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Abstract

The doubly fed induction generator (DFIG) has become one of the most widely adopted
technologies in modern wind energy conversion systems due to its high efficiency, flexible
operation, and capability to operate under variable wind-speed conditions. Nevertheless,
maintaining high power quality, reducing harmonic distortion, and ensuring reliable oper-
ation under parameter uncertainties and grid disturbances remain major challenges. Con-
ventional proportional-integral (PI)-based control approaches often suffer from limited ro-
bustness and sensitivity to system nonlinearities, which can adversely affect the dynamic
performance and operational stability of wind energy systems. To address these limitations,
this paper proposes an advanced hybrid control strategy based on the integration of fuzzy
logic (FL) and a third-order sliding mode controller (TOSMC) for the control of DFIG-based
wind turbines. The proposed FL-TOSMC combines the robustness and fast convergence
properties of sliding mode control with the adaptive capability of fuzzy logic, thereby re-
ducing dependence on accurate mathematical models and enhancing tolerance to parame-
ter variations and external disturbances. The developed controller is applied to maximum
power point tracking (MPPT) and direct field-oriented control of the DFIG to maximize en-
ergy extraction and ensure stable power regulation. The simulation results obtained in the
MATLAB 2021/Simulink environment demonstrate that the proposed strategy improves the
dynamic response of the system by reducing overshoot, accelerating error convergence,
minimizing steady-state oscillations, and decreasing total harmonic distortion compared
with the conventional TOSMC approach. Furthermore, the proposed controller provides
enhanced tracking performance, improved robustness against parameter uncertainties, and
better power-quality characteristics under various operating conditions. These results indi-
cate that the FL-TOSMC approach is an effective control solution for improving the opera-
tional performance of DFIG-based wind energy conversion systems.

Keywords: fuzzy logic; third-order sliding mode controller; maximum power point
tracking; direct field-oriented control; doubly fed induction generator
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1. Introduction

Wind energy (WE) has become one of the fastest-growing renewable energy sources
owing to its sustainability, environmental benefits, and ability to satisfy the increasing
global demand for electrical power (EP). Wind turbines (WTs) convert the kinetic energy
of the wind into mechanical power, which is subsequently transformed into electrical en-
ergy through electrical generators [1]. Compared with conventional fossil-fuel-based gen-
eration, WE contributes to reducing greenhouse gas emissions, lowering energy produc-
tion costs, and improving energy independence, particularly in countries with limited fos-
sil resources [2,3]. Among WT technologies, horizontal-axis wind turbines (HAWTSs) are
the most widely deployed because of their superior aerodynamic efficiency and higher
power generation capability compared with vertical-axis wind turbines (VAWTs) [4-6].

To further increase energy capture, multi-rotor WT (MRWT) technology has recently at-
tracted considerable attention. Instead of relying on a single large rotor, MRWT systems inte-
grate multiple rotors within the same structure, leading to improved energy extraction, en-
hanced operational stability, and better performance under severe wind conditions [7-11].

Among the various electrical generators employed in WE conversion systems
(WECSs), the doubly fed induction generator (DFIG) remains the preferred solution be-
cause of its variable-speed operation, independent active and reactive power (Ps and Qs)
control, reduced converter rating, low maintenance requirements, and relatively low im-
plementation cost [12-19]. Nevertheless, DFIG-based WECSs still face important chal-
lenges, including power fluctuations, sensitivity to parameter variations, and deteriora-
tion of power quality (PQ), particularly under variable wind conditions.

Numerous control techniques have been proposed to improve the performance of
DFIG-based systems, including direct torque control (DTC), synergetic control (SC), vec-
tor control (VC), backstepping control (BC), direct power control (DPC), field-oriented
control (FOC), sliding mode control (SMC), and high-order SMC methods [20-27]. Among
these approaches, FOC remains one of the most widely adopted owing to its simple im-
plementation, fast dynamic response, and reliable decoupled control of Ps and Qs [28-30].
Depending on the rotor flux orientation strategy, FOC can be implemented as direct FOC
(DFOC) or indirect FOC (IFOC), where DFOC offers a simpler structure with fewer con-
trollers while maintaining satisfactory dynamic performance [31-33].

Despite these advantages, conventional DFOC based on proportional-integral (PI)
controllers suffers from power ripples, limited robustness, and relatively high current to-
tal harmonic distortion (THD), especially under parameter uncertainties [34]. Conse-
quently, considerable research has focused on enhancing DFOC performance through ad-
vanced modulation and intelligent control techniques. Several studies have combined
DFOC with modified space vector modulation (MSVM), fuzzy logic (FL), neural networks
(NNs), super-twisting control, model predictive control, and higher-level multilevel con-
verters to improve PQ, reduce THD, and enhance robustness [35-41]. Although these
methods significantly improve certain performance indices, they often increase computa-
tional complexity, require accurate mathematical models, depend on heuristic tuning pro-
cedures, or still exhibit considerable power ripples under disturbed operating conditions.

The third-order SMC (TOSMC) method has recently emerged as an attractive nonlin-
ear control strategy because of its strong robustness, fast dynamic response, low control
gain, and reduced dependence on the mathematical model of the controlled system [42-
45]. Its application to DFIG-based WT and MRWT systems has demonstrated noticeable
improvements in tracking performance, MPPT efficiency, ripple reduction, and current
quality compared with conventional PI-based DFOC [44,46]. Nevertheless, previous in-
vestigations indicate that TOSMC performance may still degrade under parameter uncer-
tainties and external disturbances, motivating the development of more adaptive control
strategies [46,47].
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Among intelligent techniques, the FL. method has proven particularly suitable for
renewable energy applications because of its model-free nature, robustness against uncer-
tainties, and successful implementation in numerous WE control systems [48-50]. Moti-
vated by these advantages, this paper proposes a hybrid FL-TOSMC to improve both
MPPT and DFOC performance in DFIG-based WECSs. Unlike previously reported ap-
proaches [51,52], the proposed controller combines the adaptive capability of FL with the
robustness of TOSMC to achieve superior tracking accuracy, enhanced disturbance rejec-
tion, reduced power and current ripples, and lower current THD without requiring an
accurate mathematical model.

The main contributions of this work are summarized as follows:

e  Development of a novel FL-TOSMC controller for both MPPT and DFOC of DFIG-
based WE systems.

e  Significant enhancement in MPPT efficiency under variable wind conditions.

e  Reduction in Ps/Qs and current ripples.

e Improvement in system robustness against parameter variations and external dis-
turbances.

e  Reduction in current THD and overshoot compared with the conventional TOSMC
strategy.

The remainder of this paper is organized as follows: Section 2 presents the mathe-
matical model of the proposed WECS. Section 3 describes the FL-TOSMC controller. Sec-
tion 4 introduces the proposed MPPT strategy. Section 5 presents the DFOC-FL-TOSMC
power control scheme. The simulation results under different wind profiles are discussed
in Section 6, while Section 7 concludes this paper.

2. WE Conversion System Model

This section presents the mathematical model of the proposed DFIG-based WECS.
Figure 1 illustrates the overall architecture and the interactions among its principal com-
ponents. The system consists of a WT, a gearbox (when required), a DFIG, a back-to-back
power converter including the rotor-side converter (RSC) and the grid-side converter
(GSC), a DC-link capacitor, an MPPT unit, the proposed DFOC-FL-TOSMC controller,
and the electrical grid.

The WT converts the kinetic energy of the wind into mechanical power, which is
transmitted to the DFIG shaft through the gearbox to achieve the required operating speed.
The DFIG converts this mechanical power into EP while enabling variable-speed opera-
tion and independent regulation of the stator Ps and Qs.

The RSC controls the rotor currents to regulate the electromagnetic torque and the
exchanged Ps and Qs. Simultaneously, the GSC maintains the DC-link voltage at its refer-
ence value while ensuring stable power exchange with the utility grid. The DC-link ca-
pacitor acts as an intermediate energy storage element that enhances system stability dur-
ing transient operating conditions.

To maximize the harvested WE, the MPPT algorithm continuously adjusts the oper-
ating point according to wind speed (WS) variations. In addition, the proposed DFOC-
FL-TOSMC strategy combines FL adaptation with the third-order SMC method to achieve
accurate decoupled power regulation, improved disturbance rejection, fast dynamic re-
sponse, and enhanced robustness against parameter uncertainties. Finally, the generated
EP is injected into the grid while satisfying synchronization and PQ requirements.
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Figure 1. Proposed power system with DFOC-FL-TOSMC controller.

2.1. WT Model

In recent years, WTs have become one of the most effective technologies for convert-
ing WE into mechanical power for EP generation. Their widespread deployment has con-
tributed to reducing greenhouse gas emissions and meeting the growing electricity de-
mand. The power extracted from a WT mainly depends on WS and rotor dimensions,
while the aerodynamic interaction between neighboring turbines in wind farms may re-
duce energy production if adequate spacing is not maintained. According to [53], the
power available from the wind is expressed by Equation (1), which determines the me-

chanical power supplied to the generator for EP production.
1
pe = ;PR Cp(4, BV M)

2
where p is the air density (kg/m3), R; is the blade radius of the wind turbine (m), Vis the
WS (m/s), and C,, is the power coefficient, which is a non-linear function of the tip-speed
ratio (A) and the blade pitch angle (g).
The power extracted from a WT is strongly influenced by the power coefficient
Cp(A,3), which depends on the tip-speed ratio (TSR) and the blade pitch angle (3). Accord-
ing to [54], Cp is calculated using Equation (2).

