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Abstract- This study improves the field-oriented control (FOC) strategy used in double-powered induction generator (DPIG) 

wind-turbine systems by replacing traditional proportional–integral (PI) controllers with fractional-order PI regulators tuned 

through particle swarm optimization (FOPI-PSO). The proposed FOC–FOPI-PSO framework integrates three optimized 

controllers that enhance energy extraction and stabilize the power delivered to the grid. In contrast to previous PSO-based 

fractional or hybrid control approaches—which often add computational burden or focus on different machine configurations—

this work embeds a PSO-tuned fractional PI controller directly into the standard FOC architecture of a DPIG. This preserves the 

simplicity of conventional PI implementation while specifically improving DPIG power-flow behavior, delivering quicker 

transient response and substantially attenuated power oscillations. MATLAB simulations demonstrate marked performance 

gains: active-power oscillations are reduced by 90.90%, response time improves by 2.52%, and steady-state error drops by 

89.09% relative to traditional FOC–PI control. Additionally, current total harmonic distortion decreases by approximately 

99.46%. These results highlight the proposed method as a highly effective and reliable control solution for modern wind-energy 

systems. 

Keywords: Double-powered induction generator, fractional-order PI controller, wind turbine system, particle swarm 

optimization, maximum power energy. 

 

1. Introduction 

The worldwide worry about the increasing consumption 

of electrical power (EP), environmental pollution, and the 

possible depletion of fossil fuels has prompted a growing 

interest in renewable energies (REs), especially after the Paris 

Agreement adopted by 196 parties at COP 21 in Paris [1]. 

Global warming is among the most important phenomena that 

have affected nature greatly as a result of the increased and 

excessive use of fossil energies to generate EP, as the use of 

these traditional energies leads to the spread of toxic gases. 

The latter affects the lives of humans and animals greatly, 

https://doi.org/10.20508/816jem12
https://orcid.org/0000-0002-8761-7948
https://orcid.org/0000-0001-8253-4863
https://orcid.org/0000-0002-1966-7396
https://orcid.org/0000-0001-9311-7598


 

ARTIFICIAL INTELLIGENCE RESEARCH and APPLICATIONS 

H. Gasmi et al., Vol. 2, No. 2, June, 2026 
 

104 

 

which led scientists to search for other alternatives to fossil 

energies. Accordingly, nature has resorted to a large extent to 

generate EP, by relying on endless natural forces such as wave 

energy, solar energy, and wind power (WP). These energies 

are called REs, as they are clean, non-polluting, and do not 

pose a threat to the environment. On the contrary, it is among 

the energies that help the environment and protect it from toxic 

gas emissions. 

Among various RE sources, WP is regarded as one of the 

most promising RE resources in the world. Globally, there are 

several structures of WP conversion systems (WPCSs), which 

can be generically classified into two large groups: constant-

speed power conversion systems [2] and variable-speed 

WPCS [3]. Several types of generators are used to generate 

electricity from the wind, such as the induction generator (IG) 

[4], the synchronous generator [5], DC generators [6], and 

doubly-fed IGs (DFIGs) [7]. In addition to generators, 

transformers, and inverters are used. The latter is used to 

regulate the power generated by electric generators. 

Nowadays, WECS using double powered induction 

generator (DPIG) is the most preferable configuration for 

WECS installed or under construction because of its 

remarkable advantages. The DPIG allows active (Ps) and 

reactive power (Qs) control, minimization of mechanical 

stress and noise, good overall effectiveness, and low rating 

converter [8]. 

To control the generator, several control schemes are 

used, such as linear controls, hybrid controls, intelligent 

controls, and nonlinear controls. Linear strategies are among 

the strategies whose simplicity and ease of application are two 

of the biggest positives, as these strategies can be applied to 

complex systems easily [9]. Moreover, these strategies are 

inexpensive and the systems controlled by these strategies can 

be maintained at a lower cost. Linear strategies are represented 

by both direct torque control (DTC) [10] and direct power 

control (DPC) [11]. In DPC/DTC, Reference values are 

controlled by hysteresis comparators (HCs), and the rotor side 

converter (RSC) is regulated using a switching table (ST). The 

main disadvantage of these strategies is that they contain large 

ripples in different variables such as torque and electric 

current [12]. On the other hand, numerous nonlinear control 

laws such as sliding mode control (SMC) [13], synergetic 

control (SC) [14], predictive control [15], backstepping 

control (BC) [16], high-order SMC technique [17-19], 

fractional-order control [20], and passivity control [21], have 

been presented in many works.  

The main objective of these control techniques is to 

improve the robustness against parameter variations and 

model uncertainty. So, these nonlinear controls are 

characterized by high durability compared to linear controls, 

because they are not affected much by changing the generator 

parameters, which recommends them as the best solutions in 

the field of control. However, their disadvantage is that they 

are complex, difficult to realize, and depend on the MM 

(mathematical model) of the machine. 

Similar in performance to nonlinear control schemes are 

intelligent controls such as FL (Fuzzy Logic) and NNs (Neural 

Networks) that provide better results in terms of enhancing the 

competence and speed of dynamic response (DR) to machines 

[22-24]. In [25], the FL is used to enhance the efficiency and 

features of the DTC of the AG-based wind turbine system 

(WTS). The results showed the performance of the FL 

approach in improving the current quality and minimizing the 

response time (RT) of the Ps and Qs. In [26], the author gave 

a novel idea for the DPC by using NNs algorithms, where the 

ST is removed and replaced by NN to minimize the Qs and Ps 

ripples and improve the current quality of the generators. By 

seeing the results, it can be said that NNs are one of the best 

solutions that can be suggested to control generators.  

Another smart control was used in [27] to improve the 

behavior of the DPC, where the GA (Genetic Algorithm) was 

used to improve the efficiency of the DPC based on the 

modified space vector modulation (SVM). The numerical 

results showed that the PI-GA is better than the PI regulator in 

several aspects such as minimizing the fluctuations of both the 

torque, Ps, and the current. Also, underestimate the current 

THD (Total Harmonic Distortion). FL and GA were combined 

to improve the features of the DFIG [28]. The combination of 

the two approaches leads to a significant minimization in 

energy ripples, with a higher current quality compared to the 

DPC.  

In [29], a particle swarm optimization-based PI (PI-PSO) 

was designed to regulate the Qs and Ps of the DFIG. The 

results showed that the PI-PSO is more efficient and 

performant than the PI and this is shown by the RT, energy 

ripples, and current THD. In [30], both GA and PSO were used 

to determine the parameters of the P and PI, where these two 

intelligent controllers are used to control the energy for 9 MW 

DFIG. Through the simulation results performed, it is revealed 

that the PSO-based regulators perform better compared to both 

the classical regulators and the GA-based techniques. On the 

other hand, the PSO is applied to optimize the distribution of 

Qs among groups [31], where the designed technique greatly 

minimizes the number of variables for optimization and 

increases the calculation speed of the technique.  

