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Abstract

This study presents a second-order adaptive fuzzy logic controller (SO-AFLC) to enhance
the dynamic performance of permanent magnet synchronous generator (PMSG)-based
wind energy conversion systems (WECSs). The proposed controller simultaneously per-
forms maximum power point tracking (MPPT), DC-link voltage regulation, and reactive
power control and minimizes speed-tracking errors. Its performance is evaluated un-
der step-changing wind conditions and measured wind speed data from Ras Gharib,
Gulf of Suez, Egypt. A comprehensive comparison with conventional proportional-
integral (PI) and adaptive fuzzy logic controller (AFLC) methods is conducted using
MATLAB/Simulink. Compared with the AFLC and PI controllers, the proposed SO-AFLC
achieves superior rotor speed tracking performance, with improvements of 36.98% and
53.26%, respectively. The proposed controller is further validated experimentally using
a dSPACE DS1104 real-time platform. Additionally, an overall Integral Absolute Error
(IAE)-based wind performance index is introduced to enable an objective comparison of
the investigated controllers under identical operating conditions. SO-AFLC decreases the
average of IAEs by 9.15% and 21.36% compared with the AFLC and PI controllers, respec-
tively. Both simulation and experimental results demonstrate that the SO-AFLC provides
faster transient response, higher tracking accuracy, and more reliable energy conversion,
making it a promising solution for improving the grid integration of PMSG-based WECSs.

Keywords: second-order adaptive fuzzy logic controller; grid-connected wind energy
conversion system; reactive power control; maximum power point tracking

1. Introduction

The rapid growth in global energy demand and increasing environmental concerns
have intensified the transition from conventional fossil-fuel-based energy systems to sus-
tainable and renewable energy technologies. While petroleum-based fuels continue to
be prevalent in the transport industry, they are largely responsible for increased green-
house gas emissions, climate change, and environmental pollution. Furthermore, increased
prices of fuel oil, shortages of fossil fuel reserves, and energy security issues have led to
efforts geared at developing cleaner energy alternatives. Various types of renewable energy
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technologies exist, but wind power is a particularly intriguing alternative owing to its
availability, technological readiness, competitiveness in terms of cost of production, and
zero environmental impact during the process of production. Within the last ten years,
improvements in wind turbine and power electronic converter technology have greatly
increased the performance of modern wind energy conversion systems (WECS). Nowadays,
power electronics converters have become an integral part of wind plants that are connected
to electricity grids. Consequently, recent advances in converter technology have played a
fundamental role in improving the overall operational performance and grid integration
capability of wind generation systems [1-3]. Modern wind turbines are generally classified
into fixed-speed, semi-variable-speed, and fully variable-speed configurations according
to their generator and converter arrangements. Fixed-speed wind turbines, which were
widely adopted in early wind farms, have gradually become obsolete because of their
limited operating flexibility, high mechanical stress, and poor grid support capability. In
contrast, variable-speed wind turbines (VSW'Ts) provide superior energy capture, lower
mechanical loading, improved power quality, and enhanced compliance with modern grid
codes. These advantages have established variable-speed technology as the preferred solu-
tion for contemporary large-scale wind power plants [4,5]. Numerous generator topologies
have been investigated for variable-speed wind energy conversion systems, with consider-
able attention devoted to improving system dynamics, power quality, and grid integration
capability [5-8]. Existing approaches include energy storage system (ESS) integration, pitch
angle control (PAC), and advanced voltage source inverter (VSI) control techniques [8-10].
Even though pitch angle control ensures proper regulation of mechanical power from the
wind, the relatively slower reaction time limits its ability to react quickly to fast changes in
the speed of wind or grid. Energy storage systems may help to provide better flexibility and
power management; however, the cost involved in installation and maintenance hinders
wider implementation of such systems. Consequently, control strategies based on voltage
source converters have attracted considerable research interest because they provide fast
dynamic response, high control accuracy, and cost-effective implementation. Among the
available VSC control methods, cascaded control schemes (CCSs) have become one of
the best widely adopted approaches for grid-connected WECSs because of their modu-
lar architecture, straightforward implementation, and robust control performance [8,11].
Conventional PI controllers remain the most commonly employed regulators within CCS
structures owing to their simplicity and ease of practical implementation [6,12]. More re-
cently, fuzzy logic controllers (FLCs) have emerged as an attractive alternative because they
can effectively handle nonlinear system characteristics and parameter uncertainties while
improving transient performance [11,13]. Nevertheless, maintaining high control accuracy
and robust performance under rapidly changing wind conditions, system nonlinearities,
and external disturbances continues to represent a significant challenge. Therefore, there
is a growing need for advanced intelligent control strategies capable of simultaneously
improving energy extraction efficiency, system stability, dynamic response, and compli-
ance with modern grid requirements. The operating characteristics of a VSWT, shown in
Figure 1 [14], can be divided into four distinct operating regions according to wind speed.
When the wind speed is below the cut-in threshold, the turbine remains inactive and no
electrical power is generated. The second operating region corresponds to the MPPT mode,
where the control system maintains the optimal operating condition by regulating the
electromagnetic torque while keeping the blade pitch angle constant to maximize energy
capture. When the speed of wind rises over the rated value, the turbine enters the third
operating region, where pitch angle control is activated to maintain constant rated power.
Finally, when the wind speed surpasses the cut-out limit, the protection system disconnects
the turbine from operation to prevent mechanical and electrical damage [15,16]. Since
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the primary objective of this work is to optimize energy harvesting, the proposed control
strategy focuses exclusively on the MPPT operating region.

Generated Power

1
cht out

Wind Speed

Figure 1. Wind speed curve.

