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Abstract-To enhance power quality in multi-rotor power systems, this study proposes a novel intelligent control algorithm based 

on a fractional-order error-based proportional-integral-derivative (FOE-PID) regulator. A genetic algorithm was used to calculate 

the controller gains. A direct power control technique with pulse width modulation (DPC-PWM), regulated by FOE-PID 

controllers for dynamic regulation of active and reactive power, harmonic suppression, and voltage stabilization, is used to 

overcome the drawbacks of conventional controllers, such as the proportional-integral (PI) controller. Extensive MATLAB-

based simulations conducted under variable wind speed show that the FOE-PID approach performs better than the PI controller 

in the following important performance metrics: response time, steady-state error, reactive power compensation, total harmonic 

distortion, and power ripple. Also, the robustness of the designed approach compared to other strategies is studied in terms of 

sensitivity to parameter changes (factory parameter changes of ±100% for resistors and -100% for coils) and sudden changes in 

wind speed. For smart and sustainable energy systems of the future, this makes it an extremely efficient control solution . 

 

Keywords: Fractional-order error, doubly-fed induction generator, genetic algorithm, multi-rotor wind turbine, total harmonic 

distortion, direct power control, multi-rotor power systems. 

 

1. Introduction 

Wind power (WP) has grown rapidly, with global 

capacity reaching 1,174 GW by 2024, including 121 GW 

added in 2024. Onshore wind dominates (92.9% of total 

capacity in 2022), while offshore wind is expanding fast, 

projected to supply 34% of WP by 2050 [1]. China led 

installations in 2024 (87 GW, 72% of new capacity), and 

offshore wind set records in 2021 (17.4 GW globally). Costs 

have plummeted, with onshore LCOE (Levelized Cost of 
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Electricity) falling to $0.0331/kWh (2021). Europe added 14.7 

GW in 2020, driven by offshore projects. By 2050, wind could 

provide 30% of global electricity, up from 10% today [2].  

Figure 1 illustrates the evolution of offshore installation 

from 2010 to 2025. Figure 2 illustrates the evolution of 

onshore cumulative WP capacity (Giga Watts) from 2001 to 

2025. 

 

Fig. 1. Offshore installation from 2010 to 2025. 

Wind turbines (WTs) convert kinetic energy from wind 

into electricity using various generator types, each suited to 

specific applications. The most common are horizontal-axis 

WTs (HAWTs), which dominate utility-scale projects due to 

their high efficiency (2–8 MW capacity) and ability to align 

perpendicular to wind direction via yaw systems [3]. These 

typically employ synchronous generators (e.g., permanent 

magnet or electrically excited) or asynchronous generators 

(e.g., squirrel cage or wound rotor). Synchronous generators 

offer precise grid synchronization but require full-power 

converters, increasing cost. In contrast, asynchronous 

generators are simpler and cheaper but lack variable-speed 

capability, reducing energy capture in fluctuating winds [4].  

 

 

Fig. 2. Onshore cumulative WP capacity (Giga Watts) from 

2001 to 2025. 

Vertical-axis WTs (VAWTs), though less efficient, are 

used in urban settings due to omnidirectional operation and 

lower noise, often paired with direct-drive generators. 

The doubly-fed induction generator (DFIG) stands out for 

its variable-speed operation and cost-effectiveness [5]. Unlike 

conventional generators, the DFIG’s rotor is connected to the 

grid via a partial-scale converter (processing only 25–30% of 

total power), reducing converter costs and losses. This allows 

±30% speed variation around synchronous speed, optimizing 

energy capture across wind conditions [6]. DFIGs also enable 

independent control of active and reactive power (Ps and Qs), 

enhancing grid stability by providing voltage support and 

fault-ride-through (FRT) capabilities during grid disturbances 

[7]. For instance, during voltage dips, DFIGs can inject 

reactive current to stabilize the grid, a feature absent in fixed-

speed induction generators. 

Compared to full-converter systems (e.g., permanent 

magnet synchronous generators), DFIGs reduce mechanical 

stress on WTs by allowing smoother torque adjustments, 

extending component lifespan [8]. They also outperform 

squirrel-cage induction generators in energy yield, as the latter 

dissipate slip power as heat, while DFIGs recirculate it via the 

rotor converter. Additionally, DFIGs are scalable for both 

onshore and offshore applications, with modern designs 

reaching 5 MW capacities [9]. Their lower maintenance needs 

(vs. gearless designs) and compatibility with existing grid 

infrastructure further solidify their dominance in wind farms. 

However, DFIGs require slip rings for rotor connections, 

introducing wear, and are sensitive to grid faults without 

protective crowbar circuits [10]. Despite these limitations, 

their balance of performance, cost, and grid support makes 

DFIGs the preferred choice for most large-scale WP projects 

[11]. 