116 -2t
Cp(A, B) = 0.0068.1 + 0.5176( - 0.4 - 5) e i )
i
Ai can be calculated using Equation (3).
1 1 0.035 3
A A+0088 pB3+1 ®)

As indicated by Equation (2), the maximum Cp is achieved when the blade pitch
angle is = 0°. Moreover, Cp varies with the TSR, which depends on the WS and the tur-
bine rotor dimensions. The TSR is calculated using Equation (4).

0 X R,

4
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From Equation (1), the aerodynamic torque driving the generator can be determined.
In WECSs, the turbine operates at a lower rotational speed but produces a higher torque
than the generator due to the gearbox ratio. According to [54], the aerodynamic torque is
calculated using Equation (5).

Tper = Z— - %Cp(a, ﬁ)antZWQit ©)
Equation (6) represents the relationship between turbine torque and mechanical
torque.
Tnec = B (©)
G

The turbine speed differs from the generator speed, as a gearbox is used to regulate
the speed. Equation (7) shows the relationship between the turbine speed ({};) and the
generator speed ({l), and, using this equation, the turbine speed can be calculated. As is

well known, the turbine speed is lower than the generator speed.
Q, =-2 @)

According to [55], the relationship between the DFIG torque and the WT torque can
be expressed by Equation (8). This equation is of great importance in power generation
and DFIG operation. Depending on the value of the difference between the two torques,
the DFIG can be operated as a generator or as a motor.

dQ,

Tt_TemZngf-l_]totW (8)

where Ten is the electromagnetic torque of the DFIG and Tt is the turbine torque. The total
inertia torque and the friction coefficient are represented by J and f, respectively.

2.2. DFIG Model

The second main component of the studied ES is the DFIG, which converts the me-
chanical power extracted from the wind into EP. Owing to its simple control, low cost,
reduced maintenance requirements, and independent rotor-side control, the DFIG is
widely adopted in variable-speed WECSs [11]. In addition, its stator is directly connected
to the grid, eliminating the need for an intermediate interface and reducing system com-
plexity and cost. The mathematical model (MM) of the DFIG has been extensively re-
ported in the literature [9,17,21], where the Park transformation is commonly employed.
According to [56], the DFIG model in the d—q reference frame is described by Equations
(9)-(19). Equation (9) represents the stator and rotor voltage equations, relating the volt-
ages to the corresponding currents and flux linkages.

: dpg
rVds = Rgigs — WsPgs + 75
d
Vqs = WsPgs t Rsiqs + &
dQDdr
Var = Rylar + —— — W, Qg
dt a
de ,
U/;[r = d;ﬁ” + erqr + Wy Par

Equation (10) shows the stator/rotor flux of DFIG [57].
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( Pas = Migy + lsigs
Pgs = Lslgs + ML iy,
Yar = Migs + L ig,
Qqr = Lolgr + Migg

The values of Vs, Vi, Vir, and Vg, on the d—q axes represent the stator and rotor

(10)

voltages, respectively. The currents iqs, igs, Iqr, and Iqr represent the stator and rotor
currents, while @gs, @©gs, @dr, and Qg represent the stator and rotor flux components.
The resistances of the rotor and stator windings on the d — q axes are represented by R,
and Rg. Values Lg, L., and M denote the self-inductance of the stator, the self-induct-
ance of the rotor and the mutual inductance between two coils, respectively, with w, =
wg — p. L.

The value of Qs and Ps for the stator of a generator can be calculated using currents
and voltages according to Equation (11). This equation is used to estimate capabilities.

3
Py = >
3 . .
Qs = E (_Vdslqs + Vqslds)

(Vqsiqs + Vdsids)
(11)

The DFIG torque is largely related to the rotor. Rotor currents and flux can be used
to calculate torque for DFIG. This torque can be calculated using Equation (12). To control
and change the torque, it is sufficient to control the rotor currents.

3pM

Tem = I (_(pdsiqr + (pqsidr) (12)
s

Using the stator flux orientation technique and choosing a Park reference frame
linked to the stator flux while neglecting the stator resistance (R), we can obtain:

@ = Qgs = Qs et Qg =0 (13)

Using Equation (13), the current and voltage can be written according to Equations
(14) and (15).

{ Vas = 0 (14)
Ugs = Us = WsPs
g =Y,
ds ls ls dar
" (15)
lgs = —Zlqr

Additionally, the Ps and Qs equations can be expressed in terms of the rotor current
components iqrand gy by Equation (16).

3M
P = -V Z_ZSlqr
2 (16)
-y 3M + 3V
Qs - s 215 Lar lews
Equation (17) can be used to represent the torque.
3IM ]
Temm = _pF((pslqr) (17)
S
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The rotor voltage equations can be simplified by Equation (18).
dl dr . ,
Var = al; dt Ryig + _Glrwrlqr

18
dl,r | | M (49

Vqr = O'ITW + O'lr(urldr + erqr + (A)TE(,DS

Equation (19) represents the expression for o used in Equation (18).

MZ
c=1- (19)
[, XLs

The power control of DFIG is commonly achieved using PI controllers due to their
simple implementation and satisfactory dynamic response. However, their performance
deteriorates under parameter variations, leading to poor PQ and increased current THD.
To overcome these limitations, several advanced control techniques have been investi-
gated, including nonlinear strategies such as SMC and BC, as well as intelligent methods
based on PSO, FL, and NN approaches.

3. Description of the FL-TOSMC Approach

In this section, the proposed FL-TOSMC controller is introduced for DFIG power
regulation. The proposed strategy combines the advantages of FL. and TOSMC to enhance
PQ and reduce current THD. Since the proposed approach is based on TOSMC, its main
principles, advantages, and limitations are first presented.

3.1. TOSMC Technique

The TOSMC method is an advanced nonlinear control technique developed as an
extension of second-order SMC, offering improved accuracy and robustness. In [58],
TOSMC was applied to DFIG-based systems by replacing conventional controllers,
demonstrating superior performance compared with PI controllers. However, sensitivity
to parameter variations was still observed during robustness tests. According to [42],
TOSMC is a modified version of the super-twisting controller, designed to improve track-
ing performance and robustness. The mathematical formulation of TOSMC has been pre-
sented in [42—44]. Unlike conventional model-based controllers, TOSMC does not require
an accurate mathematical model of the system, which enhances its robustness against un-
certainties. The sliding surface of the TOSMC approach is defined as given in Equation
(20).

According to [42,44], the MM of the TOSMC technique can be expressed by Equation

(21). From this equation, it is noted that the TOSMC technique is easy to apply to complex
and simple systems, as it does not require complex calculations.

u(t) = k1 x sign(s) + k2fsign(s)dt + k3\/m X sign(s) (21)

To ensure optimal performance, the gains Ki, Kz, and Ks are chosen based on a pro-
portional hierarchy of magnitude:

e K, issized to overcome the maximum boundaries of external disturbances.

e K, issetto ahigher order of magnitude to accelerate integral error elimination and
smooth the sliding phase.

e K3 balances transient and steady-state tracking.

https://doi.org/10.3390/a19070590
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This proportional scaling allows the FL system to dynamically adapt the controller
gains within smooth boundaries, significantly improving the DR and energy efficiency
while reducing chattering.

Gain values for the TOSMC technique can be calculated using experimentation and
simulation, or smart strategies such as genetic algorithms can be used.

To study the stability of the TOSMC approach, Lyapunov’s theory can be used. This
theory relies on using Equation (22) to give the stability condition. However, using this
theory requires calculations and the use of mathematical equations. Compared to Lya-
punov’s theory, the Bode curve can be used to prove the stability of the TOSMC approach
more easily. The Bode curve is a graphical method by which the stability of the TOSMC
approach can be proven easily and without the need to perform complex calculations. The
Bode curve method is based on the use of MATLAB, and results are obtained quickly.

SxS$<0 (22)

Figure 2 presents the structure of the proposed TOSMC, which adopts a single-input
single-output configuration. The controller receives the tracking error, defined as the dif-
ference between the reference and measured variables, and generates the required control
signal to regulate the system states. The design is based on a third-order sliding surface
that uses the error and its higher-order derivatives to improve convergence and robust-
ness. Compared with conventional SMC methods, TOSMC reduces chattering while
maintaining robustness against parameter uncertainties and external disturbances. More-
over, it ensures finite-time error convergence, leading to improved tracking accuracy,
transient response, and steady-state performance.

Sign({U)
S=X"-X

Il Sqrtfu)

Figure 2. The TOSMC technique.

Although TOSMC provides high robustness and fast dynamic response, its applica-
tion in ESs may still result in increased power ripples and current THD under parameter
variations [42,43]. Therefore, several solutions have been investigated to enhance its per-
formance. In [59], a hybrid TOSMC-BC strategy was proposed for induction motor speed
regulation. Although this approach improved torque ripple reduction and current THD,
it increased the controller complexity due to the large number of tuning gains.

In [60], an NN-based TOSMC was developed by replacing the sign function to im-
prove control accuracy and robustness. The proposed strategy achieved better perfor-
mance in terms of current THD reduction and power ripple mitigation compared with
conventional TOSMC. However, its robustness was slightly affected by machine parame-
ter variations, resulting in increased ripples and response time under disturbed conditions.