Despite the extensive use of conventional PI and AFLC in WECSs, relatively few
studies have investigated the application and practical investigation of SO-AFLCs. In
particular, comprehensive comparisons between SO-AFLC and well-established control
approaches under both simulation and real-time operating conditions remain scarce. This
lack of experimental evidence motivates further investigation into the potential advantages
of second-order adaptive control techniques for modern wind energy systems. The PI
controller continues to be the preferred solution in many industrial applications because of
its simple structure, low computational complexity, and ease of implementation. Under
nominal operating conditions, PI-based controllers generally provide satisfactory stability
and acceptable steady-state performance. Nevertheless, their effectiveness deteriorates
when the system exhibits strong nonlinear characteristics, parameter uncertainties, or
rapidly changing external disturbances, which are common features of practical wind
energy conversion systems [9,17]. These limitations often result in degraded tracking
accuracy and slower dynamic response. To improve controller adaptability under nonlinear
operating conditions, adaptive fuzzy logic controllers have received considerable attention
in recent years [18-20]. By integrating fuzzy inference with adaptive parameter tuning,
AFLCs are capable of modifying their control actions according to system behavior without
requiring an accurate mathematical model. This feature enables improved disturbance
rejection, enhanced robustness against parameter variations, and superior transient perfor-
mance compared with conventional PI controllers. Consequently, AFLCs have become an
attractive intelligent control solution for renewable energy applications. Several researchers
have reported the successful application of adaptive fuzzy control in PMSG-based wind
turbines. Previous studies have demonstrated that AFLC can improve MPPT, increase
robustness during wind speed variations, and enhance the dynamic behavior of grid-
connected systems [18-20]. Nevertheless, most of these investigations rely primarily on
numerical simulations, whereas experimental verification using real-time digital control
platforms or hardware-in-the-loop testing remains relatively limited [20-24].

Soliman et al. [25] proposed an AFLC strategy to enhance the operational performance
of grid-tied PMSG-based WECSs. Their results confirmed the ability of adaptive fuzzy
control to enhance energy conversion efficiency under variable operating conditions. Simi-
larly, Farag et al. [26] investigated intelligent yaw control techniques for large-scale wind
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turbines to improve rotor alignment with the incoming wind direction, thereby maximizing
energy capture while reducing structural loading. Other studies have mainly concentrated
on improving MPPT performance under fluctuating wind conditions [27]. Although these
contributions demonstrated the advantages of AFLC, they were generally evaluated under
limited operating scenarios and provided only a brief discussion of computational com-
plexity, scalability, long-term robustness, and performance during severe grid disturbances.
Likewise, the adaptive hybrid virtual inertia controller proposed in [28] primarily focused
on frequency support enhancement, leaving several practical implementation issues insuf-
ficiently addressed, particularly those related to large-scale wind farms and continuously
varying wind conditions. Recent developments in intelligent control have further demon-
strated that fuzzy-based strategies outperform conventional PI controllers in renewable
energy applications characterized by nonlinear dynamics and uncertain operating envi-
ronments. AFLCs have been successfully utilized for photovoltaic systems, distributed
generation units, robotic manipulators, and grid-connected renewable energy systems,
consistently providing improved tracking accuracy, disturbance rejection capability, and
operational robustness [29-34]. These studies confirm the effectiveness of adaptive fuzzy
control in handling complex nonlinear systems where conventional linear controllers often
experience degraded performance. Despite these achievements, conventional AFLC struc-
tures may still suffer from limited adaptation capability and relatively slow convergence
under highly dynamic operating conditions. To address these shortcomings, second-order
adaptive fuzzy logic controllers have recently emerged as an advanced alternative. Experi-
mental investigations reported in [35,36] have demonstrated that second-order adaptive
fuzzy logic control (SO-AFLC) can achieve faster transient responses, enhanced disturbance
rejection, and improved robustness compared with conventional PI and adaptive fuzzy
logic controllers (AFLCs) in semi-variable-speed wind energy conversion systems based
on doubly fed induction generators (DFIGs). In such configurations, the DFIG typically
operates within a limited speed range around the synchronous speed, commonly around
£30%, allowing the power electronic converter to be rated at only a fraction of the ma-
chine capacity. This configuration reduces converter power requirements while retaining
effective variable-speed operation. Nevertheless, the applicability of SO-AFLC to full-scale
variable-speed wind energy conversion systems based on PMSGs, in which the entire
generated power is processed through the power-electronic conversion stage, remains
comparatively underexplored. In particular, comprehensive investigations that combine
detailed numerical analysis with real-time experimental validation under both abrupt and
realistic wind-speed variations are still limited. Motivated by this gap, the present study
investigates the application and real-time implementation of SO-AFLC for a grid-connected
PMSG-based wind energy conversion system. The proposed control framework integrates
the adaptive nonlinear compensation capability of AFLC with a second-order sliding-mode
correction mechanism to enhance parameter adaptation and transient regulation under
rapidly varying operating conditions. The resulting controller is systematically evaluated
against conventional PI and AFLC strategies in terms of maximum power point tracking,
dynamic response, disturbance rejection, and overall regulation performance.
The principal contributions of this study are summarized as follows:

1.  Comprehensive simulation and experimental validation: The performance of the sug-
gested SO-AFLC for a PMSG-based wind power plant is evaluated through detailed
simulation in MATLAB/Simulink 2026a and practical experimental implementation
using the dSPACE DS1104 control kit.

2. Unified performance assessment framework: An Integral Absolute Error (IAE)-based
evaluation framework is developed to provide a consistent and objective comparison
of SO-AFLC, AFLC, and PI controllers under identical operating conditions.

https:/ /doi.org/10.3390/ electronics15184290


https://doi.org/10.3390/electronics15184290

Electronics 2026, 15, 4290

5o0f 34

3. Validation using real wind data: The proposed control strategy is experimentally
validated using measured wind speed data obtained from a wind farm in the Ras
Ghareb, demonstrating its practical applicability and improved dynamic performance
compared with conventional control approaches.

Overall, this study validates the effectiveness of the proposed SO-AFLC for PMSG-
based wind energy conversion systems, demonstrating its potential to improve system
performance and support the development of sustainable energy technologies for practical
applications. The remainder of this paper is organized as follows. Section 1 presents the
introduction and a review of the relevant literature. Section 2 describes the mathematical
modeling of the proposed system. Section 3 discusses the simulation results and perfor-
mance evaluation. Section 4 details the implementation and operating principles of the
dSPACE DS1104 real-time control platform. Section 5 presents the experimental validation
and analyzes the corresponding results. Finally, Section 6 summarizes the key findings and
outlines recommendations for future research.

