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1. INTRODUCTION

The development and use of green energies have seen strong growth in recent years. Among these
energy sources, wind turbines offer considerable potential. It is not intended to replace existing energies, but
to compensate for increasingly rapid demand damping, and also as a rigorous solution for reducing CO;
emissions. Several recent studies [1]-[7] have indicated that electrical engineering researchers are currently
carrying out a variety of activities to improve wind power quality. These research efforts focus on both large
wind turbines connected to the power grid and small stand-alone wind turbines. The researches [8]-[10],
the authors highlighted the fact that, thanks to this work, the latest generations of wind turbines operate at
variable speed in order to extract maximum electrical power as a function of wind speed. The development of
power electronics control techniques has made it possible to introduce intelligent controls.

Thus, the field of AC machine control is always evolving, this is due to the requirements of the
specifications of industrial operations. The researches [5]-[7], the authors chose the asynchronous machine,
due to its low cost and robustness, which has currently become one of the most widely used machines for
variable-speed applications. Due to its structure, the asynchronous machine has a significant coupling of
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these quantities relative to the DC machine. In fact, because the machine is powered by a single armature, the
same current creates both flux and torque, so that variations in torque cause variations in flux, making the
control model more complex. The joint development of power electronics and digital electronics has
contributed to the development of more advanced control algorithms improving the static and dynamic
performance of this machine, and thus ensuring the decoupling of flux and torque. The main problem
encountered in wind power applications in laboratories is to produce a wind emulator capable of meeting the
requirements of users and researchers in the field of wind energy. The main objective of this work is to carry
out a comparative study between indirect rotor flux vector control (IRFOC) and direct torque control (DTC)
of the asynchronous machine, in order to produce a wind emulator capable of reproducing the dynamic
characteristics of a real wind turbine and integrating them optimally into a real electrical system [11]-[13].
This document is organized as follows. In section 2, you will find a detailed illustration of the description and
modeling of the proposed wind emulator. The methodology used to implement the IRFOC and DTC
techniques will be presented in section 3, entitled “Method”. The results of both methods will then be
presented in section 4. Conclusions are presented in section 5.

2. DESCRIPTION AND MODELING OF THE PROPOSED WIND TURBINE EMULATOR
2.1. Description of the wind turbine emulator (WTE)

Before deploying a wind power system, it is necessary to evaluate its behavior in static and dynamic
regimes, and to investigate the design of the power electronics and associated controllers in a laboratory
environment, in order to avoid problems during installation. To this end, a WTE is an important piece of
equipment used to simulate the static, dynamic and non-linear characteristics of a real wind turbine, and is
therefore crucial for the development of wind energy conversion systems, which rely neither on natural wind
resources nor on a real wind turbine [14]-[21].

In the literature, several wind emulators have been designed and built. In general, the emulator WTE
is built by coupling the generator shaft to a motor called the main motor. Three main types of motor have
been considered in various works. The first is a DC motor [22]; the second is a permanent magnet
synchronous motor (PMSG) [23], [24], and the third uses an asynchronous motor (ASM) [25]. It is possible
to generate the same static and dynamic characteristics as a real wind turbine by controlling the main motor.

In our work, the designed wind emulator is schematically shown in Figure 1 and consists of two
parts; the first part consists of a DC power source, a voltage inverter to feed the ASM called main motor,
which is mechanically coupled with the generator shaft, and which is in turn coupled to a stand-alone load or
coupled to the power grid via a transformer. For the asynchronous generator, self-excitation (reactive energy)
is provided by capacitor banks mounted across the machine's stator windings or via the electrical grid.
The second part of the emulator represents the effect of the quantities involved in the turbine, which
generates the aerodynamic torque that is applied to the gearbox. The turbine input is the actual wind speed.
The gearbox model transforms mechanical speed and aerodynamic torque into turbine speed and gearbox
torque respectively. The shaft model describes the dynamics of the mechanical speed, so it has two inputs:
the gearbox torque and the electromagnetic torque supplied by the generator. The control system proposed in
the present work has enabled us to control aerodynamic torque and mechanical rotational speed by
generating a signal to control the inverter based on various conventional control techniques, in particular
IRFOC and DTC.
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Figure 1. Wind turbine emulator
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2.2. Modeling of the WTE
2.2.1. Turbine section model
The total kinetic power available to a wind turbine is given by (1).