In [32], a wind speed (WS) estimation scheme for a DFIG-

WTS is designed, in which a new OPSO-SVR is introduced to 

estimate the WS value based on the training data from the 

previous offline training. In [33], a new strategy for designing 

the control system of a DFIG-based dish-stirling system is 

designed to achieve maximum power point tracking (MPPT) 

and constant receiver temperature regulation, whereby the 

PSO is used to estimate the parameters of the suggested 

system. 

The use of linear controls, nonlinear controls, or smart 

controls in controlling electrical machines, especially 

generators, is not sufficient, as the cons of ripples remain at 

the level of Ps, torque, and current, with a reduction in the 

current quality, and this is undesirable in the area of control. 

Therefore, scientists resorted to new strategies under the name 

of hybrid control, where two or several controls are combined 

to achieve a more robust and efficient strategy for electric 

machine control. The idea of fusion (or merger) has recently 

emerged as an alternative solution to linear and non-linear 

strategies, whereby two controls that are different in principle 
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but similar in control idea can be combined. In [34], the author 

combined SC and STC (super-twisting control) to control the 

DFIG energy, where the combination of the two nonlinear 

strategies resulted in a significant enhancement in the current 

quality compared to the usual control. Also, the obtained 

control is characterized by ease of realization and simplicity, 

where durability is among the most important features 

obtained from this merger.  

In [35], the SMC technique and SC were combined, and 

the obtained strategy was named SC-SMC. In this new 

approach, the author has omitted a continuous part of SMC 

and replaced it with a SC technique, where simplicity and 

robustness are two of the major positives of this new nonlinear 

control. The results proved the efficiency of the designed 

control in minimizing the Qs and Ps fluctuations, and this 

appears in the very high minimization ratios compared to the 

classical control. Two nonlinear methods have been combined 

in [36] represented by the SMC technique and BC for 

controlling DFIG. The results proved the efficiency of the 

control obtained from the merger in enhancing the features of 

the generator compared to the classical approach. But the cons 

of this approach are the complexity and difficulty of 

achievement. Also, this designed strategy is costly and cannot 

be easily applied to complex systems.  

Another merger between two different methods was done 

in [37-39], which in this case are the fractional-order control 

and the PSO. These two controls were used to increase the 

effectiveness of the PI of Qs and Ps of the DFIG. The designed 

technique is described by ease of application and high 

robustness compared to the DPC. However, the disadvantage 

of this control is the use of the PSO, as this program takes a 

lot of time to calculate the fractional-order PI parameters. In 

[40], NNs and STC were combined to improve the 

characteristics of the DPC of DFIG through the NN-STC 

controller which replaced the traditional HC. In addition, a 

modified SVM was used in place of the ST, and it was noted 

that the robustness of the DPC was significantly increased in 

the case of using a NN-STC controller.  

SMC technique was combined with NNs [41], FL [42], 

and neuro-FL [43] to control the WTS, where the use of smart 

approaches led to a significant augment in the robustness of 

the SMC technique while ameliorating the current network 

quality compared to classical techniques. In [44], three 

approaches were combined to control the WP generation 

system using DFIG, and these approaches are DPC, SMC, and 

PSO algorithms. On the other hand, the NN algorithms have 

been used to estimate WS. Results showed that the designed 

technique is more robust than the usual approach. In [45], a 2 

MW DFIG was controlled using the combination of vector 

controls and two different DPC techniques. The designed 

technique is verified under normal, unbalanced, and distorted 

voltage conditions. Three smart approaches were compared, 

as these approaches are direct virtual torque control, DPC 

approach, and voltage-oriented control [46].  

These proposed approaches are based on the NN 

algorithm and the comparison was made in terms of the 

potential ripple ratio, RT, and current quality. The results on a 

4000 W generator are explained using MATLAB together 

with the NN Toolbox. Results showed that the DPC-NN is the 

best in terms of ripples and current quality. Experimental 

results on a DPC-controlled 2 KW DFIG prototype based on 

the SMC technique are presented [47]. The results of the 

experiment demonstrated the competence of the combination 

of the two approaches by improving the quality of the electric 

current and the DFIG characteristics. A combination of DPC 

approach and STC is designed to control 2 MW DFIG under 

unbalanced and balanced grid voltage conditions [48]. The use 

of the STC significantly improves the characteristics of the 

DPC and improves the network’s current quality compared to 

the DPC. In [49], the STC controller associated with the FL 

control to realize optimal control performance of the WTS-

based DFIG. However, the DPC using an FL-STC is 

compared with the usual method in terms of tracking 

references, undershoot, current THD, and steady-state error 

(SSE). The suggested control is efficient in minimizing the 

power ripples; successfully suppressing the chattering 

problem and the effects of parametric variations (which no 

longer affect the tuning competence). 

The combination of approaches leads to a significant 

enhancement in current quality while minimizing Ps and Qs 

ripples. However, on the other hand, it increases system 

complexity, cost, and implementation difficulty, and this is not 

desirable. In general, the combination of approaches is among 

the best solutions that can be suggested for regulating 

generators, especially in the field of REs in general. 

In this work, a new strategy described by robustness, ease 

of application and simplicity is put forward to control the 

capacities of the DPIG-based WTS. This control is 

represented by the combination of PI, fractional calculus, and 

PSO to obtain a more efficient strategy that has the high ability 

to improve the robustness of traditional controls. First, the 

fractional-order control is implemented on the PI to increase 

its capabilities and efficiency of the PI. Second, the PSO is 

used to calculate the parameters of the fractional-order PI 

(FOPI). The FOPI based on the PSO is designed as the best 

solution in this paper because of its ease of setup, tuning, and 

implementation.  

The contribution of the paper lies in the use of a FOPI-

PSO in improving the efficiency and characteristics of the 

indirect FOC (IFOC), where four FOPI-PSO regulators are 

used to control the Qs and Ps of the DPIG-based WTS. Also, 

FOPI-PSO is used to optimize the MPPT to obtain the largest 

value of the ME generated from WP. Compared to the FOPI-

PSO, PI has a medium degree of complexity. However, it is 

described by very high robustness compared to both hysteresis 

and PI controllers, and this is shown by the ripple 

minimization ratio of Ps and Qs, current quality, values of 

each of the overshoot, and SSE errors.  

While previous studies such as [37], [38], and [44] have 

explored hybrid control strategies—including PSO-tuned 

fractional schemes and intelligent PI variants—these methods 

typically introduce additional structural complexity, rely on 

auxiliary compensators, or are designed for machine types 

other than DPIG systems. In contrast, the originality of this 

work lies in embedding a PSO-optimized fractional-order PI 

(FOPI-PSO) controller directly within the standard field-
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oriented control (FOC) loops of a double-powered induction 

generator, without modifying the core FOC architecture or 

adding supplementary control layers. This yields a controller 

that maintains the implementation simplicity and 

computational lightness of a classical PI, while providing the 

enhanced tuning flexibility and robustness of fractional 

calculus. 