2. The Configuration of a PMSG-Based Wind Power Plant

The overall configuration of the grid-connected PMSG-based wind energy conversion
system investigated in this study is illustrated in Figure 2. The proposed system consists
of a VSWT mechanically coupled to a permanent magnet synchronous generator (PMSG).
The generated electrical power is processed through a back-to-back power conversion
stage comprising a machine side converter (MSC) and a grid-connected converter (GCC)
interconnected by a DC-link capacitor. This arrangement enables efficient power transfer,
independent regulation of the generator and grid interfaces, and steady performance in a
variety of wind situations.

abc

T

Csomnci|

Figure 2. Schematic representation of the PMSG wind power plant.
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C (X, p3)

The mechanical power captured by the wind turbine is governed by the aerodynamic
characteristics of the rotor and can be expressed as [16,37]:

1
Py = EpAvuﬁcp(/\, B) 1)

The power extracted from the wind depends primarily on the power coefficient, (C;),
which is a nonlinear function of the tip speed ratio, (1), and the blade pitch angle, (). The
tip speed ratio is defined as

Rw
= 2
A= @
The mathematical relationship describing the power coefficient is given by
Gy Gs

Cp(A,B) = G1{ =2 — G — DGy e +Go 3

1

1 1 0.035

4)

F0088+A 1+p°

where (G1):(Gg) denote the empirical coefficients that characterize the aerodynamic behavior
of the selected wind turbine.

Gy = 0.5176; Gy = 116; G5 = 0.4; G4 = 5; G5 = —21; G¢ = 0.0068;

Figure 3 shows the association between the tip speed ratio (1) and the power coefficient
(Cp) for different values of B. Maximum power extraction from the wind turbine is attained
when Cp reaches its highest value, corresponding to the optimal tip speed ratio (A, pt). Under
this operating condition, the turbine converts the available wind energy into mechanical
power with the highest possible efficiency.

Power Coefficient (Cp)

0 2 4 6 8 10 12 ¥ 1% 18 2
Tip Speed Ratio (Lamda)

Figure 3. The features of wind turbines.

As indicated by the turbine parameters considered in this work, the optimum operat-
ing condition is obtained when the blade pitch angle is maintained at (8 = 0°). Under this
operating point, the optimal tip speed ratio is (Aypr = 8.1), corresponding to a maximum
power coefficient of approximately (Cp, - = 0.48), as illustrated in Figure 3. Therefore,
the primary objective of the suggested control strategy is to continuously maintain the
turbine operation around this optimal point despite variations in wind speed, thereby
maximizing the extracted wind power and improving the overall efficiency of the energy
conversion system.
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2.1. Second-Order Adaptive Fuzzy Logic Controller

The suggested control approach is based on a SO-AFLC, also referred to as a second-
order adaptive sliding mode controller (SO-ASMC). This controller combines the adaptive
capability of AFLC with the robustness of second-order sliding mode control (SO-SMC),
enabling high tracking accuracy while maintaining excellent dynamic performance under
rapidly changing operating conditions [35]. The overall configuration of the proposed
controller is illustrated in Figure 4. The SO-AFLC consists of two complementary control
components. The adaptive fuzzy logic controller is primarily responsible for steady-
state operation, where it minimizes oscillations and reduces the chattering phenomenon
commonly associated with conventional sliding mode control. During transient operating
conditions or sudden disturbances, the second-order sliding mode controller becomes
dominant, providing fast convergence, enhanced disturbance rejection, and improved
robustness. By combining these two control mechanisms, the proposed controller achieves
both smooth steady-state behavior and rapid transient response. The controller design
begins with the definition of an appropriate sliding surface, which serves as the basis for the
sliding mode control law. The objective of the sliding surface is to force the tracking error
and its derivatives toward zero, thereby ensuring accurate reference tracking and stable
closed-loop operation [35-41]. In the proposed design, the sliding surface is formulated
using the second derivative of the tracking error together with the adaptive fuzzy control
output and is expressed as

§S = Ke(t) +¢(t) )

where the AFLC’s output is represented by ((t), K; weights the second-order error dy-
namics, and e(t) is the tracking error or the deviation between the desired value and the
measured controlled variable. The use of the second derivative is not obtained through
an ideal direct differentiation of a noisy measured signal. In the real-time implementation,
the derivative-related quantities are obtained from sampled tracking-error data using ap-
propriate numerical filtering /derivative processing before being supplied to the controller.
This treatment is necessary to avoid excessive amplification of measurement noise and nu-
merical noise. The control output is generated from the sliding variable using a continuous
saturation approximation of the switching action. To suppress undesirable switching oscil-
lations and alleviate the chattering effect introduced by pulse-width modulation (PWM),
a continuous saturation function is incorporated into the control law. Accordingly, the
desired controller output is determined by

(6)

Desired Output = —A sat(SS, p) = —A{ 55 ]

55| +¢
where ¢ > 0, ¢ = 0 defines the boundary-layer thickness and A > 0 is the sliding-
control gain. A smaller p gives a closer approximation to the ideal sliding condition but
can increase sensitivity to measurement noise and numerical effects; a larger ¢ reduces
switching activity at the expense of a larger residual tracking band. A is selected sufficiently
large to dominate the bounded lumped uncertainty in the sliding-variable dynamics while
avoiding unnecessarily aggressive control action.
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Figure 4. Architecture of a SO-AFLC scheme.

The fuzzy inference system employed in the proposed SO-AFLC is depicted in Figure 5.
The fuzzy inference system uses seven linguistic variables for both inputs (¢ and Ae) Nega-
tive Small (NS), Zero (Z), Negative Big (NB), Negative Medium (NM), Positive Medium
(PM), Positive Small (PS), and Positive Big (PB). The approximate input breakpoints shown
in Figure 5a are: NB = (—2,—1,-0.67), NM = (—-1,-0.67,—0.3), NS = (—0.67,—0.33,0),
Z = (—0.33,0,0.33), PS = (0,0.33,0.67), PM = (0.33,0.67,1), and PB = (0.67,1,2). But the
output variables are represented using nine linguistic variables: Negative Small (NS),
Zero (Z), Negative Big (NB), Negative Medium (NM), Positive Medium (PM), Posi-
tive Small (PS), Negative very small (NVS), Positive very small (PVS) and Positive Big
(PB). The approximate output centers/breakpoints shown in Figure 5b are NB shoulder,
NM = —0.75, NS = —0.50, NVS = —0.25, Z = 0, PVS = 0.25, PS = 0.50, PM = 0.75, and
PB shoulder. To describe these linguistic variables, overlapping triangular membership
functions are selected because they offer a favorable compromise between computational
efficiency, implementation simplicity, and control accuracy. Their widespread adoption
in fuzzy control applications has demonstrated reliable performance while maintaining a
relatively low computational burden [15-17,37]. The controller decision-making process is
governed by a Mamdani-type fuzzy inference mechanism consisting of 49 control rules,
summarized in Table 1. These rules establish the relationship between the tracking error,
its alteration rate, and the corresponding control measure. The rule base was carefully
designed to balance response speed, robustness, and computational complexity. Con-
sequently, the proposed adaptive fuzzy controller provides accurate reference tracking,
improved disturbance rejection, and enhanced dynamic behavior under a variety of opera-
tional circumstances. By integrating adaptive fuzzy reasoning with SO-SMC, the suggested
SO-AFLC effectively exploits the advantages of both techniques. The fuzzy component
continuously adjusts the controller behavior according to system operating conditions,
whereas the sliding mode component guarantees rapid convergence and resilience against
external perturbations and model uncertainties. As a result, the combined controller ex-
hibits superior stability, reduced steady-state error, faster transient response, and improved
overall control functionality compared with traditional PI and AFLC.
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Figure 5. Membership Functions; (a) for inputs; and (b) output.
Table 1. AFLC rule base.
A NM NS M NB PS z PB
e
NB NB NB NVS NB NS NM Z
PS NVS Z PM NS PS PVS PB
NS NM NS PVS NB Z NVS PS
NM NB NM Z NB NVS NS PVS
Z NS NVS PS NM PVS Z PM
PB PVS PS PB Z PB PM PB
PM Z PVS PB NVS PM PS PB