.TR2.v3
P, =27 (1)

With: p: air density (1.25 kg/m?); R: blade length; V: wind speed (m/s)
The aerodynamic power on the shaft is given by (2).

R2.v3
Frer = Cp(l)'pnz (2)
The power coefficient Cp, which represents the aerodynamic performance of a wind turbine, may not exceed
0.59. This performance is expressed by (3).

G4 -(Ao-2)

CP(A) = a2+(10_ﬂ.)2 (3)

A: the speed ratio can be defined as the ratio between the linear speed of the turbine blades and the wind
speed.

_ 9-turbine'R
A = Purbinet @)

With Q wrbine: turbine speed.
The aerodynamic torque can be determined directly from the turbine speed using the (5).

psvd 1
2 Qturbine

Caer = Caer Cp()\) ’ )

Qturbine

The gearbox is used to adapt the slow rotation speed of the turbine to the speed of the generator. This
adaptation is mathematically modeled by the (6)-(8).

Caer
Cg="2* (6)
QmeC
Qturbine = G (7
Jturbin
J =ne 4+, (8)

With: G: Gearbox gain; J: Total inertia; Jo: Generator inertia.
The fundamental equation of dynamics allows us to determine the evolution of mechanical speed
from the total mechanical torque Cmec applied to the rotor:

dQm
]Tec = Ciec = Cg — Cem — Clpec )

With: Cem: electromagnetic torque; Cs: coefficient of viscous friction

2.2.2. Modeling of the ASM
The asynchronous machine model used in this study is the classical model in the Park’s reference
frame. This model is described as follows:

_ dogs
Vds - Rslds + dat WsPqs

do
Vqs = Rslqs + ?qs + WsPgs (10)
de
Var = Relgr + ?dr - (ws_wr)q—)qr
dogr
dt

Vqr = erqr + + (Ws—wr)Pgr
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(‘Pds = Lglgs + Mlg,

@gs = Lslgs + Mlg, 1)
i(pdr = L;Iqr + Mg

QPqr = I-'rlqr + Mlqs

With: Vs, Vs, Var, and Vr; las, lgs, lar, and Iy are the direct and quadrature stator and rotor voltages and
currents, respectively, in the two-phase system. @ds, @gs, ®ar, and @q: direct and quadrature stator and rotor
fluxes of the two-phase system. Rs, R, Ls, L, are the stator and rotor resistances and inductances respectively,
and Lm is the magnetizing inductance.

The electromagnetic torque is given by (12).

M
Cem = pL_r(Isq(Prd - Isdq)rq) (12)

2.3. IRFOC

The fundamental principle of vector control is to control an asynchronous machine in a similar way
to an independently excited DC machine. The aim is to create a natural decoupling between the magnitude
controlling the magnetic flux (rotor flux) and that controlling the stator current. The principle of flux
orientation control consists in placing the rotating (d-q) reference frame so that the d axis coincides with the
rotor flux vector axis see in Figure 2. Thus: @¢=¢r and @q=0.

(A): Stator phase

(a): Rotor phase

0, (w Yy a (dq): rotating mark
wr

L

Figure 2. Rotor flux oriented on the d-axis

By orienting the magnetic flux in this way, the electromagnetic torque is reduced to:
M
Com =D Z (Isq(prd) (13)

P is a constant, it appears in the torque expression and depends on the nature of the park
transformation (abc-dq) chosen (P can take the value 2/3 for an amplitude-preserving transformation or the
value 1 for a power-preserving transformation). According to equation 13, the flux-oriented control strategy
aims to independently control flux and stator current in order to regulate the electromagnetic torque
developed by the asynchronous machine. This approach establishes a natural decoupling between these two
quantities, similar to control in the case of a DC machine. Returning to the equations; by imposing ¢q=0, the
equations of the machine in a reference frame linked to the rotating field become:

Pr = Par (14)
dlgs  Md
Vas = Rlas + oL == + Ed—‘f — w0 LIy
I (15)
dlgs M
Vas = Rslgs + 0Ls 5 + s @ + 050 Ly
M
C, = pz(prlqs (16)
M
Wy = Elqs (17)
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“or + @r = Ml (18)

dt

Tr

In indirect control, the park angle 6 is determined using the stator pulsation, itself reconstructed
using the machine speed and rotor pulsation w. In this type of control, the angle 05 used for the direct and
inverse transformations is calculated using the (19).

0, = (pQ + ’L) dt Or I3 =& (19)

Trlgg

2.4. DTC

Direct torque control for an asynchronous machine is based on the "direct" determination of the
control sequence applied to the switches of a voltage inverter. This choice is generally motivated by the use
of hysteresis controllers, whose function is to control the state of the system, in particular the amplitude of
stator flux and electromagnetic torque. This approach falls into the category of amplitude control, as opposed
to more traditional control methods based on pulse-width modulation (PWM) to adjust the mean value of the
voltage vector. Originally, DTC controls were largely based on physical common sense and a relatively
empirical approach to the variation of states (torque, flux) over a very short time interval.

Dynamic torque control of the asynchronous machine can be illustrated by the vector model of the
asynchronous machine. In the reference frame (d, q) linked to the stator, we can write:

d S

Vo = Rl + 28

dor . (20)

V. =R/, +?_]w-¢r

The vector of the voltage Vs delivered by a three-phase voltage inverter is represented in theory by three
Boolean control quantities Sj (j = a, b, ¢) such that:

{Sj (j = a,b,c) =1 : High switch closed and low switch open
Sj (j = a,b,c) = 0: High switch open and low switch closed

The voltage vector Vs can be can be written as (21):

j2m jam
Vs= 3/2.U,(Sa+Sh.es +Sc.e3) (21)

Combinations of the three quantities (Sa, Sh, Sc) generate of 8 Vs vector positions, 2 of which 2correspond
to the zero vector: (Sa, Sh, Sc) = (000) or (Sa, Sh, Sc) = (111).
From (20), we can write:

ds = f(Vs — Rgig)dt; s = o + Vit — Rsf Ig dt (22)

Assuming that Rs remains constant and the term (Rs.is) is negligible compared to the voltage Vs.
In a time interval Te, the end of the vector ¢s moves along a line whose direction is given by Vs see in
Figure 3. By selecting a correct sequence of Vs vectors over successive time intervals of duration Te, the end
of the ¢s vector can be made to follow the desired trajectory. To achieve this objective, the controller used for
DTC is a two-level hysteresis controller. With this type of controller, it is easy to keep the end of the flux
vector ¢s within a nearly circular ring.

In order to rapidly increase angle y and therefore torque, it is essential to advance the stator flux
vector in the direction of rotation considered positive. In Figure 3, we can see that this can be achieved by
applying a voltage vector with a strong forward quadrature component with respect to the flux vector.
Conversely, an algebraic reduction in motor torque can be achieved rapidly by applying a voltage vector with
a strong quadrature lag component. Electromagnetic torque variations can be controlled solely from the flux
vector (s rotation speed. The table in Figure 4 shows the evolution of flux and torque quantities for each of
the four vectors Vi+1, Vi+2, V i-1, Vi-2 that can be applied in the Zi zone. The voltage vectors to be applied
depend on the zone where the flux vector is located. The parameters z1, z2, z3, z4, z5, z6 see in Figure 4
represent the six possible operating zones.

