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ABSTRACT This paper introduces a second-order adaptive fuzzy logic controller (SO-AFLC) to enhance
the characteristics of a doubly fed induction generator (DFIG) inside a grid-tied wind power plant (WPP).
SO-AFLCs were utilized to maximize the output of the DFIG wind power plant (WPP) and improve dynamic
responsiveness with extremely low mean square error. When comparing the mean square error of SO-AFLC
with proportional-integral controllers (PI) and adaptive fuzzy logic controllers (AFLC), the reductions are
87.38% and 40.39%, respectively. This controller prevents overshoots and oscillations. DFIG wind power
plant is modeled and simulated using Matlab/Simulink package. Under the unit step wind speed profile,
SO-AFLC improved the steady-state error in the Cp waveform by 63.25% compared with the PI controller
and 13.12% compared with AFLC. DSpacel104 is used to conduct an experimental investigation to validate
the simulation results. In addition, realistic data from the wind farm at RAS Ghareb in the Gulf of Suez,
Egypt, are used in this study to achieve more realistic results. Compared to those obtained with PI and
AFLC, the results obtained using SO-AFLCs showed fast time response, high convergence rate, reduced
peak overshoot, less undershoot, and low steady-state error in terms of power coefficient of the turbine,
DC link voltage control, and rotor speed tracking. In addition, a wind turbine performance index based
on gross system integral absolute error (IAE) is provided. This index is used to illustrate the SO-AFLC

methodology’s viability compared to AFLC and PI under the same wind turbine conditions.

INDEX TERMS SO-AFLC, DFIG, MPPT, wind energy.

I. INTRODUCTION

Due to the exhaustion of conventional fossil fuels, renewable
energy resources will be more in demand as alternatives.
Wind energy can be considered a leading technology for
clean energy because of its low environmental impact, com-
petitive pricing, and efficiency. Since wind turbines were
connected to the grid, power electronic converters have been
employed, and this technology has developed [1], [2], [3].
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approving it for publication was Ton Duc Do

Numerous wind generators, such as doubly fed induction
generators (DFIG) and permanent magnet synchronous gen-
erators (PMSG), work best with wind turbines. The man-
ufacturing of permanent magnet (PM) machines is still
challenging because of the expensive nature of PM and its
demagnetization at high temperatures. However, DFIGs are
incorporated into many wind turbines. Despite its compli-
cated design, it has several benefits over other kinds of
wind turbine generators [4]. The DFIG-based wind turbine’s
key benefit is that its wide speed range is 20 to 30%
above or below the synchronous speed. As a result, only
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around 20-30% of the stator’s rated power can be handled by
the converter [5], [6]. The DFIG wind power plant requires
six regulators to control the MPPT, DC link voltage, reactive
power, and rotor speed.

For modern wind turbines, MPPT should be achieved to
benefit from the wind speed. There are numerous methods
to achieve MPPT for WPP, such as power signal feedback
(PSF), optimum torque (OT), and optimum tip speed ratio
(OTSR) [71, [8], [9]. The OT method aims to adjust the torque
of the generator to the optimum torque for peak power at any
wind speed. The goal is to keep the optimum torque of the
generator. This method is fast, efficient, and simple. How-
ever, the absence of wind speed measurement is an inherent
drawback. Therefore, the reference signal does not directly
represent the change in wind speed [10], [11], [12], [13]. PSF
employs a closed power control loop which depends on the
maximum power curve which depends on pre-known infor-
mation of WPP. Maximum power curve changes based on the
wind turbine [6], [12], [14], [15]. OTSR control provides an
efficient technique to capture the greatest mechanical power
extraction from WPP. OTSR is commonly used for maximum
power harvesting in wind turbine systems because it reduces
noise levels and centrifugal forces on the blades. Therefore,
OTSR control is employed in this study because of its sim-
plicity and high productivity in quickly varying atmospheric
circumstances compared to other control strategies [6], [10],
[11]. OTSR requires a speed sensor which increases the cost.
So, wind speed estimation (WSE) is introduced in [6]. This
method uses complex polynomial approximation equations,
which also reduces the system accuracy [6], [9], [10]. The
operation of a variable wind speed turbine is illustrated in
Fig.1 [16]. The operation can be divided into four zones.
Zone 1 is when the speed of the wind is less than cut in
speed so the WPP is unable to generate power. Zone 2 is
called the MPPT operation zone at which the electromagnetic
torque is controlled and the pitch angle is held constant to
extract maximum power from WPP. Zone 3 is called the
pitch control zone at which the pitch angle is regulated to
maintain a constant power. Zone 4 is at which the wind speed
is too high so the turbine shuts down using the emergency
mechanism [11], [16], [17]. This article is concerned with
Zone 2 where MPPT is applicable. The Proportional-integral
(PI) controllers are frequently implemented in commercial
appliances because of a variety of benefits, including low
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adjusting parameters, system durability, a simple construc-
tion, and a wide range of stability margins [12]. The system
becomes unstable due to the PI controllers’ sensitivity to the
system’s nonlinearity and variable variation [18], [19], [20].
Compared to the PI controllers, AFLC for PI is crucial in
aiding in the resolution of these problems. AFLC is used
to increase the integrated control system’s volatility. Fuzzy
logic controllers are used in the design of AFLC to optimize
PI’s input [14], [21], [22]. AFLCs have advantages that are
inherent to them, such as how they handle uncertainty in
systems, and their simple architecture. AFLC also has better
power tracking performance when compared to PI and normal
fuzzy logic controllers [14].