Moreover, unlike earlier hybrid approaches that primarily 

enhance transient performance, the proposed method delivers 

simultaneous improvements across multiple performance 

indices. Specifically, it achieves a 99.46% reduction in current 

THD, a 90.90% decrease in active-power oscillations, an 

89.09% reduction in steady-state error, and a 2.52% faster 

dynamic response. This combination of simplicity, broad-

spectrum performance enhancement, and direct applicability 

to DPIG-based wind-energy systems constitute a novel and 

practical contribution to advanced renewable-energy control. 

The approach developed in this paper was validated in a 

MATLAB environment using a 1500 kW generator. 

Furthermore, variable wind speed was employed to study the 

effectiveness and efficiency of this approach in improving 

power and current quality.  

The goals achieved in this work are: (1) Reducing ripples 

in the Qs, torque, current, and Ps; (2) Providing an easy and 

less complex control scheme to be used to control complex 

systems; (3) Improving the current THD; (4) Increasing the 

robustness of the controlled generator; (5) Improving the 

characteristics of the conventional IFOC; (6) Giving a new 

scheme to a more robust FOPI controller. 

A comparative study has been conducted in several 

respects between the suggested control and the FOC. Also, a 

comparative study was carried out between the completed 

study and published papers in terms of the value of the current 

THD and the undulation minimization ratio of the Qs and Ps. 

Figure 1 represents the proposed work in this paper, where a 

comparative study is done at the end of the paper. 

The paper is prepared as follows. The modelling of the 

WTS is given in section 2. The FOPI-PSO is dedicated in 

section 3. The conventional IFOC of the DPIG-based WTS is 

explained in section 4. Section 5 describes the IFOC technique 

based on the designed FOPI-PSO controller of the RSC. In 

section 6, results are shown and discussed. The work’s 

conclusions are presented in section 7.  

 

Fig. 1. Stages of implementing the proposed strategy. 
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2. WTS Model 

The system of generating EP from WP is among the 

systems that have known great development and widespread 

use in recent years due to the non-emission of toxic gases its 

preservation of the environment and the reduction of the use 

of traditional sources of energy. The WTS can be represented 

as in Figure 2, where simplicity, ease of implementation, and 

low charge of realization are among the biggest positives of 

this system. Through this figure, and in order to generate EP 

from wind, both WTs and electric generators are used. Also, 

the two inverters are used to feed the DPIG. The feature of this 

system is that several types of WTs can be used, such as multi-

rotor WTs [50] and single-rotor WTs [51]. In addition to WTs, 

several electric generators can be used, but DPIG remains one 

of the most excellent solutions that can be suggested in the 

case of variable WSs. 

The output energy of the WT can be articulated by the 

following equation [52]: 

32 ),(5.0 VCRP pt =  (1) 

where, ρ is the air density, V is the WS, R is the blade 

length, and Cp is the power coefficient which is generally 

expressed as a function of the λ (tip speed ratio) and the β 

(pitch angle). For a 1.5 MW turbine, the Cp can be modelled 

by [53]: 
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The λ is given by Equation (4).   
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The WT is generally connected to the DPIG shaft through 

a gearbox system whose transmission ratio G is chosen so that 

the speed of the DPIG shaft Ωmec remains within the desired 

speed range.  

If we neglect the elasticity, friction, and power losses in 

the gearbox, the torque Tg and speed Ωmec of the generator shaft 

side can be given, as a function of the WT speed Ωt and torque 

Tt, by the following equations [54]: 
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The fundamental equation of dynamics can be written as 

follows: 

mecemg
mec

tot fTT
dt

d
J −−=


 (6) 

Where, Tem is the torque generated by DPIG and Jtot is the 

complete friction coefficient. 

 

Fig. 2. Scheme of the studied WTS. 

The second element that is of great importance in the 

WTS is the generator, as this generator is the cornerstone for 

producing EP from the WP. The DPIG converts the 

mechanical power gained from the WP by the turbine into 

electrical energy.  

In this work, a DPIG-type generator is used due to the 

simplicity of control and robustness compared to other kinds. 

The Park transform is used to give the MM of this machine, 

where this form is shown in the equations from Equation (7) 

to Equation (14) [55]. Equation (7) represents the stator and 

rotor voltage of the DPIG. 
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The flux equations are expressed as: 
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The Qs and Ps can be defined as follows [56]: 
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To make an independent control of the Qs and Ps, the 

quadrature component of the stator flux is set to zero by the 

orientation of the direct axis in the direction of the stator flux. 


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By ignoring the resistances of the stator phases, Equation 

(11) represents the stator voltage [57]. 
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The Qs and Ps equations can be simplified as: 
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Equation (13) represents the rotor voltage of the machine. 
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3. Proposed FOPI-PSO Controller 

One of the most popular controllers used so far is the PI 

controller. This type is identified by ease of application and 

simplicity compared to many other regulators such as SMC 

and BC regulators. Also, the PI has the advantage of being 

more stable. But its use in electrical systems creates several 

problems and the desired results are not obtained. The use of 

this kind of regulator leads to a rather slow DR compared to 

some recently developed control strategies. In addition, the 

use of a PI causes the studied WTS to be affected by changing 

parameters and this is undesirable. On the other hand, PI 

controllers may not be sufficient to deal with complex 

systems.  

There are several solutions suggested to enhance the 

robustness and competence of the PI derivative (PID), 

especially by intelligence controls such as FL [58], NN 

algorithm [59], PSO strategy [60], and genetic algorithms 

[61]. For better performance, a fractional calculus was 

introduced as an alternative to the PID.  

Fractional-order control is a mathematical method 

designed to significantly improve the efficiency of systems, as 

it provides superior results in terms of DR compared to 

conventional controls. This control has been used in many 

different fields.  

Using fractional calculus will increase the efficiency and 

robustness of the PID. The expression of the PID based on 

fractional-order control (PIδDµ) in the time domain is 

described as follows [62]: 

)()()()( teDKteDKteKtu dip
 ++= −

 (15) 

Where, Kd is the derivative constant gain, e(t) is the error 

signal, Kp is the proportional constant gain, u(t) is the control 

signal, Ki is the integration constant gain, δ and µ are the non-

integer orders of the integral and derivative terms, 

respectively. 

Dα is a generalized fractional integral/derivative operator 

of fractional-order α. The most commonly encountered 

definition of the fractional operator is called the Riemann-

Liouville description, in which the fractional operator is 

defined as follows [63]: 
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where, Г(.) is Euler’s gamma function, n is an integer 

which satisfies the condition n - 1 < α < n, a and t are the 

limits of integration. The Laplace transform of the Equation 

(16) under zero initial conditions is given by the following 

equation: 
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Equation (15) can be written according to Equation (18). 
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In this work, we have chosen a FOPI structure, with Kd = 

0, which is a general form of the PI. The main feature of the 

FOPI controller is the fact that it has an additional tuning 

parameter (integral order α) which can be used to improve the 

efficiency of the control loop.  