2.2. Machine-Side Converter (MSC)

The main objective of the MSC is to control the rotational speed of the permanent
magnet synchronous generator (PMSG) so that the wind turbine continuously operates
at the maximum power point despite variations in wind speed. The overall MSC control
configuration is presented in Figure 6. For a variable-speed wind turbine, maximum energy
extraction is achieved when the aerodynamic power coefficient, (Cp), reaches its peak
value. Since (Cp) is governed by both the blade pitch angle (B) and the tip speed ratio (A),
maintaining the turbine at its optimal operating point requires continuous adjustment of
the generator speed. As shown in Figure 3, the highest aerodynamic efficiency corresponds
to (Cp,,,, = 0.48), which is attained when the pitch angle of the blade remains at zero
and the tip speed ratio stays at its optimum value of (A,,+ = 8.1). Because speed varies
continuously during operation, the reference rotor speed must be updated accordingly
to preserve the optimum tip speed ratio (A,pt). This enables the turbine to maximize
the conversion of available wind energy into mechanical power while maintaining high
operating efficiency over a broad range of wind conditions. To accomplish this objective,
the MSC incorporates three coordinated control loops (Controllers 1-3), as illustrated in
Figure 6. These controllers regulate the generator currents and electromagnetic torque,
ensuring accurate rotor-speed tracking, rapid dynamic response, and effective maximum
power point tracking under continuously changing wind conditions [6,42].
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Figure 6. Machine Side Converter block diagram.

2.3. Grid-Connected Converter (GCC)

The Grid-Connected Converter (GCC) provides the electrical interface between the
back-to-back converter and the utility grid. Its control structure, illustrated in Figure 7,
is designed to maintain stable power exchange while ensuring compliance with grid
operating requirements. The principal responsibilities of the GCC are to regulate the DC-
link voltage and control the reactive power exchanged with the utility network. Stable
DC-link voltage regulation is essential for maintaining the power balance between the
machine-side and Grid-Connected Converter, thereby ensuring reliable operation of the
complete WECS. Simultaneously, reactive power control enables the converter to satisfy
grid-code requirements and enhance the network’s overall power delivery. These objectives
are accomplished through three coordinated control loops (Controllers 4-6) integrated
within the GCC control architecture. The DC link voltage controller maintains the capacitor
voltage close to its constant reference value despite fluctuations in generated power, as

illustrated in Equation (7).

dv.
ClindeC = Imsc — Igsc (7)

where Cjjyy is the DC-link capacitance, while Iyssc and Igsc denote the currents supplied
by the machine-side and grid-side converters, respectively.
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dq

>

SO-AFLC-S

Figure 7. Grid-Connected Converter (GCC) block diagram.

In this study, the reference reactive power is selected as zero, allowing the wind energy
conversion system to operate at unity power factor. This operating strategy minimizes
unnecessary reactive power flow, enhances converter stability, improves voltage regulation,
and increases compatibility with modern electrical grids [43,44].

The reactive power equation is:

3 ) .
=5 (qulgd B Ugdlgq) ®)

Under grid-voltage-oriented control, the d-axis is aligned with the grid voltage vector,
resulting in:
Vg =0 )

Thus, (8) becomes:
3
Qg = 5 gdlgg (10)

To achieve unity power factor operation: Q¢ = 0, which implies: i¢; = 0. Hence,
the reactive current component is forced to zero, ensuring that the injected grid current
remains in phase with the grid voltage, thereby achieving unity power factor operation
and improving power quality.

2.4. Modelling of PMSG

The dynamic behavior of the permanent magnet synchronous generator (PMSG)
can be described in the rotating (dq) reference frame, as reported in [45,46]. The dg-axis
transformation converts the three-phase stator quantities into two orthogonal components,
namely the v,; and v5; components. This representation considerably simplifies the analysis
and control of the PMSG because the resulting electrical variables can be directly related to
the rotor position and electromagnetic torque.

dlsy

Usd = weLquq —Rslsg — Ly at

(11)
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0o = wetpy — Rela — L, S0 o1 12)
sqg = eWm slsq 174 Weliglsd

where v,; and vs; denote the stator voltage components along the d-q axes, respectively; Iy
and I, are the corresponding stator current components; R; is the stator winding resistance;
w, is the electrical angular speed of the generator; L; and L, are the d-q axis inductance,
and 1, represent the permanent flux linkages.