Indonesian J Elec Eng & Comp Sci, Vol. 36, No. 1, October 2024: 174-187



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 179

S

Sens de rotation|

Tablean

Vecteur Viyij+1 S22V i-1Vi-2

> Bata Ps .l" R 7N

ce /PN N

270"

Figure 4. Evolution of flux and torque quantities as a function of the vector Vi applied in the zone
Zi K= (i-1,i-2, i+1, i+2)

3. METHOD
3.1. Wind emulator design integrating IRFOC control

The designed wind emulator shown in Figure 5 consists of an asynchronous motor mechanically
coupled to the generator. The control strategy is based on IRFOC, which is developed and simulated in the
MATLAB/Simulink environment, allowing for precise reproduction of the dynamic characteristics found in a
real wind turbine. In the turbine model, we have taken into account the power coefficient in (3) to produce
precise dynamic characteristics similar to a real wind turbine. This allows us to adapt the appropriate power
coefficient to the type of generator coupled. The input parameters for the wind turbine include the wind speed
profile and the rotational speed on the drive motor shaft. The IRFOC control system enabled us to control
speed, magnetic flux, and power output to reproduce the dynamic characteristics found in a real wind turbine
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Figure 5. Configuration of the wind power emulator studied with the IRFOC command
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3.2. Wind emulator design with DTC control integration

Figure 6 shows the detailed structure of the proposed wind emulator based on DTC, whose aim is to
simulate the non-linear behavior of a real wind turbine. The structure is significantly simplified compared to
vector control, since only one reference frame transformation is required, proportional and integral control
loops have been replaced by hysteresis controllers, and no compensation decoupling is necessary. In general,
our aim is to ensure good tracking of the reference stator flux from the reference current generated by the
wind turbine mathematical model.
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Figure 6. Configuration of the wind power emulator studied with DTC Control

4. RESULTS AND DISCUSSION
4.1. Simulation results IRFOC

This study examined the effects of wind turbine emulator control using an asynchronous motor,
focusing specifically on DTC and IRFOC techniques. While previous studies have explored various aspects
of wind turbine emulator control, they have not explicitly addressed the direct comparison between IRFOC
and DTC techniques in this specific context. In this section, we propose to simulate and analyze the behavior
of the wind emulator when wind speed varies abruptly, and to study its influence on the stability and
performance of the emulator system by subjecting the system to a variable wind speed profile. A stepped
wind profile was selected for this purpose. Figure 7 shows the first profile, which illustrates the evolution of
wind speed in the MATLAB/Simulink environment (7 m/s — 9 m/s — 8 m/s).

Figure 8 shows the variation in shaft speed of the drive motor (main motor) and the turbine speed
used as a reference speed. We can see that in the event of a sudden increase in wind speed (7 m/s to 9 m/s),
the rotational speed of the drive motor shaft follows the rotational speed of the turbine with a delay of 1.2
seconds. However, during a sudden decrease in wind speed (9 m/s to 8 m/s), tracking is satisfactory, with a
delay of around 0.1 second.

The Figure 9 shows the second profile illustrating the evolution of wind speed in the
MATLAB/Simulink environment (5 m/s — 6 m/s — 9 m/s). Figure 10 illustrates the variation in rotational
speed of the drive motor shaft (main motor) and the rotational speed of the turbine used as a reference. When
the emulator is started up with a wind speed of 5 m/s, the response time for tracking the emulator speed and
the turbine speed is around 0.6 s. Similarly, for a variation from 5 m/s to 6 m/s, the tracking time is of the
order of 0.1 s. However, for a rapid increase from 6 m/s to 9 m/s, the error reaches a time value of 1.5 s.
It can be seen that the time error increases significantly with a wide variation in wind speed.
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Figure 7. Wind speed profile (7 m/s — 9 m/s — 8 m/s) Figure 8. Variation in drive motor shaft speed
(main motor) and turbine speed
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Figure 11 shows the third wind profile, illustrating the evolution of wind speed in the
MATLAB/Simulink environment (5 m/s — 7 m/s — 4 m/s). Figure 12 illustrates the variation in turbine
rotation speed and emulator rotation speed during a sudden change in wind speed, from 5 m/s to 7 m/s, then
from 7 m/s to 4 m/s. We observe that even with a significant decrease in wind speed (from 7 m/s to 4 m/s),
the response time is of the order of zero. However, the error becomes high with a sudden increase in
wind speed.