Accordingly, the MM of the FOPI used in this paper is 

shown in Equation (19). Also, Equation (20) represents the 

proposed and used control unit function to improve the 

efficiency and characteristics of the FOPI [64]. 

)()()( teKteDKtu pi += −  (19) 

−+== sKK
sE

sU
sG ip

)(

)(
)(  (20) 

Through equation (19), it is noted that the designed 

control is simple, uncomplicated, inexpensive, and easy to 

perform. In addition, it can be easily programmed compared 

to other controllers like SMC or BC. Moreover, this proposed 

control contains three parameters Kp, Ki, and δ, which makes 

it easy to adjust. In order to calculate these parameters several 

strategies can be used such as GA, PSO strategy, grey wolf 

optimization, etc. 

In Figure 3, an illustration of the proposed FOPI controller 

is given in this work to simplify the understanding. In this unit, 

there are parameters to be calculated and for their calculation, 

the PSO is used in this part of the paper.  

The PSO was used to produce the FOPI parameters 

because it is the best strategy in the field, providing better 

results than several algorithms such as the GA. In addition, it 

is described by high accuracy and no difficulty of use. 
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Fig. 3. The FOPI controller. 

Traditionally, the PSO is a heuristic search technique that 

is designed by Kennedy and Eberhart in the mid-1990s [65]. 

It is based on the simulation of the social behaviour and 

movement of individual members in a bird flock or fish school 

searching for food sources. Today, PSO is one of the most 

widely used algorithms to solve engineering optimization 

problems. During each iteration in PSO, each particle moves 

according to its own experiences in the search space, searching 

for promising regions, while also relying on the experiences 

of its neighbours in the search process [66]. 

The initialization procedure lets the swarm particles be 

randomly dispersed within pre-defined ranges across the 

search space. The following equation allows the creation of 

the initial population. 

( )minmaxmin0 xxrandxxi −+=  (21) 

rand is random variable between 0 and 1. xmax and xmin are 

upper and lower limits of variables. 

The best position of ith particle is named local best position 

Pbestk
i. However, the entire swarm's best-known position is 

called global best position Gbestk
i of the current swarm k. The 

formula for updating the velocity vi
k+1of each particle is given 

by [67]: 

)1 Hwvv k

i

k

i +=+
 (22) 

with: )()( 12

k

i

k

i

k

i

k

i XPbestrandcXGbestrandcH −+−=  

Xi
k and vi

k are the position and speed of particle i at the 

previous iteration k. w, c1 and c2 are control parameters, 

chosen constant or adapted during the iterations. 

The position of each particle is updated using its speed as 

shown in Equation (23). 

11 ++ += k
i

k
i

k
i vxx  (23) 

In this step, the best local positions of all particles and the 

best global position are memorized for use in the next 

iteration. For a minimization problem, updating is made by 

Equations (24) and (25) [68]. 

 
(24) 

 
(25) 

where, f(x) it is the fitness function. 

The steps of updating speeds (velocities), positions, local 

best positions, and global best positions are repeated until the 

desired convergence criterion is reached. 

To get the most excellent parameters (Kp, Ki, δ) of the 

three FOPI regulators used in the two current loops and the 

MPPT strategy, the integral absolute error (IAE) is used to 

determine the formulation of the optimization problem, where 

it is the sum of the absolute errors between the actual values 

of speed, energies and currents, respectively, and their 

reference values: 









 −+−+−==

0

***

0
)( dtIIIIdtteIAE mecmecdrdrqrqr

 (26) 

The use of the PSO to improve the behaviour of the FOPI 

regulator leads to an improvement in the current quality 

created by the DPIG. It also leads to the reduction of ripples 

of torque, Ps, and current. A simple form can be given by 

which we illustrate the suggested regulator in this work to 

improve the robustness of the IFOC. Figure 4 represents the 

proposed FOPI-PSO to regulate the DPIG power. With this 

look, the designed intelligent nonlinear controller is simple, 

uncomplicated, easy to perform, and more durable compared 

to the classical controller such as an HC or PI controller. 

The stability of the FOPI-PSO controller is studied using 

either the graphical or algebraic method. The graphical 

method relies on the Bode curve, where curves are derived for 

both phase and magnitude. Stability is then proven using this 

method based on the values of margin gain and margin phase. 

The second method is the algebraic method. This algebraic 

method relies on Lyapunov's theorem, which is the most 

common method for proving stability. Therefore, the stability 

of this system was proven using Lyapunov's theorem. 

Equation (19) is used to demonstrate this stability. 

To demonstrate this stability, the following steps are 

necessary: 

Step 1: Fault dynamics in a closed loop 

To facilitate proving stability and calculations, a first-

order system is imposed, from which the result can be 

extended to higher-order systems. Therefore, the Equation 

(27) can be written as: 

𝑒̇(𝑡) = −𝑎𝑒(𝑡) + 𝑏𝑢(𝑡) (27) 

With: 𝑎 > 0 and 𝑏 > 0. 

Using Equation (19), Equation (27) can be written 

according to Equation (28). 

𝑒̇(𝑡) = −(𝑎 − 𝑏𝐾𝑝)𝑒(𝑡) + 𝑏𝐾𝑖𝐷−𝛿𝑒(𝑡) (28) 

 

Fig. 4. The FOPI-PSO controller. 
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The fractional integral is defined by the following 

equation: 

𝑍(𝑡) = 𝐷−𝛿𝑒(𝑡) (29) 

Based on Equation (29), Equation (30) can be written. 

𝑒(𝑡) = 𝐷−𝛿𝑍(𝑡) (30) 

Step 2: Lyapunov candidate function 

In this step, the Lyapunov function is chosen to prove the 

stability.  

Equation (31) represents the Lyapunov function used in 

this paper to prove the stability of the regulator designed 

herein. 

𝑉(𝑡) =
1

2
𝑒2(𝑡) +

1

2
𝛼𝑍2(𝑡) (31) 

The function represented by Equation (31) is positive 

when the condition alpha is positive. 

Step 3: Calculating the Differentiation 

In this step, the fractional derivative of the Lyapunov 

function is calculated. This step is crucial for calculating the 

differentiation to determine the stability condition.  

Using the fractional derivative of Caputo and the well-

known properties of fractional calculus: 

𝑉̇(𝑡) = 𝑒(𝑡)𝑒̇(𝑡) + 𝑍𝛼𝐷−𝛿𝑍(𝑡) (32) 

Therefore, the alternative system dynamics can be written 

according to Equation (33). 