Authors in [23] discuss the design and implementation
of a direct power synergetic-sliding mode technique for a
doubly-fed induction generator integrated into a variable
speed dual-rotor wind power system. The paper also mentions
that the direct active and reactive powers control method
is widely used in the field of wind power generation and
provides better results and ease of implementation compared
to other methods. In [24], sliding mode control (SMC) aims
to reduce undulations in reactive power, current, torque, and
active power. It replaces hysteresis comparators and switch-
ing tables with a synergetic-sliding mode command and
PWM technique, resulting in better performance and sim-
plicity of implementation compared to other methods. The
authors in [25] present that the SMC approach outperforms
the Hyo control in terms of minimizing power undulations
caused by wind speed variations and uncertainties. The
study highlights the effectiveness of the sliding mode con-
trol technique in wind turbine control systems. In [14], the
authors investigated the AFLC to adjust MPPT only using
Matlab/Simulink and Dspace 1104. The authors in [26] dis-
cuss the application of a second-order sliding mode control
(SO-SMC) and fuzzy logic control in optimizing energy
management in a wind turbine system with battery storage.
In [27], the authors propose a direct AFLC that adjusts the
generator torque and blade pitch angle to optimize power
extraction from the wind. The proposed strategy is evaluated
through simulation studies to enhance the characteristics of
variable-speed wind turbines (VSWT).

This paper suggested an improvement to AFLC by adding
a SO-SMC to AFLC. The SO-SMC is active during the
system’s transient state. This new control strategy is named
SO-AFLC. The results of using SO-AFLCs revealed fast time
response, and minimal steady-state error compared to those
achieved with PI, and AFLC in terms of power coefficient
of the turbine, DC link voltage control, and rotor speed
tracking. To the best of our knowledge, the SO-AFLC has
not been covered in any literature on wind power plants. This
article proposes a sufficient and applicable control system
that depends on SO-AFLC. The essential contributions of this
research are illustrated as follows:

1) The DFIG wind power plant is investigated through
both simulation using Matlab/Simulink 2023a and

VOLUME 11, 2023



B. E. Elnaghi et al.: Experimental Validation of Second-Order AFLC for Grid-Connected DFIG WPP

IEEE Access

Filter

A A4 4 W——

ANV

abc

so-aAFLca1 | 2p

FIGURE 2. The DFIG wind turbine control scheme.

experiment using Dspace 1104 to show the robustness
of SO-AFLCs against AFLCs, and PIs.

2) To show the viability of the SO-AFLC methodology
against AFLCs, and PIs techniques, a wind turbine
performance index based on the gross system integral
absolute error (IAE) is provided under identical wind
turbine conditions.

3) The system is experimented under measured data from
the Ras Ghareb wind farm in Egypt, to produce genuine
responses based on actual wind speed data to vali-
date the enhancement of SO-AFLCs against AFLCs,
and PIs.