Figure 13 shows the variation in stator current with changing wind speed. Figure 13(a) illustrates
this variation for a wind speed of 5 m/s, while Figure 13(b) shows it for a wind speed of 4 m/s. For a wind
speed of 5 m/s, the current fluctuates from 5A to 12A. For a wind speed of 4 m/s, the current variation
increases from 8A to 20A. We can see that the stator current is unstable in the event of a sudden change in
wind speed.
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Figure 14 shows the variation in rotor current with changing wind speed. Figure 14(a) illustrates this
variation for a wind speed of 5 m/s, while Figure 14(b) shows it for a wind speed of 4 m/s. For the variation
in speed from 5 m/s to 4 m/s, we see current oscillations of the order of 5A, resulting in a remarkable
instability of the rotor current.

The PWM voltage inverter provides a signal of variable frequency and amplitude. The waveform is
obtained by comparing a 50 Hz signal with a sawtooth signal. The waveform obtained at the output is
illustrated in the Figure 15. In Figure 15(a), we observe the output voltage waveform of the sinusoidal PWM-
controlled inverter at a wind speed of 5 m/s. This figure illustrates the voltage waveform produced by the
inverter at this specific wind speed. In Figure 15(b), we have the same output voltage waveform, but this time
at a wind speed of 7 m/s. Compared with Figure 15(a), we can see variations in the voltage waveform due to
the higher wind speed. Finally, in Figure 15(c), the output voltage waveform is shown for a wind speed of 4
m/s. Here, we can also observe variations in the voltage waveform, but this time due to a lower wind speed
than in the other cases. In summary, these figures illustrate how the inverter output voltage waveform varies
with wind speed, highlighting the impact of this variable on the power system.
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Figure 14. Variation of rotor current for a wind speed variation (a) 5 m/s and (b) 4 m/s
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4.2. Simulation results DTC

The wind speed profile used in this section is illustrated in Figure 16. It is a pseudo-random signal
constructed based on a series of steps (2 samples) ranging from 8 to 11 m/s. Even though real wind does not
occur with such steep slopes, the series of steps proposed are standard signals that allow us to clearly
interpret the system's behavior. Figure 17 shows the variation in rotational speed of the drive motor shaft. We
can see that the speed of rotation of the shaft of the drive motor (main motor) follows the reference speed
setpoint (wind speed) with a response time of the order of a few milliseconds.

Figure 18 represents the stator flux in the complex plane (a, ), starting from the point (0,0), and
describing circular trajectories corresponding to the wind speed variation from 8m/s to 9m/s and then to
11 m/s. These trajectories follow circles with radii of 0.4 Wb for 8 m/s, 0.5 Wb for 9 m/s, and 0.7 Wb for
11 m/s. The wind speed profile used in this section is shown in Figure 19. For a second test, we chose a
different speed profile from the one used in the first test. In order to guarantee the correct operation
of our system, we used a pseudo-random signal constructed from a series of steps (2 samples) between
9 and 10 m/s.

Figure 20 shows the variation in rotational speed of the drive motor shaft. On close examination, we
can see that the speed of rotation of this shaft precisely follows the reference speed setpoint (wind speed),
with a response time of the order of a few milliseconds. Figure 21 shows the stator flux in the complex plane
(a, B), starting from the point (0, 0), and describing circular trajectories corresponding to the variation in
wind speed from 9 m/s to 7 m/s, then to 10 m/s. These trajectories follow circles of radius 0.5 Wb for 9 m/s,
0.3 Wb for 7 m/s, then 1Whb for 10 m/s.
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Figure 22 illustrates the variation of stator current in the o plane as a function of wind speed.
In Figure 22(a), we observe this variation for a wind speed of 9 m/s. This curve illustrates how the stator
current evolves in response to wind speed fluctuations in this specific speed. On the other hand, in
Figure 22(b), we have the same variation in stator current in the o plane, but this time for a wind speed of
10 m/s. Comparing the two figures, we can see the differences in stator current profiles at different wind
speeds. These variations highlight the impact of wind speed on the stator current of the power system.