Furthermore, a fractional-order TOSMC (FO-TOSMC) was introduced in [61] to im-
prove the performance of conventional TOSMC for DFIG power control. This method pro-

https://doi.org/10.3390/a19070590
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vided reduced power ripples and lower-current THD while maintaining simple imple-
mentation and model independence. Nevertheless, the requirement for parameter estima-
tion limited its robustness against DFIG uncertainties. Therefore, despite these improve-
ments, existing TOSMC-based approaches still present certain limitations, highlighting
the need for an alternative solution capable of enhancing TOSMC performance while pre-
serving simplicity, robustness, and independence from the system mathematical model.
The proposed solution is presented in the following subsection.

3.2. FL-TOSMC Technique

This subsection presents the proposed FL-TOSMC controller, which is developed to
enhance DFIG power control performance. The proposed strategy combines the robust-
ness of TOSMC with the adaptive capability of FL control, resulting in a simple, efficient,
and robust hybrid controller suitable for complex ESs. Unlike conventional model-based
methods, FL-TOSMC does not require accurate knowledge of the system mathematical
model, which improves its applicability under parameter uncertainties.

In conventional TOSMC, the sign(u) function may introduce undesirable effects such
as chattering. Replacing this function with an FLC mechanism enhances the controller
performance, robustness, and tracking capability. Therefore, the proposed FL-TOSMC
can be considered an improved version of TOSMC and is mathematically formulated in
Equation (23), which is derived from Equation (21).

u(t) = K; xx (Fuzzy) + K, f Fuzzy dt + K3+/|s| X (Fuzzy) (23)

where Ki, Kz, and Ks are the positive gains. With these gains, the DR and performance of
the FL-TOSMC controller can be changed.

The FL-TOSMC controller gain values can be calculated using smart strategies such
as PSO or grey wolf optimization. Also, the approach can be used for experimentation and
simulation to calculate the values of these gains. In this work, the experiment and simu-
lation method were relied upon to calculate the gain values for the FL-TOSMC controller
due to its simplicity and ease of obtaining results without writing any complex programs
or taking a large amount of time to obtain satisfactory results. The FL-TOSMC method
differs from the neural TOSMC technique and the integral SMC technique in terms of
performance and effectiveness. The FL-TOSMC approach reduces the chattering phenom-
enon and does not depend on the MM as in the integral SMC method.

Figure 3 illustrates the proposed FL-TOSMC, developed to enhance the performance
of the MPPT strategy of the WT and the DFOC of the DFIG. The proposed controller com-
bines the robustness and finite-time convergence characteristics of the third-order sliding
mode controller with the adaptive decision-making capability of the FL. method.

As shown in the figure, the sliding surface (S), defined as a function of the tracking
error, is used as the input to the FL system. Based on the instantaneous value of the sliding
variable, the fuzzy inference mechanism dynamically adjusts the controller gains Ki and
Kz, enabling the control action to adapt to changes in operating conditions and system
uncertainties. The output associated with Ki provides a proportional correction term,
while the branch containing K2 and the integrator (1/s) generates an integral action that
improves tracking accuracy and reduces steady-state error.

In addition, the nonlinear term (lul) followed by (sqrt(u)) and gain Ks contributes to
the higher-order sliding mode action, enhancing convergence speed and disturbance re-
jection while mitigating the chattering phenomenon commonly encountered in conven-
tional sliding mode controllers. The outputs of these three control channels are combined
to generate the final control signal (Y), which is applied to the DFIG control loops.

https://doi.org/10.3390/a19070590
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Figure 3. The FL-TOSMC approach.

The stability of the FL-TOSMC approach can be proven using Lyapunov’s theory, as
Equation (22) can be used in this case. There is another simple method that can be relied
upon to prove the stability of this designed approach. This strategy is represented by the
Bode curve, which is a graphical method that is easy to use and obtains satisfactory results
quickly without the need for complex calculations.

The FL-TOSMC approach relies on the FL approach to improve performance. There-
fore, the efficiency of the FL-TOSMC approach depends on the characteristics of the FL
approach used. Therefore, it is necessary to choose an appropriate number of rules to ob-
tain distinctive and high performance for the FL-TOSMC approach.

To embody the proposed controller, the FL technology of the Mamdani type was
used. Also, an FL controller with 49 rules has been proposed. These rules are listed in
Table 1. Figure 4 represents the membership functions used to embody the FL controller
of the designer’s approach.

Table 1. FL rules of the designed controller.

Aee NB NM NS EZ PS PM PB
PB EZ PS PM PB PB PB PB
EZ NB NM NS EZ PS PM PB
PS NM NS EZ PS PM PB PB
NB NB NB NB NB NM NS EZ
PM NS EZ PS PM PB PB PB
NM NB NB NB NM NS EZ PS
NS NB NB NM NS EZ PS PM
Error MFs Change in erﬁkor MFs
N
NB NMNS 1EZPS PM PB NB. NMNS EZPS PM PB
| | - |
- ° 2 :
: 8 g i
; D2 / |
/ R - L
-10 6 4 2 0 2 4 6 10 f -10-6 4 2 0 2 4 6 10
(a) Error (b) Change in error
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Figure 4. Membership functions.

The FL-TOSMC approach can be experimentally implemented using real-time plat-
forms such as dSPACE 1104 or hardware-in-the-loop (HIL) testing. Its implementation is
relatively simple and does not require expensive technologies. In this work, FL-TOSMC
is employed for two purposes: improving the MPPT performance of the WT, as presented
in the following section, and enhancing the DFOC strategy of the DFIG.

4. Proposed MPPT-FL-TOSMC Approach

The MPPT technique is widely used in renewable energy systems to maximize en-
ergy extraction under variable operating conditions. It has been successfully applied in
PV systems [62] and WT control applications [63]. In WECSs, MPPT determines the opti-
mal reference Ps (Ps*) according to WS variations. However, conventional MPPT methods
based on PI controllers suffer from limited robustness under system parameter variations.

Several advanced approaches have been proposed to overcome these limitations. In
[64], a BC-based MPPT strategy improved robustness and tracking performance, but its
implementation complexity and large number of tuning parameters remain important
drawbacks. The particle swarm optimization-based MPPT proposed in [65] enhanced con-
troller parameter selection; however, its performance deteriorated under parameter un-
certainties. A neural network-backstepping (NN-BC) MPPT strategy was introduced in
[66], providing improved PQ and robustness, but with increased complexity, cost, and
implementation difficulties. Similarly, FL-based MPPT [67] and feed-forward neural net-
work (FF-NN)-based MPPT [68] achieved better performance than conventional methods,
although they suffer from tuning difficulties and the absence of systematic design rules.
In [69], a super-twisting controller-based MPPT strategy improved PQ; however, chatter-
ing effects remained a limitation.

Based on these observations, this section proposes a new MPPT strategy based on the
FL-TOSMC approach to improve WT energy extraction while maintaining robustness,
simplicity, and model independence. First, the conventional TSR-based MPPT strategy is
presented.

4.1. TSR-Based MPPT Algorithm Structure

MPPT algorithms aim to maximize the power extracted from wind turbines by ad-
justing the operating speed according to WS variations. This adjustment affects the gen-
erated torque and consequently the quadrature rotor current (isr) of the DFIG [70]. Among
different MPPT methods, the TSR technique is widely adopted due to its simple imple-
mentation and fast response [71]. The main objective of the TSR method is to maintain the
TSR at its optimal value (Aopt) to maximize Cp(A,[3) [72]. Therefore, the reference generator
speed {1y is calculated using Equation (24).

Aopt
o =—2v (24)
g R
The value of the generator torque is related to the value of the aerodynamic torque
by Equation (25).
1
Ty = = Taer (25)
where Taer is the aerodynamic torque.

The MPPT method is used to determine the torque reference value. Using the torque

reference value, the power reference value can be extracted.

https://doi.org/10.3390/a19070590
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The relationship between the speed of the generator and the difference between the
torque of the generator and the turbine is shown in Equation (26).

Qg = Js+f (Tg = Tem) (26)
where Ten is the electromagnetic torque.
The electromagnetic moment can be expressed by Equation (27).

Tem = erﬂ + f Kieﬂdt (27)

where eo is the speed generator error (ea = (g% — ().

According to [73], a speed controller is required to minimize the error between the
reference speed given by Equation (24) and the measured generator speed. Conventional
MPPT schemes generally employ PI controllers because of their simple implementation;
however, their performance degrades under rapid reference variations and parameter un-
certainties, resulting in a slower dynamic response [74]. To address these limitations, a
TOSMC-based MPPT strategy was proposed in [75], providing faster convergence and
higher robustness than the conventional Pl-based approach.

4.2. MPPT-TOSMC Technique

The MPPT-TOSMC strategy replaces the conventional PI regulator with a third-or-
der sliding mode controller to improve MPPT. Compared with the MPPT-PI approach, it
provides faster and more accurate tracking, higher robustness against disturbances and
parameter variations, reduced chattering, and improved energy extraction while remain-
ing simple to implement. To ensure accurate tracking of the optimal generator speed, the
sliding surface of the TOSMC-based MPPT controller is defined by Equation (28):

So =104 — 1y (28)

According to the MPPT-TOSMC strategy, the torque expression is written by Equa-
tion (29).

Tom = Ky X sign(S,) + K, f sign(Sp)dt + K3/ |So| X sign(Sy) (29)
The stability condition for this technique is given by Equation (30).
Sy X85,<0 (30)

According to [43], the MPPT-TOSMC strategy still exhibits current and power rip-
ples, limiting the achieved PQ. Therefore, a more effective control strategy is required to
further enhance the MPPT performance.