𝑉 ̇(𝑡) = −(𝑎 − 𝑏𝐾_𝑝 ) 𝑒^2 + (𝛼𝑒(𝑡)𝑍(𝑡) + 𝑏𝐾_𝑖 𝑒𝑍) (33) 

Equation (33) becomes as follows: 

𝑉̇(𝑡) = −(𝑎 − 𝑏𝐾𝑝)𝑒2(𝑡) + (𝛼 + 𝑏𝐾𝑖)𝑒(𝑡)𝑍(𝑡) (34) 

Step 4: Stability condition 

𝛼 = −𝑏𝐾𝑖 (35) 

Based on Equation (35), the derivative of the Lyapunov 

function can be written according to the following equation: 

𝑉̇(𝑡) = −(𝑎 − 𝑏𝐾𝑝)𝑒2(𝑡) (36) 

Equation (36) satisfies the stability condition when both 

𝐾𝑝 >
𝑎

𝑏
 ,  𝐾𝑖 > 0, and 0 < 𝛿 < 1 are true.  

Therefore, we can write the following: 

𝑉̇(𝑡) ≤ 0 (37) 

According to Lassalle's principle of stability for fractional 

order systems, the equilibrium can be written according to 

Equation (38). 

{
𝑒(𝑡) = 0

𝑍(𝑡) = 0
 (38) 

Therefore, it can be said that the designed approach is 

asymptotically stable. 

4. Traditional IFOC Technique 

As is well known, the FOC is among the frequently used 

controls of controlling machines, as it has been used to control 

asynchronous motors [69], synchronous motors [70], and 

generators [71, 72]. Among the advantages of this control is 

that it is simple, uncomplicated, and can be done easily [73]. 

This strategy contains inner loops which makes it rather 

complicated compared to both DPC and DTC. This approach 

is based on the use of PI controllers and PWM techniques to 

run the inverter of the electrical machine. This control is of 

two kinds, the DFOC and the IFOC [74, 75]. In this part, the 

IFOC is used to control the DFIG because of the 

characteristics that distinguish them compared to the DFOC. 

The IFOC has been studied in several works on renewable 

energies. This control depends on Equation (10) to give the 

reference values for the rotor voltage (Figure 5). 

The expression of the stator currents becomes: 
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Equation (40) represents rotor voltages. 
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Equation (41) represents the rotor flux. 













−=

+−=

I qr
Ls

M
Lrqr

wsLs

V sM
I dr

Ls

M
Lrdr

)
2

(

.

.
)

2
(





 (41) 

 

Fig. 5. IFOC method principle. 
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Equation (42) represents the error in the QRS (quadrature 

rotor current). Also, the reference of the QRS is shown in 

Equation (43). 

qrqrqr IIIe −= *)(  (42) 

qrqrqr IIIe −= *)(  (43) 

The direct rotor current of the generator is shown in 

Equation (44). This current is related to the reference Qs, as 

shown by Equation (45). 

drdrdr IIIe −= *)(  (44) 

s

s
s

s

s
dr

L

MV
Q

MV

L
I +−= **

 (45) 

Thus, the expressions for both quadrature and direct 

reference voltage are shown in Equations (46) and (47) 

respectively. These two equations represent the IFOC-PI, 

where a traditional PI controller is used to reduce the Qs and 

Ps ripples of the DPIG. In this command, two traditional PI 

regulators are used as shown in Figure 6. 

 
s

s
sdrqriqrpqr

L

MV
ggwIdtIeKIeKV +++=  )()(*

 (46) 

  sqrdridrpdr gwIdtIeKIeKV −+=  )()(*
 (47) 

The IFOC technique is described by the presence of 

fluctuations in the level of torque, current, and Ps. Also, slow 

the DR, as these defects may create problems in the systems 

and increase regular maintenance. To avoid and reduce these 

defects, it is suggested to use the FOPI-PSO to improve the 

characteristics and features of the IFOC. In the next part, the 

principle of the IFOC-FOPI-PSO and its advantages compared 

to the IFOC-PI are explained in detail. 

5. Proposed FOC-FOPI-PSO Strategy 

In this section, a novel nonlinear control is suggested for 

controlling the DPIG-WTS, which is a change from the IFOC 

to reduce the ripples of torques, Ps, and currents. Also, the DR 

of both Qs and Ps is improved. In this suggested control, a new 

MPPT-FOPI-PSO is used to obtain the reference value of Ps. 

In addition, the reference value of the Qs is set at the value 0 

VAR. In this IFOC-FOPI-PSO, we need to estimate both the 

Qs and Ps, after measuring both current and voltage.  

The designed technique is represented in Figure 7, where 

robustness is among its advantages compared to the IFOC. 

 

Fig. 6. IFOC technique. 

 

Fig. 7. The block diagram of the designed indirect FOC-FOPI-PSO technique of the DPIG. 
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Table 1 presents a comparative study between the IFOC-

FOPI-PSO and the traditional IFOC-PI in all respects, where 

the results obtained in this work were relied upon to complete 

this comparison. It is necessary to give the similarities and 

differences between the two approaches to clarify the idea of 

the IFOC-FOPI-PSO using MPPT-FOPI-PSO and its ability 

to improve the described of the DPIG-WTS as a whole (Table 

1). In general, the IFOC-FOPI-PSO using MPPT-FOPI-PSO 

has many advantages that make it better than the IFOC-PI in 

terms of the current quality and the rate of reducing ripples. 

Table 1. Comparative study between the both techniques. 

 

Conventional 

indirect FOC 

strategy 

Designed 

indirect FOC-

FOPI-PSO 

strategy 

DR Slow  Fast 

Controller PI FOPI-PSO 

Block of estimation  Yes  Yes  

Modulation technique PWM PWM 

Power ripple High  Low 

Robustness  Low  High 

THD value of current High  Low 

Simplicity  Simple Simple  

Applied to multi-phase 

generator 
Easily  Easily 

Implementation  Easy Easy 

Current quality Low  High  

Power quality Low  High  

Completion cost 
Not 

expensive 
Not expensive 

5.1. Design of the MPPT-FOPI-PSO Technique 

The objective of this control structure is to regulate the 

torque of the DPIG to maintain the mechanical speed at its 

reference. A FOPI-PSO is used to ensure precise speed 

control, which allows good tracking of the MPPT.  

The structure of the designed MPPT-FOPI-PSO is shown 

in Figure 8. This designed MPPT is uncomplicated and 

stronger compared to the MPPT. Also, the designed MPPT 

technology is a modification of the MPPT technology, 

whereby a FOPI-PSO is used instead of a PI controller. 

5.2. Design of the Indirect FOC-FOPI-PSO Technique 

The control structure of the RSC uses two proposed FOPI-

PSO controllers to regulate independently the Ps and Qs using 

the quadrature and the direct rotor current components, 

respectively. A general RSC control structure is shown in 

Figure 9. This IFOC-FOPI-PSO is a more simple, robust 

algorithm, and minimizes more energy ripples compared to 

the IFOC-PI.  