The remainder of this paper is organized as follows. Section I
introduces the introduction and Literature reviews. Section II
discusses the configuration of the model. In section III, the
simulation results are discussed. Section IV explains the oper-
ation of the DS 1104 control board. Section V discusses the
experimental results using DS 1104. Lastly, the conclusions
are presented in Section VI.

Il. WIND TURBINE CONFIGURATION

Tip speed ratio control topology for grid-tied DFIG wind
power plant is illustrated in Fig.2. The system is formed by
DFIG, variable speed wind turbine (VSWT), grid side con-
verter (GSC), rotor side converter (RSC) and link capacitor.
The RSC is used to achieve MPPT. GSC is tasked to regulate
DC link voltage, and reactive power.

VOLUME 11, 2023

A. MECHANICAL VSWT MODEL

The aerodynamic power out of VSWT (P,,) is expressed as
follows [6]:

1
Py = EpAvacpw, ) 4))

where p is the density of air, vy, is the speed of the wind, A is
the tip speed ratio (TSR), Cp (,8 , 7L) is the power coefficient,
B is defined as the pitch angle of the blades.

Here is how the C,, value is formulated [6]:

Dy D¢
Co(B. ) = Dy [7 —Dif — D4] ef +DsA (2
PRI 3)
Vw
1 1 0.035

A A+0088 B+1 @)

where R is the radius of the blade, the wind turbine con-
stants D to Dg are: D1 = 0.5176, D, = 116,D3; = 0.4,
D4 =5, Ds = 0.0068, and Dg = —21;

The C,, and A relation is shown at various pitch angles (8),
as illustrated in Fig. 3. To guarantee maximum power value,
the turbine must operate at optimum value for C,, which
should coincide with the ideal tip speed ratio (Agp).

At B = 0, Appy = 8.1, and Cp,,, = 0.48, The power
reaches its maximum value, according to WT specifications.
So, the highest amount of electric power is reached at these
values as obtained from Fig. 3.
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FIGURE 3. The wind turbine characteristics.
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FIGURE 4. DFIG synchronous dq model.

B. DFIG MODELING
The DFIG is modeled in a synchronous g-d reference frame
as illustrated in Fig.4 [28], [29].

The voltage (Vys, Vys) of stator winding can be written as
follows:

. d A,
Vas = Ryigs — ws/lqs + TY (5)
dA
Vqs = Rsiqx + wsAas + d:s (6)

The voltage (Vyr, Vyr) of rotor winding can be written as
follows:

. dAq
Var = Ryigr — Sa)slqr + 7" @)
dA,
Vgr = Rrigr + swshar + d;]r 3

The linkage fluxes of both rotor (A4, A4) and stators
(Ads, Ags) are described as follows:

Ads = Lisidas + Lmiar ©9)
Ags = Ligs + Liig (10)
Adr = Ligr + Lyigs (11)
Agr = Lirigr + Liigs (12)
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where R, and R; are rotor and stator resistances respec-
tively. L;-, Ljs, and Ly, are rotor self, stator self and mutual
inductances, respectively. w; is defined as synchronous speed.
igs and i4 are dq stator currents. iy and iy are dq rotor
currents.

C. ADAPTIVE FUZZY LOGIC CONTROLLER

Fuzzification, act rule base, and defuzzification are all part
of the AFLC architecture. The block diagram of the provided
AFLCs is shown in Fig.5. Following is an illustration of the
AFLC PI design [21], [30]. The input of PI has been adjusted
by the fuzzy logic regulator. Fig. 5 illustrates what is meant
by the term ‘“‘adaptive control,” which describes a fuzzy
regulator whose features, such as the fuzzy rule, membership
function, and output scaling factor, can vary in response to
system change [31]. All factors (Kpy, K40, Ko, Kp and Kj)
have been adjusted for all six regulators to get the minimum
integral square error (ISE). The Memberships are designated
as positive big (PB), positive medium (PM), negative big
(NB), positive small (PS), negative medium (NM), negative
small (NS), and zero (Z), as shown in Fig. 6. One idea
states that the input/output fuzzy sets are represented by the
triangular membership functions (MFs) with overlap (PB)
[32], [33]. The fuzzy inference employs 49 control rules to
generate the proper signal, as illustrated in Table 1. Be aware
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that when the rules are created, the balance between projected
inaccuracy and AFLC complexity is taken into considera-
tion. The controller gains are optimized using Takagi-Sugeno
optimization [34].

