacy as a
valuable instrument for analyzing and understanding the performance
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450

500 550 600 650 700

Rotational Speed (rpm)

Fig. 9. Pgject —wp dynamic characteristic diagram for different wind speeds v,,.
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of wind turbines under diverse wind conditions. The precise control of
turbine speed, facilitated by a boost converter regulated from an
Arduino microcontroller, has enabled the thorough characterization of
the turbine’s behavior. This research not only established a theoretical
framework but also validated its practical applicability through exper-
imental trials on a SWT.

In the context of the PMSG, the study has meticulously investigated
the influence of varying wind speeds and rotational speeds on the
armature reaction. This investigation has led to the determination of the
resultant synchronous reactance through graphical representations and
polynomial equations. Additionally, the study has encompassed the
calculation of the number of poles and the design of the machine con-
stant, establishing their correlation with the wind regime to achieve
comprehensive machine characterization. The non-linear behavior of
the generator through dynamic characteristic diagrams is exhibited, the
graphics effectively illustrate the system’s response to different rota-
tional speeds under variable wind speed. This comprehensive analysis
carries significant practical implications for the smooth integration of
SWTs into electrical power systems.

The extension and scientific rigor of the study are underpinned by
the practical application of the theoretical findings in a real-world
setting, enabling the experimental validation of the testing platform
and the acquisition of significant data for the characterization of SWTs.
Furthermore, the emphasis on the reproducibility and adaptability of the
platform highlights its relevance for ongoing research and development
in real wind system environments.

Appendix A. - Additional equations for comprehensive research
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The following equations correspond to the mathematical modelling of wind turbines.

The power carried by the wind collected by the blades:

1
P, = QpWAva (A1)
Where A is the area swept by the turbine blades, p,, the air density and v,, the wind speed.
Relationship between the power carried by the wind and the electrical output power:
P, =P,eCp(2) e Mg (A.2)

Cp(4) is the power coefficient characteristic of wind turbines that depends on the tip speed ratio 4 and on the pitch angle j of the blades. Where 7, is the
electric generator performance, which is induced by the copper and iron losses.

R R
= *Om Aopt = & Omope (A.3)
Vi Vi

A

Where R is the blades radius and w,, the mechanical rotor speed.
For the E4 measurement, if the connection is in star, then:

Vmeusure
Ex = (A.4)
EA]
If the connection is in delta, then:
EA = Vmeusure (AS)

Appendix B. - Related to the case of study

Table B.1. Parameter settings for rectification and voltage elevation conversion stages.
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Parameter Value
Crip 99.25 mF
C 850 pF

L 6.8 mH
R 68 kQ

Figure B1. Small Wind Turbine to be characterized.

Table B.2. Empirical measurements for No. pairs of poles obtention.

Electrical frequency,feiec: Mechanical speed, o, No. pairs of poles (eq. 8)
45.5 686.3 3.97
35.8 545.5 3.93
27.5 406.8 4.05

Table B.3. Experimental Values obtained of machine constant K.

Mean (Ve s) Standard Deviation (V e s)

0.172681921 0.002033901

Table B.4. Experimental data collection for the SWT characterization from use case.

Wind speed (m/s) Duty Cycle of PWM signal Vp(V) I, (A) Pyatimeters (W) Selec (Hz) @Om(rpm)
17.5 0.87 12.298 0.15 3.8 47.5 712.5
0.88 12.124 0.2 5.4 46.5 697.5
0.89 11.836 0.26 7.1 45.5 682.5
0.9 11.027 0.33 9.8 44.2 663
0.91 10.277 0.46 13.4 41.4 621
0.92 9.699 0.54 15.1 40 600
0.93 8.487 0.68 17 35.8 537
0.94 7.679 0.82 17.1 33 495
0.95 6.004 0.86 14.7 27.5 412.5
0.96 4.503 0.79 10.5 21 315
0.97 4.503 0.79 9.7 21 315
16 0.87 11.49 0.13 2.9 43.4 651
0.88 11.14 0.17 4.1 42.7 640.5
0.89 10.80 0.21 5.2 41.7 625.500
0.9 10.28 0.27 7.2 40 600
0.91 9.70 0.36 9.7 38.3 574.5
0.92 9.01 0.43 10.8 35.7 535.5
0.93 7.91 0.54 12.2 32 480
0.94 7.16 0.63 12.7 29.5 442.5
0.95 5.48 0.68 10.8 23.6 354
0.96 3.93 0.62 7.1 17.1 256.5
15 0.87 10.05 0.106 2 38.7 580.5
0.88 9.93 0.14 3 37.9 568.5
0.89 9.64 0.169 3.7 37.3 559.5
0.9 9.24 0.222 5 36 540
0.91 8.78 0.29 6.6 34.4 516
0.92 8.31 0.362 8 33.1 496.5
0.93 7.33 0.47 9.4 29.5 442.5
0.94 6.47 0.536 9.7 26.3 394.5
0.95 4.91 0.58 8 21 315

The X resultant function for the SWT studied in the case studied is defined by:

X(Wm,Vw) = Poo + P10 ® Wm + Po1 ® Vi + D20 ® @m> + P11 ® Wm ® Vi + Po2 @ Viy> + P30 @ W + Pa1 ® 0 @ Vyy + P12 ® 0y @ V) (B.1)
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Table B.5. Coefficient of equation B.1.

Factor

Sustainable Energy Technologies and Assessments 66 (2024) 103804

Estimation

po0
plo
p01
p20
pll
p02
p30
p21
pl2
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