The principle of the designed technique is very simple and 

depends on the use of the PSO-FOPI in the IFOC-PI in place 

of the classical PI to improve the efficiency of the IFOC-PI. 

Also, reducing torque, current, and Ps fluctuations. Also, 

improved DR to Qs and Ps. The use of the designed IFOC-

FOPI-PSO strategy greatly improves the current quality and 

makes it sinusoidal in shape without ripples, and this is the 

main objective of this paper.  

 

Fig. 8. Block diagram of speed control with FOPI controller. 

 

Fig. 9. Proposed technique. 



 

ARTIFICIAL INTELLIGENCE RESEARCH and APPLICATIONS 

H. Gasmi et al., Vol. 2, No. 2, June, 2026 
 

113 

 

In the designed technique, the control parameters of the 

PSO technique, used to optimize this problem, are given in 

Table 2. 

Table 2. PSO parameters. 

Parameter Value 

w 0.8 

c1 0.1 

Swarm size 25 

c2 1.2 

Max iteration 50 

6. Results 

To examine the characteristics of the IFOC-FOPI-PSO, a 

WTS is developed in MATLAB software and simulated for 

two proposed tests (tracking and robustness tests).  

Table 4 and Table 3 give the numerical values of the 

parameters of the DPIG, the 1.5 MW WTS, and the GSC 

respectively. The nine optimal parameters of the three FOPI 

controllers (FOPI 1, FOPI 2 and FOPI 3), obtained by the PSO 

technique, are given in Table 5. 

Table 3. WTS parameters. 

Parameter Value 

Radius of rotor 47 m 

Density of air ρ 1.225 Kg/m3 

Gear ratio 90 

Number of blade 3 

 

Table 4. DPIG and GSC parameters. 

Parameter Value 

Vs 380/690V 

Moment of inertia 127 Nm.s2 

Stator resistance 2.6 mΩ 

Filter resistance 0.4 mΩ 

Ls 2.6 mH 

Rr 2.9 mΩ 

Lm 2.5 mH 

Lr 2.6 mH 

DC link voltage 1150 V 

Filter inductance 0.4 mH 

p 2 

DC bus capacitance 0.08 F 

Viscous friction 

coefficient 
0.001 Kg.m/s 

Table 5. FOPI parameters. 

Controller Kp Ki δ 

FOPI 1 7.2643e+06 1.8719e+08 0.8925 

FOPI 2 30.7512 30.8521 0.0001 

FOPI 3 22.9218 35.6307 0.0001 

 

Figure 10 shows that the DPIG speed (Omega) closely 

follows its reference (Omega*), which means that the MPPT-

FOPI-PSO strategy works very well and the DPIG injects into 

the grid the maximum energy that can be extracted from the 

kinetic power of the WP. 

6.1. Test 1 

In this section, the competence of the IFOC-FOPI-PSO is 

studied in comparison with the traditional technique by 

tracking references, as well as in terms of the energy ripples. 

The WT speeds of the IFOC-FOPI-PSO and IFOC-PI 

strategies are shown in Figure 11. From this figure, the turbine 

speed in the case of both controls follows the reference well 

with preference to the IFOC-FOPI-PSO using the MPPT-

FOPI-PSO.  

The MPPT-FOPI-PSO reduced static error compared to 

the MPPT-PI (Figure 12). 

Figures 13 and 14 show that the Qs and Ps follow their 

references, provided by the MPPT-FOPI-PSO strategy, for the 

two controllers (PI and PSO-FOPI), and the behaviour is very 

close in terms of DR. However, better power control precision 

is obtained with the designed IFOC-FOPI-PSO. Also, the Ps 

is affected by WS, which changes with the change in WS. As 

for the Qs, its value is next to the value 0 VAR with the 

presence of ripples.  

In terms of SSE and RT, the IFOC-FOPI-PSO provided 

satisfactory results compared to the IFOC-PI, and this is 

shown by the reduction percentages recorded in Tables 6 and 

7. In terms of overshoot of Qs and Ps, the IFOC-FOPI-PSO 

provided undesirable values compared to the IFOC-PI. This is 

shown by the low ratios compared to the IFOC-PI (Table 6). 

 

Fig. 10. WS profile. 
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Fig. 11. Wind turbine speed. 

 

Fig. 12. Zoom in the wind turbine speed. 

 

Fig. 13. Active power (first test). 

 

Fig. 14. Reactive power (first test). 

 

Table 6. Numerical values (first test). 

 Ps (W) Qs (VAR) 

Overshoot 

PI 7650 15000 

FOPI-PSO 8980 25000 

Ratios (%) -17.38 -66.66 

SSE 

PI 22000 24000 

FOPI-PSO 2400 2200 

Ratios (%) 89.09 90.83 

Time 

response 

(ms) 

PI 0.0119 0.01045 

FOPI-PSO 0.0116 0.01015 

Ratios (%) 2.52 2.87 

 

Figure 15 shows the evolution of the stator currents 

obtained by both controls. The amplitude of the current 

follows the evolution of the Ps because the amplitude of the 

grid voltage is assumed to be constant and the shape that the 

current takes is the sinusoidal shape. 

Figure 16 shows the zoom in the current, Qs, and Ps of 

both controls, it is clear that there is a minimization of the 

energy ripples obtained by the IFOC-FOPI-PSO compared to 

the IFOC-PI. This reduction of power ripples is the result of 

using the FOPI-PSO which also helped reduce and improve 

stator power error. Moreover, through the results, the use of 

the FOPI-PSO leads to an enhancement in the RT for both Ps 

and Qs compared to the PI. 

Figure 16c shows that the currents have sinusoidal shapes 

without ripples in the case of the IFOC-FOPI-PSO, which 

implies clean power without harmonics injected into the grid. 
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a) Indirect FOC-FOPI-PSO strategy. 

 
b) Indirect FOC strategy. 

Fig. 15. Stator current (test 1). 

 
a) Ps. 

 
b) Qs. 

 
c) Stator current. 

Fig. 16. Zoom in the current, Ps, and Qs (test 1). 

The current THD is represented in Figures 17a and 17b 

for both control schemes. Through these two forms, the 

designed indirect FOC-FOPI-PSO strategy gave a lower THD 

than the indirect FOC technique, and the ratio of THD 

minimization was about 99.46%. Through this value, it can be 

said that the designed control is more efficient in improving 

the current quality and energy than classical control, and it is 

the top solution for regulating machines. 

Figure 18 clearly shows that the DC bus voltage follows 

its reference very well. In the DC voltage control loop, a 

classical PI is used since it provides good performance under 

various WSs. 

 

a) Indirect FOC-FOPI-PSO. 

 
b) Indirect FOC strategy. 

Fig. 17. Current THD (first test). 
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Fig. 18. The DC bus voltage (test 1). 

In Table 7, the ripple minimization ratios for the current, 

Ps, and Qs are presented for both the proposed and IFOC-PI. 