VOLUME 11, 2023

D. SECOND ORDER ADAPTIVE FUZZY LOGIC
CONTROLLER

The main structure of the second-order adaptive fuzzy logic
controller or second-order adaptive sliding mode controller

135259
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TABLE 1. AFLC rule base.

Ae NB NM NS Z PS PM PB

NB NB NB NB NM NS NVS z
NM NB NB NM NS NVS z PVS
NS NB NM NS NVS z PVS PS

Z NM NS NVS z PVS PS PM
PS NS NVS z PVS PS PM PB
PM NVS z PVS PS PM PB PB
PB Z PVS PS PM PB PB PB

(SO-ASMC) comprises two regulators, one of them is the
adaptive fuzzy logic controller (AFLC) and the second one
is the second-order sliding mode controller (SO-SMC). The
positive benefits of both regulators are combined in SO-
AFLC. The schematic diagram of the SO-AFLC is illustrated
in Fig. 7. The AFLC is functioning in a state of steady activity
and minimizes chatter in response. The SO-SMC is active
during the system’s transient state, providing a fast-dynamic
response and improving the stability of the system. In the ini-
tial phase of SMC, the sliding surface (SS) is determined after
the control rule is developed to guide the regulator to track
the reference abruptly [35], [36], [37], [38], [39]. SS is deter-
mined using the error and its second derivative. The error and
derivative of error are always directed towards SS in SMC.
The controller gains are optimized using Takagi-Sugeno opti-
mization [34]. SS is formulated as follows:

SS = Kpé (t) + ¢ (1) (13)

where ¢ (¢) is the output of the AFLC.
Equation (14) is utilized in electrical systems where PWM
is used to avoid oscillation and chattering issues.

SS
1SS+ ¢
A is a tolerably large positive gain at ¢ > 0 and o &~ 0.

Desired Output = —Asat (SS,0) = —A |: :| a4)

E. ROTOR SIDE CONVERTER MODEL

RSC is used to control DFIG rotor speed so that it becomes
possible to achieve maximum power point tracking from the
random wind as shown in Fig. 8. The maximum power occurs
at peak power coefficient which depends on pitch angle (8)
and tip speed ratio (A). Fig. 2 illustrates how to obtain the
power coefficient’s maximum value, which is 0.48. The A
should be locked at an optimal value which is 8.1 and the
pitch angle must be at zero. So, in case of random wind speed,
if the wind speed changes, the rotor speed of wind turbine will
be adjusted in such a way as to cope with the change in the
speed of the wind. To achieve this function, three controllers
(1, 2, and 3) are used [6], [40].

F. GRID-SIDE CONVERTER MODEL

GSC is used to connect the generator to the utility grid as
illustrated in Fig. 9. One of the major functions of GSC is
to manage the power factor by controlling the reactive power
and DC link voltage level. To achieve these functions three

135260

SO-AFLC1 |

FIGURE 8. The RSC scheme.

controllers (4, 5, and 6) are used. It is very important to
lock the DC link voltage at a constant value for the most
efficient utilization of the power plant. Also, the unity power
factor can be accomplished by locking the reactive power at
zero [41], [42].

Ill. SIMULATION RESULTS

In this paper, the grid-tied DFIG wind power plant has
been modeled using MATLAB/Simulink 2023a environment.
The specification parameters for the system are illustrated
in Table 2. The performance of SO-AFLC results has been
investigated and discussed for both a step and a realistic wind
speed profile. The purpose of this simulation is to validate the
effectiveness of SO-AFLC in WPP and compare these results
to the conventional PI controller and AFLC. The greatest
gains for six controllers are described in Table 3. The PI
gains (K}, and K;) are optimized using the marine predator
algorithm (MPA) [18].