4.3. MPPT-FL-TOSMC Technique

This subsection presents the proposed MPPT-FL-TOSMC strategy, which extends
the conventional MPPT-TOSMC approach by integrating the FL technique described in
[76]. The proposed hybrid controller combines the adaptive capability of FL with the ro-
bustness of TOSMC to achieve faster and more accurate MPPT while improving PQ and
reducing power fluctuations. Moreover, the proposed method is simple to implement,
does not require an accurate mathematical model, and differs from the approach reported
in [77]. The reference torque is determined using Equation (31).
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Tom = Ky X Fuzzy(S,) + K, f Fuzzy(S,)dt

+ K3\/ |Sg I X FuZZy(S_Q)
Using the FL-TOSMC strategy significantly improves the performance of wind-based

(G2Y)

power generation systems, offering a robust and efficient solution to maximize energy
production. This proposed approach is represented in Figure 5. Figure 5 illustrates the
detailed architecture of the proposed FL-TOSMC strategy. The controller is designed to
maximize energy harvesting while protecting the DFIG from mechanical stress. The
TOSMC core uses high-order sliding surfaces to ensure robust tracking of the Ps and Qs
references under variable wind profiles. To overcome the inherent chattering problem of
conventional SMC method, the FL) block dynamically adjusts the switching gains based
on the sliding surface error (€) and its derivative (Ae). This intelligent adaptation
smooths out the control signal, reduces THD, and ensures that the WT continuously op-
erates at its MPPT with high efficiency and minimum energy loss.
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Figure 5. MPPT-FL-TOSMC technique.

5. Proposed DFIG Power Control Technique

This section presents the proposed DFIG power control strategy aimed at improving
PQ, reducing current THD, and enhancing the dynamic response of Ps and Qs. Since the
proposed method is developed from the conventional DFOC, the DFOC-PI strategy is
first briefly reviewed.

5.1. DFOC-PI Technique

The DFOC strategy is a widely adopted FOC scheme for DFIGs because of its simple
implementation, low computational complexity, and fast dynamic response [78]. In the
conventional DFOC approach, PI controllers regulate the AC stator Ps and Qs based on
the DFIG mathematical model [79]. The generated voltage references are typically con-
verted into switching signals using space vector modulation, which improves power rip-
ple performance at the expense of increased implementation complexity. According to
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[46], the reference voltage components of the DFOC-PI strategy are calculated using
Equations (32) and (33).

V
VTikd == K1€PS - g X ML_S+ f Kzepsdt (32)

N

V.
Vi = Kzegs — er + j K,eqpsdt (33)
S

where eps are egs are the power errors, Ki and Kz are the PI controller gains for Ps, and Ks
and K4 are the PI controller gains for Qs.

The values of the gains of Ki, K4, K3, and K2 can be calculated using a genetic algo-
rithm, or the simulation and experimentation method can be used.

Figure 6 represents a schematic diagram of the DFOC-PI method used for power con-
trol of DFIG. The DFOC-PI method determines the voltage values of the rotor part in the
dq axis.

Q 5* €Qs Var
PI controller

Qs

g(M ><\]s)/Ls

Ps* eps V'
PI controller

Ps

(RrXVs)/(WsXM)

Figure 6. DFOC-PI technique.

The reference voltage components obtained from Equations (32) and (33) are con-
verted into switching signals for the RSC using the SVM technique. SVM is widely em-
ployed in renewable energy systems because it reduces switching losses and harmonic
distortion, thereby improving energy efficiency and PQ [80]. In the DFOC-PI strategy, the
estimation of Ps and Qs requires prior estimation of the stator flux, which is used to com-
pute the power errors. The stator flux is calculated using Equation (34).

t .

{(prﬁ = fo(v;" — Ry X iyp)dt
t .

Qg = fO(Vr - Rr X lra)dt

Using Equation (34), the flux value of the rotor part can be calculated according to
Equation (35).

(34)

lorl = [(075 + @) (35)

The rotor part voltage can be used to calculate flux, as Equation (36) can be used to
calculate flux directly from voltage.

IVl = 1971 x w, (36)
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Equation (37) represents the power estimate used in this work.

3 V. V. XL
(Qs = __(—s Ppr — X qoar)

X —
2\0 X Lg o XL,XLg
{ Y L (37)
=V, X Qg X ————
\ ST TN N L, < L,

Despite its simplicity and fast dynamic response, the conventional DFOC-PI strategy
suffers from significant power and current ripples, relatively high current THD, and lim-
ited robustness against machine parameter variations. These limitations motivate the de-
velopment of more robust control strategies [43].

5.2. DFOC-TOSMC Technique

To overcome the shortcomings of DFOC-PI, the TOSMC-based DFOC strategy pro-
posed in [46] replaces the conventional PI controllers with TOSMC regulators. This mod-
ification improves dynamic response, robustness, and energy conversion performance
while preserving the simple structure of the conventional DFOC scheme. In the proposed
DFOC-TOSMC strategy, the reference voltage components are determined using Equa-
tions (38) and (39).

Vg = K1 X sign(eps) + K, f sign(eps)dt

Vv (38)
+ K3/ leps| X sign(eps) — g ¥ ML—S
S
Via = Ky X sign(egs) + Ks f sign(er)dt
A 39)
+Ks Jleqs| x sign(eqs) = Ry

where Vi* is the direct rotor voltage and Vi5* is the quadrature rotor voltage.

The reference voltage components are converted into switching signals through the
SVM technique. The combination of DFOC, TOSMC, and SVM improves the dynamic
performance and efficiency of WECSs. However, despite its superior performance over
the conventional DFOC-PI strategy, the DFOC-TOSMC approach remains sensitive to
DFIG parameter variations, leading to increased power ripples and current THD under
disturbed operating conditions [46]. These limitations motivate the development of a
more robust control strategy.

5.3. Proposed DFOC-FL-TOSMC Technique

This subsection presents the proposed DFOC-FL-TOSMC strategy, which enhances
the DFOC-TOSMC scheme by replacing the TOSMC regulator with the FL-TOSMC con-
troller introduced in Section 3.2. By combining the robustness of TOSMC with the adap-
tive capability of FL, the proposed controller effectively handles system uncertainties and
nonlinearities, resulting in improved stability, tracking accuracy, and PQ. The FL-TOSMC
controller generates the reference voltage components from the power errors, as ex-
pressed by Equations (40) and (41).

Vi = K7 X Fuzzy(eps) + Kg f Fuzzy(eps)dt
, (40)

+ Kov/leps| X Fuzzy(eps)—gXML
S
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Vi = Kyo X Fuzzy(eys) + Kiq f Fuzzy(egys)dt

v (41)

K X F —R, —
+ K1z |er| uzzy(egs) "M X w,

where K7, Ko, and Ks are the FL-TOSMC controller gains for Ps, and Ko, K11, and Ki2 are
the PI controller gains for Qs.

The gain values of the FL-TOSMC controller for the designed strategy can be calcu-
lated using the simulation and experimentation method due to its ease of use and the
speed of obtaining results without the need to write complex programs. Smart strategies
can also be used to calculate FL-TOSMC controller gain values. However, the method of
simulation and experimentation was used in this work to calculate the gain values. Figure
7 represents the internal structure of the proposed DFOC-FL-TOSMC strategy for power

control.
Qs* €Qs Vdr
FL-TOSMC
TOSMC
Qs
2(MxV5s)/Ls
Ps* €prs Vqr
FL-TOSMC
P TOSMC
S
(RrXVs)/(Ws X M)

Figure 7. Proposed DFOC-FL-TOSMC approach.

The use of the FL-TOSMC controller in the DFOC strategy allows for improved track-
ing of references with high accuracy and allows for improved stability over time. The use of
this strategy effectively reduces transient oscillations (chattering), thus reducing electrical
losses associated with transients and frequent switching. In the next part, the DFOC-SVM
approach based on the FL-TOSMC controller is implemented using MATLAB.

Table 2 compares the proposed FL-TOSMC strategy with conventional DPC and
DTC methods based on the literature reviewed above, and the simulation results are pre-
sented in the next section. The comparison indicates that the proposed approach achieves
superior PQ and current performance. However, DPC and DTC remain simpler to imple-
ment, require fewer tuning parameters, and generally involve lower implementation cost
than the proposed method.
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Table 2. A comparative study between the DFOC-FL-TOSMC and some approaches.

Approaches

Controller Response Dynamic Precision Complexity Robustness THD Current

DTC

Hysteresis controller Slow Medium Low Low High

DPC

Hysteresis controller Slow Medium Low Low High

DVC

PI Slow Low Low Low High

IVC

PI Slow Medium Low Low High

DFOC-TOSMC

TOSMC Quick Good High High Low

Proposed DFOC-FL-
TOSMC

FL-TOSMC Quick Excellent High High Low

The stability of nonlinear control strategies, such as FL-based controllers and FL-BC
approaches, can be evaluated using frequency-domain analysis. Although these controllers
do not always have a straightforward linear representation, their stability characteristics can
be investigated through an equivalent linearized model or by analyzing the closed-loop sys-
tem response. The Bode plot obtained using MATLAB provides an effective tool for as-
sessing stability margins, including gain margin and phase margin. A positive gain margin
and sufficient phase margin indicate that the designed nonlinear controller can maintain
stable operation and robustness against disturbances. Consequently, MATLAB-based Bode
analysis can be used to verify the stability performance of advanced nonlinear control strat-
egies, such as FL controllers and FL-BC controllers.