Through this value, it can be said that the FOC-FOPI-PSO is 

more effective in meliorating the current and power quality 

than the classical method, and this is shown by the high 

minimization ratios, where the ratios were 90.90%, 80.24%, 

and 89.44% for each of the Qs, Ps, and current, respectively. 

Table 7. Comparison of ripple values between strategies. 

 Qs (VAR) Ps (W) Ias (A) 

IFOC 30570 33000 18 

IFOC-FOPI-PSO 6040.70 3000 1.9 

Ratios 80.24% 90.90% 89.44% 

 

6.2. Second Test 

In this section, the behaviour of the IFOC-FOPI-PSO is 

studied in comparison with the conventional indirect FOC in 

the case of changing Lr, Ls, Rs, Rr, and Lm to the following new 

values 0.0052 H, 0.0052 H, 0.0052 Ω, 0.0050 H, and 0.0058 

Ω, respectively. The results are shown in Figures 19 to 23.  

Through figures 19 and 20, the Ps and Qs follow well the 

references, with always preference for the IFOC-FOPI-PSO in 

terms of undulation minimization and DR. The IFOC-FOPI-

PSO provided excellent results in terms of RT and SSE 

compared to the IFOC-PI. From Table 8, the IFOC-FOPI-PSO 

minimized the RT and SSE of DPIG power by significant 

percentages. However, the disadvantage of the IFOC-FOPI-

PSO is represented in the high values of overshoot, as it 

provided unsatisfactory results in terms of overshoot values 

compared to the PI-IFOC. Also, the IFOC-PI has reduced the 

overshoot of Qs and Ps in significant proportions compared to 

the IFOC-PI. 

The electric current is shown in Figure 21, where it is 

noted that the current remains in the form of Ps. From Figure 

22, the IFOC-FOPI-PSO reduced the current ripples compared 

to the PI-IFOC.  

 
Fig. 19. Ps (test 2). 

 
Fig. 20. Qs (test 2). 

 
(a) IFOC-FOPI-PSO strategy. 

 
(b) IFOC-PI strategy. 

Fig. 21. Stator current (second test). 
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Table 8. Numerical values (test 2). 

 Ps (W) Qs (VAR) 

Overshoot 

PI 16800 13500 

FOPI-PSO 28000 22570 

Ratios (%) -66.66 67.18 

SSE 

PI 41200 48880 

FOPI-PSO 8800 18070 

Ratios (%) 76.64 63.03 

Time response (ms) 

PI 0.0054 0.0054 

FOPI-PSO 0.0053 0.0049 

Ratios (%) 1.85 9.25 

 
(a) Ps. 

 
(b) Qs. 

 
(c) Ias. 

Fig. 22. Zoom in the Ias, Ps, and Qs (Second test). 

The IFOC-FOPI-PSO significantly minimized the ripples 

of the Qs, current, and Ps compared to the PI-IFOC and this is 

shown in Figure 22. The current THD was 2.61% and 3.50% 

for the IFOC-FOPI-PSO and the PI-IFOC, respectively (see 

Figure 23). So, the IFOC-FOPI-PSO reduced the current THD 

by 25.42% compared to the PI-IFOC. This ratio indicates the 

characteristic of the IFOC-FOPI-PSO in improving the EP 

quality despite a change in the DPIG parameters. 

 
(a) IFOC-FOPI-PSO. 

 
(b) IFOC-PI. 

Fig. 23. Current THD (test 2). 

Figure 24 represents the DC bus voltage, where this 

voltage follows the reference well with large ripples due to 

changing the generator parameters. Also, this voltage is a 

constant value and equal to 1150 V. Moreover, an overrun of 

the threshold value is observed at the beginning. This 

overshoot takes a significant value, as this value is large and 

affects the inverter greatly, which is undesirable. 

In Table 9, the values of ripples are presented for the Qs, 

current, and Ps of the IFOC-FOPI-PSO and IFOC-PI together. 

Also, reduction ratios for these ripples are given. Through the 

reduction ratios, it can be said that the IFOC-FOPI-PSO is 

more effective in this test in terms of reducing energy and 

current ripples compared to the IFOC-PI. The designed IFOC-

FOPI-PSO reduced the ripples by ratios estimated at 31.57%, 

70%, and 96.66% for each of the Ps, current, and Qs, 

respectively. 

The suggested control scheme in terms of THD is the best 

compared to some of the suggested controls published in 

several articles such as DTC, DPC, and backstepping control. 

A comparative study between the IFOC-FOPI-PSO and the 

published works is shown in Table 10. Therefore, it can be 

said that the IFOC-FOPI-PSO is one of the best controls that 

can be designed and used in the control of machines. On the 

other hand, the designed technique is compared with 

published works in terms of the ratios of ripple minimization 

and the RT of the Ps and Qs, to know the extent of its 

effectiveness compared to other strategies.  
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Fig. 24. The DC bus voltage (test 2). 

Table 9. Comparison of ripple values between both controls. 

 Qs (VAR) Ps (W) Ias (A) 

IFOC-PI  596000 57000 40 

IFOC-FOPI-PSO  19880 39000 12 

Ratios 96.66% 31.57% 70% 

Table 10. Comparison between the proposed control and other 

articles in terms of the THD. 

Reference Methods THD (%) 

[73] FOC 3.7 

[76] 
GA-least squares wavelet 

support vector machines  
3.39 

[77] 
Power 

control 

First technique 5.6817 

Second technique 3.1873 

[78] 
Integral SMC 9.71 

Multi-resonant-based SMC 3.14 

[25] 
DTC 6.70 

Fuzzy DTC strategy 2.40 

[79] DPC-STA 1.66 

[80] 
DTC 7.83 

Neural DTC 3.26 

[81] 
L-filter-based DTC   10.79 

LCL-filter-based DPC  4.05 

[82] 
Virtual flux DPC strategy 4.88 

DPC 4.19 

[83] Second-order SMC 3.13 

[84] 
2-level DTC 8.75 

3-level DTC 1.57 

[85] Integral SMC 0.88 

[13] 
First-order SMC 2.56 

High-order SMC 1.08 

Designed 

strategy 
IFOC-FOPI-PSO strategy 0.01 

The comparison results are listed in Table 11 that shows 

that the designed strategy has very high ripple minimization 

rates compared to several published articles. Moreover, the 

IFOC-FOPI-PSO offers a much better Ps and Qs RT 

compared to most strategies published in scientific works. So, 

the IFOC-FOPI-PSO can be proposed as a solution to control 

machines because of the results obtained and the ease of 

realization compared to several controls. 

The superior performance of the proposed FOPI-PSO 

controller can be attributed to several technical factors. First, 

the inclusion of the fractional-order term δ introduces an 

additional degree of freedom that enhances the frequency-

domain shaping of the regulator. This allows for more precise 

attenuation of low-frequency disturbances and improved 

damping of energy oscillations—capabilities that 

conventional PI or first-order hybrid regulators lack.  