The electromagnetic torque developed by the PMSG is given by [46] as

3
Te = Splg(Ly— Lg) L (13)

In a surface-mounted PMSG, L; = L; = Ls and p is the number of pole pairs. As a
result, the electromagnetic torque given by (13) can be rewritten as:

3
T, = Eplsqlljm (14)

3. Simulation Results

To assess the effectiveness of the proposed control strategy, a detailed model of the
grid-connected PMSG-based wind energy conversion system was developed in MAT-
LAB/Simulink R2026a. The machine and converter parameters adopted in the simulations
are listed in Table 2, while the optimized controller settings are summarized in Table 3.
All six controllers in both GCC and MSC are simultaneously replaced by the proposed
method. The proportional and integral gains of the conventional PI regulators were opti-
mized offline using the Marine Predators Algorithm (MPA) [9], with the Integral Absolute
Error (IAE) adopted as the objective function. To ensure a consistent and fair comparison,
the AFLC and SO-AFLC parameters were also tuned offline using MPA under the same
optimization framework and tuning conditions. Consequently, all three topologies were
evaluated using parameter sets obtained through a common IAE-based optimization pro-
cedure, while preserving the specific structure and parameters of each control strategy.
The performance of the proposed SO-AFLC is investigated under two operating scenarios.
The first considers abrupt step variations in wind speed to assess transient response and
disturbance-rejection capability, whereas the second employs measured wind-speed data to
evaluate controller performance under realistic operating conditions. In both scenarios, the
SO-AFLC is compared with the conventionally optimized PI and AFLC controllers under
identical operating conditions.

Table 2. Model specifications.

Power Phom = 10 kw
Input Voltage Viom = 575V
Input Frequency f=50Hz

Stator Resistance Rs = 0.00829 ohm
Stator Direct Inductance L; =0.174 mH
Stator quadrature Inductance Ly =0.174mH
Permanent magnet flux ¢ = 0.0707 wb
No. of pole pairs P=6

Inertia of the whole system J = 0.0875 kg.m?
Friction Factor B = 0.0047 N.m
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Table 3. Controller parameters.

Controller Controller Controller Controller Controller Controller

1 2 3 4 5 6
— K, 8.12 5.67 7.45 4.98 1.25 3.89
A K; 3.76 2.14 4.02 1.83 3.56 1.47
Ko 0.85 1.94 0.42 1.12 1.67 2.21
8) Kpo 11.36 6.42 2.05 7.58 0.91 9.14
= Kao 5.12 2.03 3.44 0.67 6.28 0.34
< K, 10.45 6.78 7.92 231 0.45 5.89
K; 4.98 1.96 0.84 0.73 5.62 0.15
Ko 2.94 3.12 0.63 1.45 2.08 3.76
3 Kpo 13.52 6.91 1.84 8.67 0.72 9.33
~ Ko 6.85 241 4.12 0.58 7.11 0.49
;F K, 11.73 8.02 9.48 2.14 0.67 7.95
) K; 5.84 2.96 2.18 0.92 8.37 0.28
K1, 3.12 2.05 1.67 1.48 1.26 2.34

3.1. Case 1: Step Wind Speed Profile

In this case, a step-wise wind speed profile is applied to evaluate the dynamic per-
formance and robustness of the SO-AFLC under abrupt variations. The speed profile is
illustrated in Figure 8. Figure 9 illustrates the dynamic response of the power coefficient
under different control strategies. The SO-AFLC achieves the closest tracking to the optimal
value (~0.48), with significantly reduced oscillations compared to both conventional PI
and AFLC. During transient disturbances (zoomed regions), the PI controller exhibits
pronounced fluctuations and slower damping, while AFLC improves stability but still
shows minor deviations. In contrast, SO-AFLC demonstrates superior robustness, fast
settling, and minimal steady-state error, ensuring efficient maximum power extraction
under varying wind conditions. Figure 10 shows the evolution of the tip speed ratio.
The SO-AFLC maintains A tightly around its optimal reference, with faster convergence
and reduced overshoot following disturbances. The PI controller exhibits pronounced
voltage drops and a slower recovery response, highlighting its limited capability to adapt
to dynamic operating conditions. Although the AFLC provides noticeable performance
improvements, the SO-AFLC demonstrates the most effective control performance, offering
enhanced transient response and superior damping characteristics. These improvements
contribute to maintaining optimal aerodynamic operation throughout the disturbance
period. Furthermore, the SO-AFLC achieves the smallest peak undershoot at (t = 3) s
and exhibits reduced overshoot at (t = 1) s and (t = 2) s compared with the PI and AFLC
controllers, confirming its robustness and effectiveness under varying operating conditions.
Rotor speed responses obtained using the three controllers are illustrated in Figure 11.
The conventional PI controller experiences relatively large oscillations accompanied by
longer settling times after each disturbance. The AFLC improves the transient behavior by
reducing oscillation amplitude; however, slight tracking deviations are still observed. In
comparison, the SO-AFLC provides smooth speed transitions, excellent damping character-
istics, and highly accurate reference tracking. The percentage of improvement is calculated
based on error reduction as I = (Epgsetine — Eso—AFrLC)/ Epaseline X% 100. Quantitatively, the
proposed controller enhances rotor speed tracking by 53.26% relative to the PI regulator
and 36.98% compared with the AFLC while simultaneously minimizing transient overshoot
and undershoot. Figure 12 demonstrates the mechanical power response under successive
step variations, where the conventional PI controller exhibits significant oscillations and
noticeable steady-state ripple, indicating poor damping and limited adaptability to system
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nonlinearities. The AFLC approach improves the response by reducing oscillation ampli-
tude and enhancing transient behavior; however, residual fluctuations persist. In contrast,
the proposed SO-AFLC achieves superior performance characterized by near-critically
damped dynamics, negligible overshoot, and minimal steady-state variance, resulting in a
smoother power profile and improved energy capture stability under dynamic operating
conditions. The AFLC and SO-AFLC attained the lowest undershoot values in relation to
the PI at t = 3 s. Figure 13 presents the control of DC voltage performance, where the tradi-
tional PI regulator shows considerable over/undershoot and sustained oscillations during
disturbances, reflecting weak disturbance rejection capability. The AFLC method mitigates
these effects to some extent by improving damping and reducing voltage excursions, yet
transient deviations remain evident. The proposed SO-AFLC provides the most effective
regulation, maintaining the DC-link voltage within a narrow tolerance band with fast set-
tling, minimal ripple, and near-zero steady-state error, ensuring proper power balance and
enhanced converter stability. Finally, Figure 14 presents the reactive power responses of the
investigated control strategies while maintaining the reference reactive power at (Q,.r = 0)
Var. The results demonstrate that the SO-AFLC outperforms both the conventional PI and
AFLC controllers, exhibiting lower overshoot, reduced undershoot, and enhanced damping
characteristics. In contrast, the SO-AFLC achieves highly stable reactive power control
with rapid transient response, strong oscillation suppression, and negligible steady-state
error, thereby ensuring smooth reactive power injection and improved compliance with
grid voltage support requirements.
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Figure 8. Wind speed variation profile.
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Figure 9. Evolution of Power coefficient (C,) response.
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Figure 14. Reactive power delivered by the PMSG.
To provide a quantitative comparison of controller performance, the Integral Absolute
Error (IAE) is employed as the primary performance index and is calculated using (15).
IAE :/ le()|dt (15)
0
Table 4 presents the IAE values for the six coordinated control loops. The mean
IAE is 0.649817 for PI, 0.562483 for AFLC, and 0.511033 for SO-AFLC. The percentage
reduction is calculated as R = (IAEp;setine — TAEso—arrc)/IAEpaseiine X 100. Accordingly,
the SO-AFLC reduces the mean IAE by 21.36% relative to PI and 9.15% relative to AFLC.
Table 4. Comparative analysis of IAE for different control strategies.
Controller  Controller = Controller = Controller = Controller = Controller
Mean
1 2 3 4 5 6
PI 0.12 1.238 0.6879 0.8932 0.2362 0.7236 0.649817
AFLC 0.08 1.0259 0.6223 0.7321 0.2125 0.7021 0.562483
SO-AFLC 0.0786 0.8698 0.5234 0.7021 0.2002 0.6921 0.511033
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3.2. Case 2: Realistic Wind Speed Profile