Traditional vector control using PI controllers and pulse 

width modulation (PWM) in back-to-back converters faces 

several limitations, including high power ripples, slow 

dynamic response, and sensitivity to parameter variations 

[12]. The proportional integral (PI) controllers, though simple, 

struggle with nonlinearities and transient conditions, leading 

to poor disturbance rejection and steady-state errors (SSEs) in 

grid-tied applications [13]. PWM-based switching introduces 

total harmonic distortions (THDs) and electromagnetic 

interference, degrading power quality and increasing losses 

[14]. Additionally, the fixed-gain PI controllers lack 

adaptability to varying operating conditions, such as wind 

speed (WS) fluctuations in WP systems, resulting in 

suboptimal performance during rapid torque or power 

changes. The dual-loop control structure (outer voltage/inner 

current) further complicates tuning, often causing instability 

when grid impedance varies [15]. In back-to-back converters, 

the machine-side converter (MSC) and grid-side converter 

(GSC) require decoupled command of active/reactive power, 

but PI-based schemes exhibit cross-coupling issues, especially 

during low-voltage ride-through (LVRT) events [16]. 
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For synchronous mode (rotor speed = synchronous 

speed), the generator operates at unity slip, ensuring stable 

power delivery but lacks flexibility for variable-speed 

applications like WTs. Super-synchronous mode (rotor speed 

> synchronous speed) enables higher energy extraction in WT 

systems but demands precise control to manage overvoltage 

and mechanical stress on the drivetrain [17]. Conversely, sub-

synchronous mode (rotor speed < synchronous speed) is 

common during low-wind conditions but risks stator 

overcurrents and reactive power deficits, necessitating 

advanced control to maintain grid synchronization [18]. 

Modern solutions like adaptive PI controllers [19], model 

predictive control (MPC) [20], or synergetic control [21] are 

being explored to mitigate these drawbacks, offering better 

dynamic response and robustness. However, these methods 

increase computational complexity, highlighting the trade-off 

between performance and implementation feasibility in 

industrial systems. 

Recent advancements in control systems for DFIG-based 

WP systems have significantly enhanced performance, 

robustness, and grid compliance. Backstepping control (BC) 

improves transient response by recursively stabilizing 

subsystems, ensuring Lyapunov stability, and handling 

nonlinearities like WS variations [22]. High-order sliding 

mode control (HOSMC), particularly super-twisting 

algorithms (STAs), reduces chattering while maintaining 

robustness against parameter uncertainties and grid faults, as 

validated in real WS profiles [23]. Prescribed sliding mode 

control (PSMC) combines adaptive gains with predefined 

convergence rates, optimizing power tracking and FRT 

capability [24]. H-infinity (H∞) control minimizes 

disturbances in grid voltage and mechanical torque 

fluctuations, ensuring stability under unbalanced grid 

conditions [25].  In the field of control, there are many new 

strategies that have been proposed as a solution to replace 

traditional strategies and overcome the most prominent 

challenges. The most prominent of these strategies that have 

recently emerged is the Event-triggered fuzzy reinforcement 

learning method, which was proposed in [26] to achieve 

optimal control of nonlinear systems of fractional order. This 

new strategy is based on deriving the fractional Hamiltonian-

Jacobi-Bellman (HJB) equation by constructing an auxiliary 

system of equivalent integer order, and the fractional optimal 

solution is derived with an overall performance index. Two 

fuzzy logic (FL) systems are also used to form an actor-critic 

structure to approximate the cost function and the optimal 

controller, respectively. The stability of this strategy was 

verified using the Lyapunov function. This new strategy relies 

on the use of an event-triggered mechanism to reduce 

computational burden and avoid Zeno behavior. The 

effectiveness and efficiency of this approach were verified 

using the MATLAB environment. The results demonstrated 

the effectiveness and efficiency of this new approach, making 

it a viable solution for improving power quality in the field of 

renewable energy. In [27], the fractional HJB equation based 

on the error derivative is proposed to obtain an optimal 

equation for the fractional-order optimal control solution. This 

solution is proposed to avoid the failure of achieving 

asymptotically stable system. Actor-criticneural neural 

networks (NNs) were created to implement the boosting 

algorithm. The effectiveness of this approach was evaluated 

for improving the performance of an electromechanical 

converter system with a chaotic magnetic field. All results 

indicate the effectiveness of this strategy in improving the 

properties and advantages of the studied system. One of the 

major drawbacks of this approach is its complexity, making it 

a difficult solution to implement in the field of renewable 

energy. In [28], a practical reinforcement learning scheme for 

partially unknown fractional order nonlinear systems (FONS) 