Second, the PSO tuning mechanism performs a global 

search over both gain parameters and the fractional order, 

avoiding local minima and enabling optimal trade-offs 

between fast response, low overshoot, and minimal SSE.  

Third, the swarm configuration—including population 

size, inertia weight, and acceleration coefficients—was 

selected to balance exploration and exploitation, leading to 

stable convergence and highly effective parameter adaptation.  

Collectively, these design features explain why the 

designed IFOC–FOPI-PSO method consistently outperforms 

previously reported techniques in minimizing current THD, 

minimizing Ps ripple, and enhancing robustness under 

parameter variations. 

By clarifying the selection criteria and linking the 

observed improvements to specific regulator characteristics, 

the comparative analysis becomes more scientifically 

grounded and demonstrates with greater rigor why the 

designed technique achieves superior results. 

Table 11. A comparative study between the IFOC-FOPI-PSO 

and other articles in terms of the power ripple ratios and time 

response 

 Energy ripples 

ratios (%) 

Time response 

(ms) 

Ps Qs Ps Qs 

[11] 41.17 94 - - 

[36] - - 33.8 34.5 

[85] - 75.2 - 280 

[86] 13.44 8.96 - - 

[87] 

DPC 

- - 

17 18 

Nonlinear 

DPC 
9 5 

[26] 
NN-DPC 66.29 45.26 

- - 
NN-FL-DPC 67.13 57.74 

Proposed strategy 90.90 80.24 0.0116 0.01015 
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7. Practical Feasibility and Implementation 

Considerations 

Although the results presented in this work are based on 

detailed simulations, the proposed IFOC–FOPI-PSO 

controller is suitable for real-time implementation, and several 

practical considerations support its feasibility.  

First, the computational burden of the controller during 

online operation is comparable to that of a standard PI 

regulator. Once the PSO algorithm determines the optimal 

gains and fractional order, the controller operates using simple 

algebraic and fractional-integration terms that can be 

efficiently executed on modern DSPs or FPGAs. Recent 

advancements in embedded digital fractional-order operators 

further reduce the overhead associated with implementing 

non-integer calculus in real time. 

Second, the PSO optimization is performed offline, 

meaning convergence time does not affect real-time control 

performance. Typical swarm sizes and iteration counts used in 

this study reach convergence within seconds to minutes on 

standard desktop hardware, making the tuning procedure 

practical during the system-design phase or scheduled 

maintenance periods. 

Third, the proposed method requires no supplementary 

control loops, observers, or PLL-based synchronization 

blocks, which simplifies hardware deployment compared to 

more complex hybrid or intelligent controllers reported in the 

literature. This contributes to lower implementation 

complexity and reduces sensitivity to measurement noise or 

digital delays. 

To further enhance confidence in real-world applicability, 

future work will include hardware-in-the-loop (HIL) testing 

using a real-time simulator and an embedded controller. This 

will allow validation of the controller’s behavior under 

converter switching, sensor noise, communication delays, and 

DPIG parameter drift—factors not fully captured in 

simulation. Ultimately, this step will provide a necessary 

bridge between simulation and full-scale experimental 

deployment on a laboratory test bench or prototype wind-

turbine setup. 

Although the proposed IFOC–FOPI-PSO regulator 

demonstrates strong performance under balanced and 

parameter-varying operating conditions, its robustness against 

unbalanced grid voltage faults has not yet been evaluated. 

Such conditions—commonly occurring during single-phase 

faults, voltage dips, or distribution asymmetries—can 

introduce negative-sequence components, torque pulsations, 

increased current distortion, and instability in DPIG-based 

wind systems. Including a dedicated test under unbalanced 

grid scenarios would provide deeper insight into the 

regulator’s ability to maintain power quality and dynamic 

stability when subjected to asymmetrical disturbances. This 

assessment would also clarify how well the fractional-order 

dynamics and PSO-tuned parameters suppress negative-

sequence effects compared to traditional PI-based FOC.  

Incorporating these tests, either through simulation or 

future hardware-in-the-loop experiments, would significantly 

strengthen the validation and demonstrate the full robustness 

of the designed control technique under realistic grid-fault 

conditions. 

8. Conclusions 

This work introduced a novel control strategy for DPIG-

based wind-turbine systems using a fractional-order PI 

controller optimized via Particle Swarm Optimization (FOPI-

PSO). The modelling of the DPIG-driven wind turbine and the 

MPPT scheme was first presented, providing the active-power 

reference for the control loops. The proposed intelligent 

controller was then integrated into the field-oriented control 

(FOC) framework to regulate both active (Ps) and reactive 

(Qs) power, combining the flexibility of fractional-order 

dynamics with the global optimization capability of PSO. 

A detailed analysis of the IFOC–FOPI-PSO scheme 

highlighted its main advantages—namely improved dynamic 

shaping, robustness to parameter variations, and compatibility 

with the standard FOC structure—while maintaining the 

simplicity of classical PI implementation. Unlike previous 

hybrid or fractional-order controllers reported in [37], [38], 

and [44], which often increase computational burden or 

modify the control architecture, the proposed method achieves 

performance gains without additional structural complexity. 

Simulation results demonstrate substantial improvements: 

a 99.46% reduction in current THD, a 90.90% decrease in 

active-power oscillations, and an 89.09% reduction in steady-

state error, along with a measurable enhancement in transient 

response. These outcomes confirm the effectiveness and 

novelty of the FOPI-PSO controller as a high-performance 

and computationally efficient solution for DPIG-based wind-

energy conversion systems. The findings also show that the 

proposed controller maintains strong robustness under 

generator-parameter variations, achieving significantly lower 

Ps and Qs ripple across different operating conditions. Current 

waveforms remain of high quality with very low THD, and the 

method operates reliably without requiring a phase-locked 

loop. However, the IFOC–FOPI-PSO exhibits slightly less 

favourable overshoot characteristics compared with 

conventional IFOC–PI control. Furthermore, the present 

validation is limited to simulation results. 

Future work will focus on hardware implementation and 

experimental testing to verify the practical performance of the 

proposed controller and to confirm the improvements 

observed in the simulation study. 

Nomenclature 

RE Renewable energies 

DPIG Double powered induction generator 

WP Wind power 

PI Proportional-integral controller 

PID Proportional-integral derivative controller 

IG İnduction generator 

PWM Pulse width modulation 

WTS Wind turbine system 
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RSC Rotor side converter 

WT Wind turbine 

SVM Space vector modulation 

GA Genetic Algorithm 

STC Super-twisting control 

THD Total harmonic distortion 

GA  Genetic algorithm 

FOC Field-oriented control 

IFOC İndirect field-oriented control 

BC Backstepping control 

FL Fuzzy logic 

GSC Grid side converter 

SMC Sliding mode control 

MPPT Maximum power point tracking 

ST Switching table 

WPCS Wind power conversion system 

EP Electrical power 
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