In this case, a realistic and time-varying wind speed profile is applied to emulate
actual environmental operating conditions, characterized by continuous fluctuations and
stochastic behavior. The wind data is derived from Ras Gharib, located along the Gulf of
Suez, where the average monthly wind speed varies between 15 m/s in Augustand 7.5m/s
in January [47]. The measured wind profile, originally recorded over a duration of 480 min
with a sampling frequency of f,.;,,1 = 2 Hz, is depicted in Figure 15. To ensure compatibil-
ity with the simulation and experimental time scales, the measured dataset was time-scaled
and reprocessed over a 100-s interval. Specifically, the original time coordinate (¢4,,)
was mapped to the new time coordinate (f4j;,1ati0n) according to tsimuation = %tdam-
Figure 16 presents the resulting time-scaled wind-speed profile used in the analysis. This
time compression was adopted to provide a realistic yet computationally practical distur-
bance profile for evaluating the transient tracking of the investigated controllers. Impor-
tantly, the compression was applied exclusively to the time axis, without modifying the
wind-speed amplitude. Consequently, the wind-speed operating range of the processed
profile remains consistent with that of the original measured dataset. The power coef-
ficient (Cp) behavior under the three control strategies is presented in Figure 17, where
it is regulated around the optimal value of 0.48. Both SO-AFLC and AFLC outperform
the typical PI controller, with SO-AFLC showing higher performance. Notably, the SO-
AFLC outperforms the other approaches in terms of dip in range between t = 40 and
t = 45 s. Furthermore, it decreases the steady-state inaccuracy in the C, response by
11.26% in comparison to AFLC and 58.23% in comparison to PI. Figure 18 shows the tip
speed ratio (A), which is optimized at 8.1 for all controllers. The steady-state accuracy of
SO-AFLC is higher than that of AFLC and PI. During the transitory period betweent =5s
and t = 15 s, The level of overreach was decreased for both SO-AFLC and AFLC, with
SO-AFLC doing somewhat better. Figure 19 depicts the PMSG’s rotor speed response,
in which both AFLC and SO-AFLC surpass the PI controller in tracking accuracy. The
SO-AFLC distinguishes itself by offering a quicker dynamical reaction response. In terms
of quantitative performance, it improves rotational speed tracking by 56.22% over PI and
by 10.36% over AFLC. Figure 20 depicts the DC connection voltage between the MSC and
GCC. The GCC keeps the DC voltage at a consistent reference level. In situations with
strong winds, both SO-AFLC and AFLC reduce overreach, with SO-AFLC outperforming
the former slightly. Furthermore, SO-AFLC has the minimum stabilization error of any con-
troller. Figure 21 presents the reactive power responses of the investigated control strategies
while maintaining the reference reactive power at (Q,.y = 0 Var). The results indicate that
the proposed SO-AFLC provides superior reactive power regulation compared with the
conventional PI and AFLC controllers, characterized by lower overshoot and undershoot,
faster transient recovery, and improved damping. The SO-AFLC achieves a stable and
well-damped reactive power response with rapid convergence and negligible steady-state
error, demonstrating its effectiveness in suppressing oscillations and maintaining accu-
rate reactive power tracking. These characteristics contribute to smoother reactive power
regulation and improved dynamic support of the grid voltage.
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Figure 21. Evolution of Grid reactive power.

4. Experimental Setup

Figure 22 illustrates the configuration of the developed laboratory-scale experimental
platform. In the proposed setup, a DC motor is utilized to emulate variable wind speed
conditions and serves as the prime mover mechanically coupled to the permanent magnet
synchronous generator (PMSG). The hardware parameters are illustrated in Table 5. The
experimental system consists of several key components, including an incremental encoder
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for rotor position and speed measurements, providing 1024 pulses per revolution and
supporting rotational speeds of up to 6000 rpm, with a moment of inertia of 35 g-cm?.
The generation unit is a 2-pole PMSG rated at 0.2 kW, with nominal voltage ratings of
240/415 V at 50 Hz and a power factor of 1/0.75. In addition, the prime mover is a
250 W separately excited DC motor operating at a rated speed of 3000 rpm and supplied
by a nominal voltage range of 180-220 VDC. The DC motor is mechanically coupled to
the PMSG and is controlled to reproduce the rotor-speed conditions corresponding to the
imposed wind-speed profile. The encoder provides the real-time rotor position and speed
feedback required by the controller. This experimental arrangement enables real-time
validation of the proposed control strategy under conditions that closely resemble practical
operating scenarios. In the real-time implementation, the derivative terms required by
the SO-AFLC are not obtained by directly differentiating the noisy measured rotor-speed
signal, since such an operation can significantly amplify measurement noise and introduce
undesirable high-frequency components into the control action. Instead, the tracking error
is evaluated at each controller at sampling time. A digital filtering/derivative-processing
procedure is applied between the sampled error signal and the SO-AFLC inputs to attenuate
high-frequency measurement noise before the derivative quantities are used in the sliding-
variable calculation. Consequently, the second-order information required by the controller
is generated entirely from consecutive sampled error values and processed numerical
derivative estimates, rather than from an ideal continuous-time differentiation of the
measured signal. This procedure provides a practical compromise between derivative
accuracy and noise attenuation and enables the SO-AFLC to be implemented reliably on
the real-time control platform.