A. CASE I: STEP WIND SPEED PROFILE

Case I discusses about the SO-AFLC results and contrasts
them with AFLC and PI under a step wind speed profile.
The speed profile is illustrated in Fig. 10. Fig. 11 shows the
power coefficient (Cp) of the wind turbine under the three
controllers. The power coefficient is adjusted at the optimum
value (0.48). Both AFLC and SO-AFLC showed excellent
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TABLE 2. System parameters.
Parameter Value
Nominal Power Prom = 1650kw
Voltage Vhom = 575V
Frequency f = 50Hz
Stator Resistance Rs = 0.0071pu
Rotor Resistance R, = 0.0050pu
Stator Leakage inductance L = 0.171pu
Rotor Leakage inductance L = 0.1560pu
Magnetization inductance Lm = 2.9 pu
No. of Pair poles p=3
TABLE 3. Controllers parameters.
Controller Controller Controller Controller Controller Controller
1 2 3 4 5 6
— | K, 903 4185 6984 5060  0.89 3.287
A | K, 4283 1581 391 1628 2013 1256
K, 0.1563 2258 0.312 0.9815 1.246 2.4902
o | Kpo 10759 5236 1.688 8.146 0.177 8.012
2| Kg 458 1549 2516 02789 58721  0.0154
= K, 9.756 5214 8.345 1.6345  0.0023  6.567
K, 4659 1248 02789  0.544 6234 0.002
K, 2538 3.689 0.254 1.003 1.756 3.523
O | Ky, 14189 5.869 1.007 8.023 0.225 8.443
E Ky 6.698 1.869 3.681 0.3892  7.78 0.254
;F K, 10268 7.456 9.355 1.7455 035 8.546
“ K; 5272 2.528 2.6029  0.714 9.005 0.0001
K, 33 1.8 1.9 1.6 1.14 2.002

promising results compared to PI with slight improvement
for the SO-AFLC. Att =1sand t = 3 s, SO-AFLC has a
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FIGURE 13. DC link Voltage between RSC and GSC.

lower undershoot compared to AFLC. In comparison to the PI
controller and AFLC, SO-AFLC has reduced the steady-state
error in the Cp waveform by 63.25% and 13.12%, respec-
tively. Fig. 12 describes the rotational speed of the rotor of
DFIG. Both SO-AFLC and AFLC have better speed tracking
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The SO-AFLC improved the rotational speed tracking by
76.32% compared to PI and 16.1% compared to AFLC. The
than PI with slight enhancement for SO-AFLC. Att = 3 s, DC link voltage between RSC and GSC is illustrated in
SO-AFLC showed a quicker response than AFLC and PIL Fig. 13. Between t = 2 s and t =3 s, SO-AFLC and AFLC
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FIGURE 23. The experimental Laboratory flowchart.

have the lowest steady-state error for DC link voltage at SO-AFLC has the lowest peak overshoot. In Fig. 14,
high wind speed. Att =1 s and t = 2 s, SO-AFLC has the the reactive power value is adjusted at zero to keep the
lowest undershooting compared to AFLC and PI. Att =35, unity power factor. Both SO-AFLC and AFLC have the
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PC Control
Desk 5.1

DS 1104 Control
Panel

FIGURE 24. Schematic laboratory setup.

FIGURE 25. The experimental hardware.

lowest error and the best reactive power tracking com-
pared to PI. SO-AFLC has slightly fewer errors than AFLC.
In Fig. 15, the tip speed ratio is adjusted at the optimum
value of 8.1 for the three controllers. At t = 3 s, SO-AFLC
has reduced peak overshoot compared to PI and AFLC.
Between t = 2 s and t = 3 s, both SO-AFLC and AFLC
have the lowest steady-state error with slight improvement
for SO-AFLC.

135264

TABLE 4. Analysis of the IAE values.

PI AFLC SO-AFLC
Controller -1 0.064 0.023 0.013
Controller -2 0.059 0.003 0.002
Controller -3 0.153 0.112 0.087
Controller -4 0.326 0.126 0.098
Controller -5 0.0213 0.0128 0.0067
Controller -6 0.0126 0.00828 0.0053
Mean square 0.02298 0.004865 0.0029