The stability of the designed approach can be proven using Lyapunov’s theorem. Lya-
punov’s theory is based on calculations, which makes it somewhat complicated, especially
in the case of a complex system. Another reliable method to prove the stability of the pro-
posed approach. This method uses the Bode curve. The Bode curve is a graphical method
by which the stability of the proposed approach can be proven easily and does not require
complex calculations. MATLAB extracts the Bode curve for the controllers used in this work.
Figure 8 represents the Bode curve for two controls. This curve gives the variation in both
magnitude (dB) and phase (deg) as a function of frequency for two controls. It is noted that
the change in frequency is accompanied by a change in the value of both magnitude (dB)
and phase (deg). From Figure 8, it is noted that for the traditional approach, the magnitude
(dB) value changes from 0 dB to —-80 dB (see Figure 8a), and in the case of the proposed
controller, it changes from 0 dB to —120 dB (see Figure 8b). The magnitude (dB) value taking
negative values highlights the stability of the proposed approach. Also, it is noted that the
phase (deg) value in the case of two controls changes from 0 deg to —90 deg. Therefore, the
two approaches are very stable.
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Figure 8. Bode diagram analysis for stability verification; TOSMC approach: (a) frequency response
of magnitude (dB), (b) frequency response of phase (deg); FL-TOSMC approach: (c) frequency re-
sponse of magnitude (dB), (d) frequency response of phase (deg).

6. Results

This section evaluates the effectiveness of the proposed FL-TOSMC strategy through
MATLAB simulations and compares its performance with the DFOC-TOSMC approach.
The system parameters are provided in Appendix A, together with the FL-TOSMC con-
troller gains used for the MPPT-TSR algorithm and the regulation of Ps and Qs. The same
controller parameters are adopted for both Ps and Qs control.

Two different WS profiles are considered to assess the proposed strategy under var-
ious operating conditions. The comparison focuses on reference tracking, PQ, current
THD, overshoot, and SSE.

(a) First test

The first test is conducted to evaluate the dynamic performance of the proposed con-
trol strategies (TOSMC and FL-TOSMC) under variable WS conditions. The WS profile
applied in this test is shown in Figure 9a. The corresponding simulation results are pre-
sented in Figures 9 and 10, while the quantitative performance indices are summarized in
Table 3.
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Figure 9. Performance and dynamic response under the proposed FL-TOSMC strategy: (a) variable
WS profile (m/s), (b) rational speed, (c) aerodynamic torque, (d) TSR, (e) Cp, (f) Ps, (g) Qs, and (h)
stator current.
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Figure 10. Current THD of two controllers (Test 1): (a) DFOC-TOSMC and (b) DFOC-FL-TOSMC.

Table 3. Value and ratios of RT, overshoot, SSE, and power ripples of TOSMC and FL-TOSMC (Test
1.

Ps (W) Qs (VAR)
Ripples 31 20
Overshoot 4260 29.91
TOSMC RT (ms) 0.21 0.12
SSE 0.1 0.5
Ripples 16 13.2
Overshoot 4269 0.49
FL-T
OSMC RT (ms) 0.11 0.08
SSE 0.05 0.15
Ripples 48.38 34
Overshoot -0.211 98.36
Rati 9
atios (%) RT (ms) 47.61 3333
SSE 50 70

Figure 9b illustrates the rotor rotational speed of the DFIG. It is observed that the
rotor speed closely follows the variations in WS, reflecting the effectiveness of the MPPT
control strategy. In both cases, the speed profile exhibits the same general trend as the
wind profile; however, the proposed FL-TOSMC demonstrates a faster response time,
improved tracking accuracy, and reduced transient deviations compared with the con-
ventional TOSMC. This indicates enhanced dynamic performance and better damping
characteristics under changing operating conditions.

Figure 9c presents the aerodynamic torque response for both controllers. The torque
varies consistently with WS changes, confirming proper energy conversion behavior.
Nevertheless, FL-TOSMC achieves smoother torque dynamics with reduced oscillations
and faster settling time, which reflects improved stability in the mechanical-to-electrical
energy conversion process.

Figure 9d shows the TSR. It is observed that the TSR is effectively regulated around
its optimal value, ensuring maximum power extraction. The proposed FL-TOSMC main-
tains the TSR more efficiently under transient wind variations, with faster convergence
compared to TOSMC, indicating improved MPPT performance.
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Figure 9e represents the power coefficient, which remains close to its optimal value
(approximately 0.5) during operation. Although the power coefficient is theoretically con-
strained by turbine characteristics, the proposed controller ensures faster convergence to
the optimal operating point after wind-speed changes. FL-TOSMC achieves a quicker sta-
bilization of power coefficient, demonstrating improved energy capture efficiency.

Figure 9f shows the Ps response for both controllers. The Ps closely follows its refer-
ence and varies according to WS fluctuations, including negative values during certain
operating conditions. The FL-TOSMC controller provides superior performance in terms
of faster response, reduced overshoot, and lower ripple content compared to TOSMC, in-
dicating improved power regulation capability.

Figure 9g illustrates the Qs. It is observed that Qs remains well regulated and approx-
imately constant despite variations in WS, confirming effective decoupling between Ps
and Qs control. However, FL-TOSMC achieves faster dynamic response and significantly
reduced ripple levels compared to the conventional controller, reflecting improved volt-
age regulation performance.

Figure 9h presents the stator current waveforms. The results show that the current
remains sinusoidal for both control strategies, confirming stable grid-connected operation.
However, the FL-TOSMC controller produces a cleaner waveform with lower distortion
and reduced transient oscillations. The variation in current magnitude is consistent with
changes in WS due to the MPPT mechanism, which adjusts the Ps reference accordingly.
Overall, the proposed controller ensures higher current quality and improved dynamic
behavior compared with TOSMC.

These results collectively demonstrate the effectiveness of the FL-TOSMC approach
in enhancing both the mechanical and electrical performance of the DFIG system. The
proposed controller provides improved tracking accuracy, faster transient response, re-
duced ripples, and better PQ compared with the conventional TOSMC strategy, confirm-
ing its suitability for high-performance WECSs.

Figure 10 compares the stator current THD obtained with the conventional TOSMC
and the proposed FL-TOSMC strategies under the first test. As shown, the proposed con-
troller reduces the THD from 0.17% (Figure 10a) to 0.14% (Figure 10b), corresponding to
an improvement of approximately 17.65%. This reduction demonstrates the superior abil-
ity of FL-TOSMC to suppress harmonic components and improve current quality.

The lower THD indicates that the proposed controller effectively attenuates high-fre-
quency oscillations associated with converter switching and transient dynamics, resulting
in smoother stator currents and improved electromagnetic torque behavior. Moreover,
both strategies preserve the same fundamental current component at 50 Hz, confirming
that the THD reduction is achieved through harmonic suppression rather than changes in
the fundamental power level.

These results demonstrate that the proposed FL-TOSMC strategy provides better
current quality than the conventional TOSMC, making it well suited for grid-connected
DFIG-based WE systems.

Table 3 compares the dynamic and steady-state performances of the conventional
TOSMC and the proposed FL-TOSMC controllers under Test 1. The proposed controller
consistently outperforms TOSMC in terms of power ripples, response time, overshoot,
and SSE.

For Ps, the ripple is reduced from 31 W to 16 W (48.38%), while the Qs ripple de-
creases from 20 VAR to 13.2 VAR (34%). These improvements result from the adaptive
capability of the FL component, which mitigates oscillations and stabilizes the power ex-
change between the stator and rotor.
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The overshoot of Ps remains almost unchanged (4260 W versus 4269 W, -0.211%),
whereas the overshoot of Qs is dramatically reduced from 29.91 VAR to 0.49 VAR (98.36%),
indicating a significant improvement in transient damping.

The dynamic response is also enhanced, with RT decreasing from 0.21 ms to 0.11 ms
(47.61%) for Ps and from 0.12 ms to 0.08 ms (33.33%) for Qs. Moreover, the SSE is reduced
from 0.10 to 0.05 (50%) for Ps and from 0.50 to 0.15 (70%) for Qs, demonstrating improved
tracking accuracy and robustness against parameter uncertainties.

Overall, the results confirm that integrating FL. with TOSMC significantly improves
both transient and steady-state performance, leading to smoother power regulation and
more stable operation of the DFIG-based WECS.

(b) Second test

The objective of this test is to evaluate the robustness of the TOSMC and FL-TOSMC
controllers under DFIG parameter variations. For this purpose, the stator and rotor re-
sistances (Rs, Rr) are doubled, while the mutual and leakage inductances (Lw, Ls, L) are
reduced by 50%. The same WS profile as in Test 1 is applied to ensure a fair comparison,
and the obtained results are presented in Figures 11 and 12.
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Figure 11. Second test results: (a) Ps, (b) Qs, and (c) stator current.
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Figure 12. THD values (Test 2): (a) TOSMC and (b) FL-TOSMC.

Figure 11a shows the Ps response under parameter uncertainties. Both controllers
maintain reference tracking; however, FL-TOSMC provides faster convergence, lower set-
tling time, and reduced power ripples compared with TOSMC, demonstrating improved
robustness and power regulation capability.

Figure 11b presents the Qs response. Although both controllers maintain acceptable
regulation despite parameter variations, FL-TOSMC achieves faster dynamics, better dis-
turbance rejection, and lower Qs oscillations, confirming its enhanced robustness.

The stator current waveform shown in Figure 11c remains sinusoidal for both ap-
proaches under severe parameter changes. Nevertheless, FL-TOSMC produces a
smoother current with reduced harmonic distortion, indicating improved current quality
and harmonic suppression capability.