PMSG
Filter
AC A DC i
A
Isabc (l)l
SVM SVM
TTL/CMOS
5V/15V
ADC ADC [
o T -
ControlDesk IN1 (g _emc-}| ADC
on ;01 es Iqi
DS 1104 Control

Panel

Figure 22. Real-time experimental platform for system verification.
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Table 5. Hardware Parameters.

Component Specification
The generation unit is a 2-pole rated at 0.2 kW, with nominal voltage
PMSG ratings of 240/415V at

The prime mover

Position and speed sensor

50 Hz and a power factor of 1/0.75.

a 250 W separately excited DC motor operating at a rated speed of
3000 rpm and supplied by a nominal voltage range of 180-220 VDC
Incremental encoder Speed: 6000 rpm,

1024 pulses, Moment of inertia: 35 g cm?

DC link Capacitor 1000 pF

Grid Filter inductance 2mH

Grid Filter resistance 010

Grid Voltage 380V

Grid frequency 50 Hz

three-phase voltage-source inverter the Mitsubishi CM50DY-24H
Current Sensor LA-25NP

Voltage Sensor LV25-P

Controller dSPACE DS1104

Software MATLAB/Simulink 2026a + ControlDesk5.1
PWM Frequency 5kHz

Sampling Frequency 20 kHz

5. Experimental Results

Figure 23 depicts the experimental validation of the PMSG-based WECS with the
DS1104 real-time dSPACE control platform. In the developed system, a variable-speed
direct current motor is intrinsically linked to the PMSG and serves as the prime mover to
simulate variable wind speeds. By varying the motor speed, it emulates the changing wind
speed conditions experienced by the generator. A rotary incremental encoder is attached
to the generator shaft and provides digital feedback signals to the real-time control kit,
allowing accurate actual feedback of rotor position and rotational speed. This configuration
facilitates the implementation and verification of the suggested control method under
operational circumstances. while ensuring reliable data acquisition and system monitoring.

7 -
LR

o

Control Desk 5.1

¥
\“,‘».L

B
=1

xxxxxxxx

Figure 23. Wiring layout of the laboratory-scale experimental setup.

The laboratory hardware configuration of the PMSG-based WECS, implemented us-
ing the dSPACE DS1104 control board, is illustrated in Figure 23. The complete wiring
arrangement of the experimental platform is also presented, highlighting the intercon-
nection between the system components and the control hardware. The graphical user
interface of the control system is developed using the DS1104 Real-Time Interface (RTI)
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within ControlDesk 5.1, enabling real-time monitoring, data acquisition, and analysis of
the experimental results. To evaluate the controller performance under varying operating
conditions, the wind speed was emulated using a DC motor and varied in a stepwise
manner, and in realistic data collected from Ras Gareb, Egypt.

5.1. Case I: Abrupt Step Wind Speed Profile

In Case I, to evaluate the controller performance under varying operating conditions,
the wind speed was emulated using a DC motor and varied in a stepwise manner att=1s,
2 s, and 3 s, with values ranging from 9 m/s to 13 m/s, as illustrated in Figure 24. This
experimental scenario was designed to replicate realistic wind fluctuations and assess the
dynamic response and robustness of the proposed control strategy.

Time (s)

Unit * Raster Platfo... Y1 N2 Y2-Y1 Downsampling X Axis Offset

Figure 24. Real-time laboratory wind speed profile.

Figure 25 displays the rotor’s mechanical speed response to wind speed fluctuations.
The findings show that the proposed SO-AFLC has better dynamic performance than
traditional PI and AFLC controllers. Specifically, the SO-AFLC allows the rotor speed
to track its reference value more quickly after wind speed changes att=1s,t=2s5,
and t = 3 s. Furthermore, it has better tracking precision. These data show that the
SO-AFLC is successful at sustaining optimal rotor speed operating in a variety of wind
situations. Att =0 s, the proposed SO-AFLC achieved the lowest peak overshoot of 0.81 pu,
compared with 0.85 pu for AFLC and 0.882 pu for PI, demonstrating its superior transient
regulation capability. Quantitatively, the proposed controller improves rotor-speed tracking
performance by 52.65% relative to PI and by 8.29% relative to AFLC.

Figure 26a—c confirm the effectiveness of the proposed controller in preserving the
optimal power coefficient (Cp = 0.48) across varying wind speed scenarios. Compared with
the PI and AFLC controllers, the SO-AFLC achieves an extremely rapid tracking response
and improved adaptation to wind speed fluctuations occurring att=1s, t =2s, and
t = 3 s, thereby enhancing maximum power extraction capability. Att =3 s, the proposed
SO-AFLC exhibited the smallest deviation of the power coefficient Cp from its reference
value of 0.48, with Cp reaching 0.43, compared with 0.41 for AFLC and 0.36 for PI. This
result demonstrates the superior transient regulation capability of the proposed SO-AFLC.

Figure 27a—c verify the capability of the proposed SO-AFLC to maintain the optimum
tip speed ratio (A = 8.1) under severe wind speed variations introduced att=1s,t=2s5,
and t = 3 s. While both the AFLC and SO-AFLC outperform the traditional PI regulator
in terms of response speed, the SO-AFLC delivers the highest control accuracy, ensuring
precise reference tracking with minimal peak overshoot and negligible steady-state error.
These findings demonstrate the benefit of the suggested controller in sustaining optimal
turbine operation and maximizing energy capture under dynamic wind conditions.
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Figure 25. Real-time laboratory measured rotational speed using (a) PI controller, (b) AFLC, and
(c) SO-AFLC.
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Figure 26. Real-time laboratory measured Power Coefficient using (a) PI controller, (b) AFLC, and
(c) SO-AFLC.

The measured DC-link voltage responses are presented in Figure 28. The proposed SO-
AFLC effectively regulates the DC-link voltage despite successive wind-speed disturbances,
restoring the reference value more rapidly than both the PI and AFLC controllers att=2s
and t = 3 s. In addition to reducing voltage oscillations, the proposed controller improves
transient stability and maintains a smoother voltage profile throughout the experiment.
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Figure 27. Cont.
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Figure 27. Real-time laboratory measured tip speed ratio using (a) PI controller, (b) AFLC, and
(c) SO-AFLC.