B. CASE II: REAISTIC WIND SPEED PROFILE

Case Il discusses the results of SO-AFLC and compares them
to AFLC and PI under a realistic wind profile from Ras Gareb
at the Gulf of Suez in Egypt. The average monthly speed
of the wind at Ras Gareb changes from 15 m/s (August) to
7.5 m/s (January) [43]. The realistic wind speed measured
from Ras Gareb is illustrated in Fig. 16. The data is measured
for 480 mins. The data is scaled and reprocessed for 100 sec-
onds to fit both experimental and simulation specifications.
Fig. 17 illustrates the symbolized profile of the wind speed
from Ras Gareb. The power coefficient Cp of the wind turbine
under the three controllers is illustrated in Fig. 18. The power
coefficient is adjusted at the optimum value (0.48). Both
AFLC and SO-AFLC showed great results compared to PI
with advance for the SO-AFLC. Between t = 40 s and t =
45 s, SO-AFLC has a lower undershoot compared to AFLC
and PI. SO-AFLC has improved the steady-state error in the
Cp waveform by 62.32% compared to the PI controller and
10.26% compared to AFLC. Fig. 19 describes the rotational
speed of the rotor of DFIG. Both SO-AFLC and AFLC have
better speed tracking than PI. SO-AFLC showed a faster
response than AFLC and PI. The SO-AFLC improved the
rotational speed tracking by 72.51% compared to PI and
12.23% compared to AFLC. The DC link voltage between
RSC and GSC is illustrated in Fig. 20. GSC is used to regulate
the DC link voltage at a fixed value. At high wind speeds,
SO-AFLC and AFLC have the lowest overshoot for DC link
voltage with slight improvement for SO-AFLC. SO-AFLC
has the lowest steady-state error compared to AFLC and PIL.
In Fig. 21, the tip speed ratio is adjusted at the optimum
value of 8.1 for the three controllers. SO-AFLC has reduced
steady-state error compared to P and AFLC. Betweent=35s
and t = 15 s, both SO-AFLC and AFLC have the lowest peak
overshoot with slight improvement for SO-AFLC.

The suggested SO-AFLCs have improved behaviors that
enable maximum power tracking and the restoration of sys-
tem responses to their steady-state performance. In addition,
a comparison of tracking errors may be made using the
integral absolute error (IAE) as shown below for the best
evaluation of the system:

IAE = /OO le ()| dt (15)
0

The tracking errors of the PI, AFLC and SO-AFLC using all
six controllers are based on Table 4. The mean square error is
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FIGURE 26. Experimental wind speed profile.

reduced by 87.38% compared to PI and by 40.39% compared
to AFLC.

IV. DS 1104 CONTROL BOARD

The Controller Card (DS 1104) is a low-cost featuring a real-
time processor that can be installed on a personal computer
with a free PCI 5 V slot. It can be used with Simulink/Matlab
software to develop and test control systems. The Dspace
system integrates well with Simulink/Matlab, providing a
powerful and efficient environment. The Real-Time Inter-
face can easily transfer function models to the dSPACE
system. The ControlDesk software 4.2 can be used to set
up the input and output of the control system graphically.
The Simulink Coder generates code for the model, which
is compiled, downloaded, and started automatically on the
Dspace system. This seamless integration between Dspace
and Simulink/Matlab decreases time and cost and increases
productivity. The DS1104 Card block diagram is illustrated
in Fig. 22. It consists of a main processor (Power PC
64-bit processor with 250 MHz CPU), a secondary DSP
I/O subsystem, and a primary PPC I/O subsystem. The
dSPACE controller card also includes a software package
for operating the card through the Simulink. The exper-
iment consists of two aspects. The hardware aspect is a
control board that allows generating PWM control sig-
nals. The software aspect is the DSP-to-MATLAB interface
libraries on Matlab/Simulink. SO-AFLC has been simu-
lated on Matlab using fuzzy toolbox, DSP-to-MATLAB
interface libraries, and real-time interface to Simulink
which are placed on the personal computer [44], [45].
Figure 23 illustrates the experimental laboratory flowchart
arrangement.
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V. EXPERIMENTAL RESULTS