Overall, Figures 11 and 12 confirm the superiority of the proposed FL-TOSMC strat-
egy under uncertain operating conditions. By maintaining accurate power tracking, re-
ducing oscillations, and improving PQ, the proposed controller provides a more reliable
solution for DFIG-based WECSs.

Figure 12 presents the comparison of stator current THD for the DFIG system under
the TOSMC and FL-TOSMC control strategies in Test 2. As shown in Figure 12a, the con-
ventional TOSMC yields a THD value of 0.22%, whereas the proposed FL-TOSMC ap-
proach reduces this value to 0.18%, as illustrated in Figure 12b. This corresponds to a re-
duction of approximately 18.18% in current harmonic distortion, confirming the superior
capability of the proposed controller in improving PQ.

From a physical perspective, the reduction in THD is directly related to the improved
smoothness of the stator current waveform. Lower harmonic content reduces unwanted
oscillations in the electromagnetic torque and decreases additional copper and iron losses
associated with high-frequency current components. Since harmonic currents contribute
to extra heating in the stator windings, their reduction leads to improved electrical per-
formance and more stable generator operation under variable wind conditions.

In addition, it is observed that both control strategies maintain the fundamental com-
ponent of the stator current at approximately 50 Hz. However, the FL-TOSMC approach
exhibits a higher amplitude of the fundamental component compared to the conventional
TOSMC, indicating improved utilization of the generated power and more effective en-
ergy conversion. This improvement is consistent with the enhanced tracking capability
and reduced oscillations achieved by the proposed controller.
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Overall, the results demonstrate that the FL-TOSMC strategy significantly enhances
current quality by reducing harmonic distortion while preserving the fundamental fre-
quency component, making it a promising control approach for high-performance DFIG-
based WECSs and other industrial applications requiring strict PQ standards.

Table 4 summarizes the dynamic and steady-state performance of the conventional
TOSMC and the proposed FL-TOSMC controllers under Test 2 operating conditions. The
obtained results clearly demonstrate the effectiveness of the proposed controller in im-
proving PQ, tracking accuracy, and transient response.

Table 4. Ratios/value of overshoot, response time, SSE, and power ripples of TOSMC and FL-
TOSMC (Test 2).

Ps (W) Qs (VAR)
Ripples 48 31.7
Overshoot 4259 9.669
TOSMC RT (ms) 0.20 0.11
SSE 0.11 1.3
Ripples 22 20.31
Overshoot 4265 1.32
FL-TOSMC RT (ms) 0.10 0.07
SSE 0.0748 0.234
Ripples 54.16% 35.9%
Ratios (%) Overshoot -0.14% 86.34%
RT (ms) 50% 36.36%
SSE 32% 82%

For Ps, the ripple magnitude is reduced from 48 W with TOSMC to 22 W with FL-
TOSMC, corresponding to a reduction of 54.16%. Likewise, the Qs ripple decreases from
31.7 VAR to 20.31 VAR, representing a reduction of 35.9%. This improvement indicates
that the proposed controller is more effective in attenuating oscillations caused by wind-
speed variations and system nonlinearities. From a physical perspective, the FL. mecha-
nism continuously adapts the controller gains according to the operating conditions,
while the third-order sliding mode action suppresses high-frequency oscillations, result-
ing in smoother Ps and reactive power profiles and enhanced PQ.

Regarding overshoot, the Ps response exhibits only a negligible variation, changing
from 4259 W to 4265 W, which corresponds to a difference of approximately —0.14%. This
result indicates that both controllers provide a similar transient peak for Ps regulation.
However, a substantial improvement is achieved in Qs control, where the overshoot de-
creases from 9.669 VAR to only 1.32 VAR, corresponding to an 86.34% reduction. Such a
reduction demonstrates the superior damping capability of the FL-TOSMC controller,
which effectively limits excessive transient excursions and reduces oscillatory behavior
during reference changes and disturbances.

The RT is also significantly improved. For Ps regulation, the RT decreases from 0.20
ms to 0.10 ms, corresponding to a 50% reduction. Similarly, for Qs control, the RT de-
creases from 0.11 ms to 0.07 ms, yielding a 36.36% reduction. These improvements confirm
the ability of the proposed controller to accelerate the convergence of tracking errors and
achieve faster stabilization following operating condition changes. The enhanced dynamic
response is mainly due to the finite-time convergence property of the TOSMC method
combined with the adaptive adjustment provided by the FL system.

Concerning the SSE, the proposed FL-TOSMC controller reduces the Ps error from
0.11 to 0.0748, corresponding to a 32% reduction. For Qs regulation, the SSE decreases
dramatically from 1.3 to 0.234, representing an 82% reduction. These results indicate that
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the proposed controller achieves more accurate reference tracking and better steady-state
performance. Physically, the reduction in SSE reflects the controller’s improved capability
to compensate for modeling uncertainties and external disturbances while maintaining
the operating point close to its desired reference value.

Overall, the results of Table 4 confirm that the FL-TOSMC controller outperforms the
conventional TOSMC approach under Test 2 conditions. The proposed controller pro-
vides lower power ripples, significantly reduced Qs overshoot, faster RTs, and improved
steady-state accuracy, thereby ensuring enhanced robustness, superior PQ, and more sta-
ble operation of the DFIG-based WE conversion system.

Table 5 presents a comparison between the results of Test 1 (Table 3) and the results
of Test 2 (Table 4). The percentage change is calculated using the following relationship:

Valueresr; — Valuerests

Change(%) = Valie x 100% (42)
Test1

Table 5. Rates of change for both fluctuations, SSE, overshoot, and response time between Test 1
and Test 2.

Parameter Active Power Reactive Power
TOSMC FL-TOSMC TOSMC FL-TOSMC
Ripples +54.84% +37.50% +58.50% +53.86%
Overshoot -0.023% -0.094% —67.67% +169.39%
RT -4.76% -9.09% -8.33% -12.50%
SSE +10.00% +49.60% +160.00% +56.00%

A comparative analysis was performed to evaluate the variation in overshoot, RT,
SSE, and power ripples between Test 1 and Test 2 for both TOSMC and FL-TOSMC con-
trollers.

For Ps, the ripple magnitude of TOSMC increased from 31 W in Test 1 to 48 W in Test
2, corresponding to an increase of 54.84%. Similarly, the ripple magnitude of FL-TOSMC
increased from 16 W to 22 W, representing an increase of 37.50%. Although both control-
lers experienced higher oscillations under Test 2 conditions, FL-TOSMC maintained sig-
nificantly lower ripple levels.

Regarding Qs, the ripple value increased from 20 VAR to 31.7 VAR for TOSMC
(+58.50%) and from 13.2 VAR to 20.31 VAR for FL-TOSMC (+53.86%). Despite the increase,
the proposed FL-TOSMC controller continued to provide superior ripple attenuation.

The overshoot of Ps remained almost unchanged for both controllers. TOSMC de-
creased slightly from 4260 W to 4259 W (-0.023%), while FL-TOSMC increased marginally
from 4269 W to 4265 W (-0.094%). For Qs, the overshoot decreased considerably from
29.91 VAR t0 9.669 VAR for TOSMC (-67.67%) and increased from 0.49 VAR to 1.32 VAR
for FL-TOSMC (+169.39%). Nevertheless, the absolute overshoot of FL-TOSMC remained
substantially lower than that of TOSMC.

The RT of Ps improved in Test 2. TOSMC decreased from 0.21 ms to 0.20 ms (—4.76%),
while FL-TOSMC decreased from 0.11 ms to 0.10 ms (-9.09%). For Qs, RT decreased from
0.12 ms to 0.11 ms (-8.33%) for TOSMC and from 0.08 ms to 0.07 ms (-12.50%) for FL-
TOSMC, indicating faster transient dynamics in Test 2.

Concerning SSE, the SSE of Ps increased from 0.10 to 0.11 for TOSMC (+10.00%) and
from 0.05 to 0.0748 for FL-TOSMC (+49.60%). For Qs, SSE increased significantly from 0.50
to 1.30 for TOSMC (+160.00%), whereas FL-TOSMC increased from 0.15 to 0.234 (+56.00%).
Although the error increased in both cases, FL-TOSMC consistently maintained lower SSE
values.
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Overall, the results indicate that Test 2 represents a more demanding operating con-
dition, leading to larger power ripples and SSEs. Nevertheless, the proposed FL-TOSMC
controller preserves its superiority over the conventional TOSMC by maintaining lower
overshoot, faster RTs, reduced SSEs, and lower power ripples under both test scenarios.

(c) Third test

In the third test, the proposed strategy is evaluated under a different stepped WS
profile, as shown in Figure 13a. The obtained results are presented in Figures 13 and 14,
while the numerical comparisons are summarized in Table 6.
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Figure 13. Third test results: (a) steps WS profile, (b) generator speed, (c) Ps, (d) Qs, (e) current.
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Figure 14. THD value of stator current (Test 3): (a) TOSMC; (b) FL-TOSMC.

Table 6. Value and ratios of overshoot, RT, SSE, and power ripples of TOSMC and FL-TOSMC (Test

3).
Ps (W) Qs (VAR)
Ripples 65 16.7
Overshoot 5824 19.58
T
OSMC RT (ms) 0.23 0.18
SSE 8 2.13
Ripples 13 11.52
Overshoot 5834 1.74
FL-TOSMC RT (ms) 0.17 0.10
SSE 6 0.58
Ripples 80 31
Overshoot 0.17 91.11
3 [s)
Ratios (%) RT (ms) 26.03 44
SSE 25 72.76

Figure 13 illustrates the dynamic behavior of the DFIG-based WE conversion system
using TOSMC and FL-TOSMC controllers. Figure 13b shows that both controllers suc-
cessfully track the optimal rotor speed required by the MPPT strategy. However, FL-
TOSMC provides faster convergence, lower transient deviations, and improved speed
tracking due to the adaptive capability of the FL. component.