Figure 23 shows the variation of stator current in the B plane as a function of wind speed.
Figure 23(a) shows this variation for a wind speed of 9 m/s, while Figure 23(b) represents it for a wind speed
of 10 m/s. These graphs highlight the changes in stator current during a variation in wind speed, specifically
observed in the B plane.
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Figure 22. Stator current variation in the alpha plane for a variation in wind speed (a) 9m/s and (b) 10m/s)
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Figure 23. Stator current variation in the Beta plane for a variation in wind speed (a) 9 m/s and (b) 10 m/s

It can be seen that at wind speeds of 9 m and 10 m/s, the stator current along the Alpha axis is
around 10 A and 9.5 A respectively. It is also observed that the current oscillations obtained in the case of
DTC control are significantly lower than in the case of IRFOC control. Comparing our results with other
studies, notably that of [23] on flux vector control and direct torque control of the asynchronous machine, our
conclusion is in line with the trend observed in the literature. We found that DTC control exhibits a faster
response time during sudden variations in wind speed, as well as a noticeable reduction in stator and rotor
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current oscillations compared to IRFOC control. Although both methods demonstrated good setpoint
tracking, these observations suggest that the DTC method can improve the responsiveness and reduce the
mechanical vibrations of wind turbine emulators, without compromising other performances.

In Figure 24, we examine the voltage waveform produced at the output of the inverter, controlled by
sinusoidal PWM. In Figure 24(a), the voltage waveform is observed for a wind speed of 9 m/s, illustrating
the voltage fluctuations specific to this speed. Figure 24(b) presents the waveform for a wind speed of 7 m/s,
showing slightly different fluctuations from the first. Finally, in Figure 24(c), the waveform is shown for a
wind speed of 10 m/s, with distinct fluctuations corresponding to this speed.
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Figure 24. Inverter output voltage shape controlled by PWM Sine wave: (a) 9 m/s, (b) 7 m/s, and (c) 10 m/s

This study examined in depth the effects of IRFOC and DTC methods on the control of wind turbine
emulators using an asynchronous motor. Our results indicate that DTC control offers better responsiveness
and reduces mechanical vibrations compared to IRFOC. However, further studies are needed to confirm these
results under various operational conditions and further explore the potential of DTC. Future research could
also compare DTC with other emerging techniques to better assess its advantages and limitations, thus
contributing to the optimization of wind turbine emulators for better integration into power grids.

5. RESULTS INTERPRETATION

The results show the performance of the two methods studied IRFOC and DTC with some
differences. They also show good setpoint tracking for both study cases. During a sudden increase in wind
speed, which generates a mechanical speed on the wind turbine shaft (reference signal) based on the turbine
model proposed in MATLAB/Simulink, we note that the response time between this reference signal and the
signal generated on the asynchronous generator shaft is lower (a few ms) in the case of DTC control. It’s also
worth noting that the stator and rotor current oscillations obtained with the DTC control (sinusoidal form) are
lower than those of the IRFOC control, hence the minimization of mechanical vibrations on the wind turbine
shaft (less heating, which implies fewer joule losses). With a view to the future, we have opted to implement
both controllers in real time on a Dspace DS1104 board. We’re also looking into other methods and
configurations.

6. CONCLUSION

This article presents an analytical and comparative study of IRFOC and DTC applied to an
asynchronous machine. This analysis is part of the design and implementation of a variable-speed wind
emulator based on the asynchronous machine. First, we modeled the wind emulator (model of the wind
turbine and the asynchronous machine) with the two closed-loop control programs IRFOC and DTC in
MATLAB/Simulink. Secondly, we analyzed the simulation results to make comparative studies and validate
the appropriate emulator model. The aim was to understand performance in the field of wind emulation.
The results highlighted the strengths and limitations of each technique to guide the choice of control
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strategies in emulated wind systems. Finally, in the perspective of future developments, it would be relevant
to explore collaboration between these approaches and improve the design of wind emulators to contribute to
the evolution of wind energy conversion technologies and the integration of this proposed model into an
intelligent computing board.
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