A laboratory hardware of the system was constructed using
the DS 1104 control board to validate the simulation out-
comes and validate the viability of the proposed controller.
Fig.24 illustrates the connection between the experimental
setup based on DSP 1104 control board. Fig.25 shows the real
hardware test for the laboratory setup. The system consists
of DFIG (4-poles, 270 W, 230/400 V, pf 1/0.75, 3.2/2 Amp,
50 Hz), Prime mover (250W, with separately excited DC
motor, 180/220VDC, 3000 rpm), Position and speed sensor
(incremental encoder Speed: 6000 rpm, 1024 pulses, Moment
of inertia: 35 gecm?), current and measurement device and
DC chopper control circuit IGBT 600V, 50Agc, IR2110,
500V oftset, super-fast rectifiers MUR 2060, Diode 1n5819).
The DC motor is used to represent wind speed. A DFIG is
directly linked to a DC motor, which serves as the prime
mover. Utilizing an incremental encoder, a digital signal
representing the actual speed of the rotor is generated and
delivered to DS 1104.

The speed profile illustrated in Fig. 26 represents a realistic
wind profile from Ras Gareb in the Gulf of Suez, Egypt.
Fig. 27 describes the rotational speed of the rotor of DFIG.
Both SO-AFLC and AFLC have better speed tracking than
PI. SO-AFLC shown in Fig. 27 (c¢) provides a faster response
than AFLC (Fig. 27 (b)) and PI (Fig.27 (a)). The experi-
mental validation has shown that SO-AFLC improved the
rotational speed tracking with lower error compared to PI
and AFLC.

The wind turbine’s power coefficient (Cp) under the three
controllers is depicted in Fig. 28. It is adjusted to the optimum
value of 0.48. In comparison to PI, both AFLC and SO-AFLC
demonstrated excellent results with slight advances for the
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FIGURE 27. Experimental rotational speed results using (a) PI, (b) AFLC, and (c) SO-AFLC.

SO-AFLC. In comparison to AFLC and PI, SO-AFLC had SO-AFLC to PI controller and AFLC, the steady-state error
less undershoot between t = 40 s and t = 45 s. Comparing in the Cp waveform has improved.
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FIGURE 28. Experimental power coefficient results using (a) Pl, (b) AFLC, and (c) SO-AFLC.

In Fig. 29, the tip speed ratio is set to its optimum value Both SO-AFLC and AFLC exhibit the lowest peak overshoot
of 8.1 for the three controllers. Comparing SO-AFLC to betweent=35sandt= 15 s, with SO-AFLC showing a slight
the PI and AFLC, steady-state error has been minimized. improvement.
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FIGURE 29. Experimental tip speed ratio results using (a) Pl, (b) AFLC, and (c) SO-AFLC.

The DC link voltage between GSC and RSC is illus- SO-AFLC has the lowest steady-state error compared to
trated in Fig. 30. GSC is used to control the DC AFLC and PIL.
link voltage at a constant value. At high wind speeds, The experimental results are very acceptable when they
SO-AFLC and AFLC have the lowest overshoot for are compared to simulation results. The findings have proven
DC link voltage with slight improvement for SO-AFLC. when SO-AFLC is used as an option instead of PI and AFLC,
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FIGURE 30. Experimental DC link voltage results using (a) P, (b) AFLC, and (c) SO-AFLC.

the grid-tied DFIG WPP performance shows better maximum
power tracking, speed tracking, and very good DC link volt-
age tracking.

VI. CONCLUSION

This article validates the effectiveness of SO-AFLC for grid-
tied DFIG. The SO-AFLC technique for DFIG-based wind
generation systems was discussed in terms of simulation
and real-time implementation. The DSpace DS1104 control

VOLUME 11, 2023

board is used for experimental verification. The experimental
test confirms the simulation model’s success by comparing
the findings under identical run-time and wind-speed profile
conditions. In comparison to PI and AFLC, the employing
of SO-AFLCs gave results with a quick time response, a high
rate of convergence, less peak overshoot, less undershoot, and
minimum steady-state error. Under the unit step wind speed
profile, SO-AFLC has improved the steady-state error in the
Cp waveform by 63.25% compared to the PI controller and
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13.12% compared to AFLC. Under the wind profile obtained
from Ras Gareb, SO-AFLC has lower undershoot compared
to AFLC and PI. SO-AFLC has improved the steady-state
error in the Cp waveform by 62.32% compared to the PI
controller and 10.26% compared to AFLC. The SO-AFLC
improved the rotational speed tracking by 72.51% compared
to the PT and 12.23% compared to AFLC.
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