Figure 13¢,d presents the Ps and Qs responses, respectively. The active power follows
the WS variations accurately for both controllers, but FL-TOSMC achieves smoother
tracking with reduced oscillations, lower ripples, and shorter settling time, especially dur-
ing abrupt WS changes. Qs remains well regulated, confirming the effectiveness of the
DFOC decoupling strategy; nevertheless, FL-TOSMC provides faster disturbance rejec-
tion and improved stability compared with TOSMC.

The stator current waveform shown in Figure 13e remains sinusoidal for both ap-
proaches. However, FL-TOSMC produces a smoother current with reduced distortion
and fewer transient oscillations, confirming its ability to improve PQ under variable wind
conditions.

Overall, the results of Figure 13 demonstrate that the proposed FL-TOSMC controller
outperforms the conventional TOSMC strategy in terms of dynamic response, power-
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tracking accuracy, ripple reduction, disturbance rejection, and current quality. These im-
provements confirm its suitability for DFIG-based WECSs operating under rapidly vary-
ing wind conditions.

Figure 14 presents the current THD comparison between the conventional TOSMC
and the proposed FL-TOSMC controllers. The TOSMC approach results in a THD value
of 0.17% (Figure 14a), while FL-TOSMC reduces this value to 0.13% (Figure 14b), corre-
sponding to an improvement of approximately 23.53%.

This enhancement is attributed to the combination of the adaptive capability of FL
and the robustness of TOSMC, which enables better disturbance rejection and effective
suppression of current oscillations. Consequently, the proposed controller produces a
smoother current waveform with reduced harmonic components.

Moreover, the fundamental component at 50 Hz remains almost unchanged for both
controllers, confirming that the THD reduction is achieved through harmonic attenuation
rather than modification of the fundamental current magnitude. These results demon-
strate the effectiveness of FL-TOSMC in improving current quality and satisfying the PQ
requirements of grid-connected DFIG-based WECSs.

Table 6 presents the performance comparison between the conventional TOSMC and
the proposed FL-TOSMC controllers under Test 3 operating conditions. The results
clearly demonstrate the superiority of the proposed controller in terms of power ripple
suppression, transient response, and steady-state accuracy.

For Ps, the power ripple amplitude is reduced from 65 W with TOSMC to 13 W with
FL-TOSMC, corresponding to an 80% reduction. Similarly, for Qs, the ripple magnitude
decreases from 16.7 VAR to 11.52 VAR, representing a 31% reduction. This significant at-
tenuation of oscillations is mainly attributed to the adaptive nature of the FL component,
which continuously adjusts the control gains according to the operating conditions. As a
result, the controller is able to suppress fluctuations caused by wind-speed variations and
parameter uncertainties more effectively than the conventional TOSMC. Lower ripple lev-
els indicate smoother power injection into the grid and improved PQ.

Regarding overshoot, the Ps overshoot remains nearly unchanged, increasing
slightly from 5824 W to 5834 W, which corresponds to a negligible variation of only 0.17%.
However, a remarkable improvement is observed for the Qs response, where the over-
shoot is reduced from 19.58 VAR to only 1.74 VAR, corresponding to a reduction of 91.11%.
Physically, this behavior indicates that the proposed controller significantly improves
damping during transient conditions and prevents excessive energy accumulation in the
electromagnetic dynamics of the DFIG, thereby reducing oscillatory behavior after refer-
ence changes.

The RT is also improved by the proposed controller. For Ps regulation, the RT de-
creases from 0.23 ms to 0.17 ms, yielding a reduction of 26.03%. For Qs control, the RT
decreases from 0.18 ms to 0.10 ms, corresponding to a reduction of 44%. These improve-
ments confirm that the FL-TOSMC controller accelerates error convergence and allows
the DFIG to reach its steady-state operating point more rapidly following disturbances or
wind-speed variations. The faster response is a direct consequence of the higher-order
sliding mode action combined with the adaptive tuning capability of the FL system.

Concerning the SSE, the proposed controller reduces the Ps error from 8 to 6, corre-
sponding to a 25% reduction. For Qs regulation, the SSE decreases from 2.13 to 0.58, yield-
ing a substantial reduction of 72.76%. The lower SSE values demonstrate the improved
tracking precision of the FL-TOSMC approach and its ability to maintain the generated
power close to the desired reference values despite the presence of disturbances and sys-
tem nonlinearities.

Overall, the results of Table 6 confirm that the proposed FL-TOSMC controller pro-
vides superior dynamic and steady-state performance compared with the conventional
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TOSMC. The combination of FL adaptive tuning and TOSMC effectively enhances robust-
ness, accelerates system dynamics, reduces power oscillations, and improves tracking ac-
curacy, making the proposed approach particularly suitable for DFIG-based WECSs op-
erating under variable and challenging conditions.

Table 7 presents a study of the changes in the results obtained for overshoot, RT, SSE,
and power ripples between Test 1 and Test 3. A comparative analysis between Test 1 and
Test 3 reveals the impact of the changed operating conditions on the dynamic perfor-
mance of both controllers. For Ps, the ripple magnitude of the conventional TOSMC in-
creased significantly from 31 W in Test 1 to 65 W in Test 3, corresponding to an increase
of 109.68%. In contrast, the FL-TOSMC ripple level decreased from 16 W to 13 W, repre-
senting a reduction of 18.75%, which demonstrates the superior capability of the proposed
controller in suppressing power oscillations under more demanding operating conditions.
For Qs, the ripple value decreased from 20 VAR to 16.7 VAR for TOSMC (-16.50%) and
from 13.2 VAR to 11.52 VAR for FL-TOSMC (-12.73%).

Table 7. Percentage change in performance indices between Test 1 and Test 3.

Parameter Active Power Reactive Power
TOSMC FL-TOSMC TOSMC FL-TOSMC
Power Ripples +109.68% -18.75% -16.50% -12.73%
Overshoot +36.71% +36.66% -34.54% +255.10%
Response Time +9.52% +54.55% +50.00% +25.00%
SSE +7900.00% +11,900.00% +326.00% +286.67%

Regarding overshoot, the Ps overshoot increased from 4260 W to 5824 W for TOSMC
(+36.71%) and from 4269 W to 5834 W for FL-TOSMC (+36.66%), indicating a comparable
increase for both controllers due to the altered test conditions. For Qs, the overshoot de-
creased from 29.91 VAR to 19.58 VAR for TOSMC (-34.54%), while it increased from 0.49
VAR to 1.74 VAR for FL-TOSMC (+255.10%). Nevertheless, the absolute overshoot value
of FL-TOSMC remained substantially lower than that of TOSMC.

RT also exhibited noticeable variations. For Ps, RT increased from 0.21 ms to 0.23 ms
for TOSMC (+9.52%) and from 0.11 ms to 0.17 ms for FL-TOSMC (+54.55%). Similarly, for
Qs, RT increased from 0.12 ms to 0.18 ms for TOSMC (+50.00%) and from 0.08 ms to 0.10
ms for FL-TOSMC (+25.00%). Although RTs increased in Test 3, the proposed FL-TOSMC
still maintained faster dynamics than the conventional TOSMC.

Concerning SSE, a significant increase was observed under Test 3 conditions. For Ps,
SSE increased from 0.1 to 8 for TOSMC (+7900%) and from 0.05 to 6 for FL-TOSMC
(+11,900%). For Qs, SSE increased from 0.5 to 2.13 for TOSMC (+326.00%) and from 0.15 to
0.58 for FL-TOSMC (+286.67%). Despite this increase, the proposed FL-TOSMC consist-
ently achieved lower SSE values than TOSMC.

Overall, the comparison between Test 1 and Test 3 demonstrates that Test 3 repre-
sents a significantly more challenging operating scenario. Nevertheless, the FL-TOSMC
controller preserves its superior performance by maintaining lower power ripples, re-
duced overshoot in Qs regulation, faster RTs, and smaller SSEs compared with the con-
ventional TOSMC controller.

The results show that Test 3 imposes considerably more demanding operating con-
ditions, particularly in terms of overshoot and SSE. However, the FL-TOSMC controller
maintains lower absolute values of ripples, overshoot, RT, and SSE than the conventional
TOSMC controller in most performance metrics.

Table 8 represents a study in the change in the THD value for two controls during
the three tests performed. Equations (43) and (44) are used to complete this study. This
study is based on studying the effect of the THD value on changing the system parameter
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values and the shape of the WS change. From Table 8, it is noted that the THD value
changed in the tests for the two controls. The THD value increased during the second test
compared to the first test due to the change in DFIG parameters.

_ THDtestZ - THDtestl

[A] (43)
THD test2
[B] _ THD¢ests — THDpestq (44)
THD test3
Table 8. Study of the change in THD value in the three tests.
Ratios (%)
TOSMC  Proposed FL-TOSMC TOSMC FL-TOSMC
[A] [B] [A] [B]
First Test 0.17 0.14
Second test 0.22 0.18 22.73 0 2222 -714
Third test 0.17 0.13

The DFOC-FL-TOSMC approach presented a percentage change in the THD value
between the first and second tests compared to the DFOC-TOSMC approach. This per-
centage change was 22.73% and 22.22% for both the designed approach and the DFOC-
TOSMC approach, respectively. The THD value in the third test did not change compared
to the first test if the DFOC-TOSMC approach was used. Therefore, the effect rate is esti-
mated at 0%. However, if the designed approach was used, the THD value decreased in
the third test compared to the first test. This decrease was estimated at 7.14%.