5.2. Case 2: Random Wind Speed Profile

In Case II, to evaluate the controller performance under varying operating conditions,
the wind speed was emulated using a DC motor and varied in a realistic wind manner
as illustrated in Figure 29. This experimental scenario was designed to replicate realis-
tic wind fluctuations and assess the dynamic response and robustness of the proposed
control strategy.
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Figure 28. Cont.
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Figure 28. Real-time laboratory measured DC link voltage between GCC and MSC using (a) PI
controller, (b) AFLC, and (c) SO-AFLC.
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Figure 29. Real-time laboratory random wind speed profile.

Figure 30 illustrates the PMSG rotor-speed responses. Both AFLC and SO-AFLC
demonstrate improved tracking accuracy compared with the PI controller, while SO-AFLC
provides the fastest dynamic response. Quantitatively, the proposed controller improves
rotor-speed tracking performance by 54.83% relative to PI and by 9.47% relative to AFLC.

Figure 31 presents the power coefficient (C,) responses obtained using the three control
strategies. In all cases, (Cp) is regulated around its optimal value of 0.48. Both AFLC and
SO-AFLC provide improved performance compared with the conventional PI controller,
with SO-AFLC achieving the best overall response. Moreover, the proposed SO-AFLC
reduces the steady-state error in the C, response by 10.23% compared with AFLC and by
57.26% compared with PI.
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Figure 30. Real-time laboratory measured rotational speed using (a) PI controller, (b) AFLC, and
(c) SO-AFLC.

The tip-speed-ratio responses are presented in Figure 32, with all controllers regulating
(lambda) toward its optimal value of 8.1. The SO-AFLC achieves superior steady-state
accuracy compared with AFLC and PI. Both SO-AFLC and AFLC reduce the ripple, with
SO-AFLC providing a slightly better response.

Figure 33 presents the DC-link voltage response between the machine-side converter
(MSC) and grid-side converter (GCC). The GCC effectively maintains the DC-link voltage
around its reference value despite variations in wind speed. Under high-wind-speed
conditions, both SO-AFLC and AFLC reduce the resulting overshoot, with SO-AFLC
providing a slightly better response. In addition, SO-AFLC achieves the lowest steady-state
error among the three controllers, demonstrating its superior capability to maintain stable
DC-link voltage regulation under varying operating conditions.
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Figure 31. Real-time laboratory measured Power Coefficient (Cp) using (a) PI controller, (b) AFLC,
and (c) SO-AFLC.

The co-simulation findings further validate the experimental hardware findings
through comparison with the corresponding Simulink/MATLAB simulation outcomes. A
strong correlation between the simulation and hardware findings corroborates the effective-
ness and dependability of the suggested control approach. The results demonstrate that
the SO-AFLC provides superior dynamic performance, characterized by enhanced track-
ing accuracy, faster system response, and improved disturbance rejection compared with
the AFLC and PI controllers. Moreover, the proposed SO-AFLC significantly suppresses
oscillatory behavior and minimizes tracking errors, resulting in a more stable and robust
system operation under varying operating conditions.
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Figure 32. Real-time laboratory measured tip speed ratio using (a) PI controller, (b) AFLC, and
(c) SO-AFLC.
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Figure 33. Real-time laboratory measured DC link voltage between GCC and MSC using (a) PI
controller, (b) AFLC, and (c) SO-AFLC.

6. Conclusions

This study proposed and experimentally validated a SO-AFLC to enhance the control
performance of a PMSG-based WECS operating under both abrupt wind variations and
realistic wind conditions. The proposed strategy simultaneously addresses DC-link voltage
regulation, MPPT, and reactive power control within a unified framework, resulting in
enhanced dynamic stability and more accurate reference tracking. Extensive simulation
studies together with real-time laboratory implementation demonstrated the effectiveness
of the proposed controller over conventional PI and first-order adaptive fuzzy logic con-
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trollers. During step wind speed changes, the SO-AFLC provided faster transient recovery,
lower overshoot, shorter settling time, and negligible steady-state error for key operat-
ing variables, including the power coefficient, tip-speed ratio, rotor speed, mechanical
power, DC-link voltage, and reactive power. The experimental results closely matched the
simulation outcomes, confirming the practicality and superiority of the proposed control
strategy for real-time applications. The controller was further evaluated using measured
wind speed data from Ras Gharib in the Gulf of Suez, Egypt, where continuously varying
wind conditions were considered. Even under these stochastic operating scenarios, the
SO-AFLC maintained excellent tracking capability and strong robustness against wind
fluctuations. Under step wind speed, Simulation evaluation showed improvements in
rotor-speed tracking of 53.26% and 36.98% compared with the PI and AFLC controllers,
respectively. However, experimental evaluation showed that the SO-AFLC improves
rotor-speed tracking performance by 52.65% relative to PI and by 8.29% relative to AFLC.
In addition, the proposed approach reduced the average of IAEs by 21.36% relative to
the PI regulator and 9.15% relative to the AFLC, demonstrating its ability to minimize
tracking deviations while improving overall control quality. The combined simulation
and experimental findings verify that the proposed SO-AFLC enhances disturbance re-
jection, suppresses oscillatory behavior, improves damping characteristics, and increases
energy extraction significantly. The proposed controller achieves improved dynamic per-
formance while maintaining real-time implementation on the employed dSPACE DS1104
platform. Consequently, the proposed controller represents a reliable and practical solution
for high-performance PMSG-based WECSs and is well suited for future deployment in
grid-connected renewable energy applications.

Future research will investigate the use of the suggested control approach to hybrid
renewable energy systems, coordinated grid-support services, and fault-tolerant operation
under severe grid disturbances and varying network conditions.
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Nomenclature

B Blade pitch angle (°)
A Tip speed ratio (TSR)
R Blade radius (m)

p Air density (kg/ m?)
Vi Wind speed (m/s)
Cp Power coefficient

vsg and vs;  The stator voltage components along the d-q axes, respectively;
I;gand Iy The corresponding stator current components;

R; The stator winding resistance;

We The electrical angular speed of the generator;

https:/ /doi.org/10.3390/ electronics15184290


https://doi.org/10.3390/electronics15184290

Electronics 2026, 15, 4290 32 of 34

Lyand Ly d-q axis inductance,

P Permanent the flux linkages.
Qg Reactive Power injected to grid
p The number of pole pairs
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