This study highlights that the THD value is affected by both a change in DFIG pa-
rameters and a change in the shape of the WS. Therefore, it is necessary to propose a con-
trol that has high performance and a great ability to improve the THD value, regardless
of the shape of the WS or the change in the DFIG parameters. Table 8 gives a clear picture
that the designed approach improves the THD value significantly compared to the DFOC-
TOSMC approach, which makes it a promising solution in other industrial fields.

Table 9 presents a comparative evaluation of the proposed FL-TOSMC strategy
against several advanced control techniques reported in the literature using the THD in-
dex as a performance criterion. As can be observed, the proposed controller achieves THD
values of 0.14%, 0.18%, and 0.13% under the considered test scenarios, which are among
the lowest values reported. Compared with conventional approaches such as TOSMC
(0.83%), ISMC (1.33%), DRAPC (1.08%), DPC-STSMC (0.85%), DPC-NSTSMC-SVM
(0.99%), ANN-DPC (2.22%), and SMC-SVM control (5.76%), the proposed method pro-
vides a substantial reduction in harmonic distortion, indicating superior power-quality
performance.

Table 9. Comparison table of the proposed approach and other control techniques.

Techniques THD (%) References
DPC-STSMC 0.85 [81]
DPC-ANFIS-STSMC 0.46 [82]
TOSMC-DRAPC 0.23 [83]
ISMC 1.33 [84]
TOSMC 0.83 [76]
DRAPC 1.08 [85]
DPC-NSTSMC-SVM 0.99 [86]
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DFTC-SOCSM 0.23 (871
SMC-S5VM control 5.76 [88]
ANN-DPC 2.22 [89]
0.14
0.18 Proposed technique
0.13

Furthermore, even when compared with high-performance controllers such as DPC-
ANFIS-STSMC (0.46%), TOSMC-DRAPC (0.23%), and DFTC-SOCSM (0.23%), the pro-
posed approach consistently achieves lower THD levels. This improvement can be at-
tributed to the effective integration of the FL. method and the TOSMC method, where the
FL component enhances adaptability to operating condition variations, while the TOSMC
component ensures fast error convergence and strong robustness against disturbances
and parameter uncertainties. As a result, current and power oscillations are significantly
attenuated, leading to improved waveform quality and reduced harmonic content.

Overall, the results presented in Table 9 demonstrate that the proposed FL-TOSMC
controller outperforms several recently published control strategies in terms of THD re-
duction, confirming its effectiveness for enhancing PQ and dynamic performance in
DFIG-based WECSs.

Table 10 compares the RTs achieved by the proposed FL-TOSMC controller with
those reported in several recent studies. The proposed approach attains response times
ranging from 0.10 ms to 0.17 ms for Ps and from 0.07 ms to 0.10 ms for Qs, demonstrating
a significantly faster dynamic response than all referenced methods.

Table 10. Comparison with other works in terms of RT power.

RT (ms)
References Ps Qs
0.9 2.10
2.50 3
501 2.65 3.25
4.80 5.40
[91] 2.2 0.90
1.70 1.85
%2] 1.34 1.183
17 18
[93] 9 5
[94] 15 80
3.87 2.58
] 1.29 0.46
[96] 33.8 34.5
[97] 5 4
12.15 10.08
[98] 11.25 9.85
11.85 10.05
[99] - 28
0.310 0.550
[100] 0.475 0.650
0.120 0.200
[101] 1.78 8.50
[102] 1.50 0.80
Proposed approach 0.170 0.100
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0.100 0.070
0.110 0.080

For Ps regulation, the best response times reported in the literature are 0.12 ms in
[100], 0.31 ms in [100], and 0.90 ms in [90]. Compared with the best literature value of 0.12
ms, the proposed controller achieves a response time of 0.10 ms, corresponding to an im-
provement of approximately 16.7%. Relative to the 0.31 ms and 0.90 ms values, the im-
provement reaches 67.7% and 88.9%, respectively. Furthermore, when compared with
controllers exhibiting RTs greater than 1 ms, such as [91] (2.2 ms), [94] (15 ms), and [96]
(33.8 ms), the proposed method reduces the RT by approximately 95.5%, 99.3%, and 99.7%,
respectively.

Similarly, for Qs control, the proposed approach achieves response times between
0.07 ms and 0.10 ms, while the best reported values in the literature are 0.20 ms in [100],
0.46 ms in [95], and 0.80 ms in [102]. Consequently, the proposed controller provides im-
provements of approximately 65%, 78.3%, and 87.5%, respectively. Even larger gains are
observed when compared with slower techniques, such as [90] (2.10-5.40 ms), [94] (80 ms),
and [99] (28 ms), where the reduction in response time exceeds 95% and reaches more
than 99% in several cases.

The superior dynamic performance of the proposed FL-TOSMC controller can be
attributed to the combination of FL method adaptation and the TOSMC method. The FL
component continuously adjusts the control action according to the operating conditions,
while the third-order sliding mode structure ensures rapid error convergence and strong
robustness against parameter uncertainties and external disturbances. This synergy ena-
bles the controller to minimize transient duration, accelerate power tracking, and main-
tain stable operation under varying conditions.

Overall, the results of Table 10 demonstrate that the proposed FL-TOSMC strategy
provides one of the fastest power response characteristics reported in the literature, con-
firming its effectiveness for high-performance DFIG-based WECSs requiring rapid Ps and
Qs regulation.

7. Conclusions

This paper proposed a hybrid FL-TOSMC strategy to enhance the performance of a
DFIG-based WECS under the DFOC framework. The proposed controller combines the
robustness and finite-time convergence of TOSMC with the adaptive capability of FL to
improve system performance under variable operating conditions.

The effectiveness of the proposed approach was verified through several simulation
tests and compared with the conventional TOSMC strategy. The results demonstrated sig-
nificant improvements in both transient and steady-state performances. The proposed FL-
TOSMC reduced the stator current THD by approximately 17.65%, 18.18%, and 23.53%
for the considered tests. Moreover, it achieved substantial reductions in Ps and Qs ripples,
reaching up to 80% and 35.9%, respectively. Improvements in RT, SSE, and Qs overshoot
further confirmed the enhanced tracking accuracy and PQ performance of the proposed
controller.

The robustness evaluation under DFIG parameter variations showed that FL-
TOSMC maintains stable operation despite significant changes in machine parameters.
The proposed strategy successfully reduced oscillations and preserved accurate tracking,
demonstrating its capability to handle uncertainties commonly encountered in practical
WECSs.

However, this study has some limitations. The validation was performed only
through MATLAB/Simulink simulations without experimental implementation. Further-
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more, the robustness analysis was limited to DFIG parameter variations, while other prac-
tical disturbances, including grid faults, measurement noise, converter nonlinearities, DC-
link voltage fluctuations, and severe wind turbulence, were not considered. In addition,
the comparison was mainly performed against TOSMC, while other advanced controllers
were evaluated only through literature-based comparisons.

Future research will focus on experimental validation using real-time platforms and
HIL testing. Further studies will investigate the performance of the proposed controller
under a wider range of disturbances, including grid-voltage disturbances, sensor noise,
converter constraints, and DC-link perturbations. Comprehensive comparisons with ad-
vanced control techniques, including PI, super-twisting SMC, fuzzy SMC, and optimiza-
tion-based controllers, will also be conducted. Moreover, automatic parameter tuning us-
ing optimization algorithms and the extension of the proposed strategy to hybrid wind-
photovoltaic energy systems will be explored.
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Nomenclature

FL Fuzzy logic TOSMC Third-order sliding mode control
DFIG Doubly-fed induction generator THD  Total harmonic distortion

WE Wind energy WS Wind speed

SVM Space vector modulation PQ Power quality

PI Proportional-integral controller MPPT Maximum power point tracking
SMC Sliding mode control EP Electrical power

WT Wind turbine DTC  Direct torque control

FOC Field-oriented control DFOC Direct field-oriented control

BC Backstepping control DPC  Direct power control

RSC Rotor-side converter GSC Grid-side converter
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Appendix A

(a) System parameters
Tables Al and A2 represent the parameter values of the ES studied in this work.

Table Al. Parameters of the WT.

Parameter Value
f 0.0024
G 2
] 7.68 kg-m?
R: 3.19m
p 1.22 kg/m3

Table A2. Parameters of the DFIG.

Parameter Value
Vs 220V
Rs 0.95Q
Rr 1.8Q
Ls 0.094 H
Lr 0.088 H
M 0.082 H
fs 50 Hz
p 3

(b) Parameters of the TOSMC controller gains
In Table A3, the gain values of the TOSMC controller used in this simulation are listed.

Table A3. Parameters of the TOSMC controller gains.

MPPT-TSR Ki=20 Ko=5 Ks=1000
DFIG Ki=2 K2=90 Ks =90

Table A4 presents the gain coefficients of the FL controller.

Table A4. Parameters of the FL controller gains.

Error Scaling Factor K, 1.0

Change-of-Error Scaling Factor Keq 0.05

Output Adjusting Scaling Factor K, 120
Fuzzy Universe of Discourse U [-1, ...., 1]
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