is proposed using the fractional HJB equation. This equation 

contains the dynamics of FONS systems, by constructing an 

auxiliary system and an equivalent transformation. To 

approximate unknown dynamics functions and obtain 

approximate optimal regulators, RL, BC technique, and 

identifier-actor-critic NN techniques are used. Using these 

strategies makes this approach more complex. However, 

despite this complexity, this approach boasts high 

performance. This approach was validated using two different 

examples, and the results demonstrated how this designed 

approach can significantly improve efficiency and 

performance. Among the applications that addressed 

fractional control is work [29], which provided profound 

insights into the effect of fear, the dynamics of fractional-order 

control, and the effects of climate change on predator-prey 

interactions. The system's status is examined by analyzing the 

presence, uniqueness, limitations, and optimization of its 

solutions. Overall, this work provides a model for the 

application of fractional control in various fields, making it a 

reliable solution. In [30], a partial derivative of the Caputo 

type was used to study a partial ecological epidemiological 

model, which includes the effects of fear, treatment, and 

cooperation in hunting, to explore the effect of memory in the 

ecosystem. Numerical simulations were conducted for 

different values of the memory parameter and some model 

parameters to determine the effectiveness of using a partial 

derivative of the Caputo type. All numerical results show that 

the studied system exhibits stable behavior of a periodic or 

chaotic nature with increasing memory effect. The effects of 

climate change are represented by an exponential decay 

function. Fractional calculus can be used for biological 

studies, where the use of this strategy greatly contributes to 

understanding biological behavior. In the work [31], fractional 

calculus was used to study the dynamic behavior of an 

epidemic model to investigate two functions of the fear effect. 

In this work, the Caputo factor is used to develop a fractional-

order epidemic model to study the impact of fear on pathogen 

environments and vaccination measures. This study 

demonstrates that fractal model solutions exist, are effective, 

and are unique, as confirmed by numerical simulations. In 

[32], the use of fractional-order derivatives to explain 

temporal dependencies and memory in ecological processes 

was studied. Fractional-order derivatives were relied upon to 

study the complex dynamics of predator-prey systems, taking 

into account the effects of fear stress, global warming, hunting 

cooperation, and memory effects on species interactions. This 

work aims to provide a more comprehensive understanding of 

the fundamental mechanisms governing the stability and 
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behavior of ecosystems using the fractional-order derivative 

model. The existence, equilibria, and stability of the system 

were studied mathematically using global stability analysis 

and Hopf bifurcation. Numerical simulations were performed 

to validate the analytical results, and the results demonstrated 

the ability of fractional-order derivatives to improve the 

stability and equilibrium of the system. The author sees in [33] 

that global warming has become a major concern for the 

environment, as it causes serious, and often unexpected, 

effects on species, affecting their abundance, genetic 

composition, behavior, and survival. Accordingly, it was 

proposed to study the effects of global warming on predator-

prey dynamics using the Caputo fractional derivative strategy. 

The author suggests that the density of prey and predator 

species decreases as a result of increased global warming. 

However, global warming increases the abundance of prey 

and predator species. All possible equilibrium states for the 

system were identified and implemented in MATLAB. 

Numerical simulation results demonstrate the effects of fear, 

fractional calculus, and global warming on the model's 

behavior. The results also demonstrate the extent to which 

global warming affects predator species, which may 

destabilize the system, but it may eventually stabilize. 

Furthermore, the numerical results indicate that the fractional 

order model is more stable than the integer order model. In 

[34], fractional-order control is used to optimize the 

performance of a grid-tied green power system. This nonlinear 

controller has its gains adjusted using Golden Eagle 

Optimization. Using this algorithm increases the performance 

and efficiency of the fractional controller in improving the 

quality of the power output from the system. An application 

of fractional controllers was implemented in [35] to improve 

the performance of turbine systems. A two-degree-of-freedom 

(2-DOF) fractional-order-proportional-integral derivative (2-

DOF-FOPID) controller is the proposed solution for 

controlling the frequency of the system under study. The gains 

of this proposed controller were adjusted using the Cuckoo 

search algorithm. The performance of the proposed 2-DOF-

FOPID controller is compared with that of well-known 

tradtional regulators. MATLAB simulations show that, 

compared to widely used conventional PI and PID controllers, 

the designed 2-DOF-FOPID regulator exhibits superior 

response in terms of shorter transition time, lower overshoot, 

and wide robustness to limit frequency deviation within an 

acceptable range, considering the integral squared error as the 

objective function. These results make this approach of 

interest in other industrial applications such as electric 

vehicles and renewable energy water pumping systems. 

MPC leverages real-time optimization to manage 

active/reactive power decoupling, achieving faster dynamics 

than PI-based methods, with reduced harmonic distortion [36]. 

MRAS (Model Reference Adaptive Systems) sensorless 

techniques estimate rotor position/speed by comparing stator 

current models, eliminating encoders and reducing 

maintenance [37]. MRAC (Model Reference Adaptive 

Control) adapts to parameter variations (e.g., rotor resistance) 

for consistent maximum power point tracking (MPPT) 

performance [38]. Fractional-order PI/proportional derivative 

(PD) (FOPI/FOPD) controllers enhance damping and 

frequency response by incorporating non-integer calculus 

[39], improving LVRT performance. 

Active Disturbance Rejection Control (ADRC) 

compensates for unmodeled dynamics (e.g., grid faults) via 

extended state observers (ESOs), outperforming traditional 

proportional-integral derivative (PID) in transient scenarios 

[40]. Intelligent controllers like NN techniques [41] and 

neuro-FL systems learn nonlinear mappings for optimal 

torque/power regulation [42], adapting to changing wind 

conditions. Type-2 FL handles uncertainties in WS and grid 

impedance better than Type-1 [43], while Type-3 FL further 

refines rule-based adaptation for extreme volatility [44]. 

Recent advancements in optimization algorithms have 

significantly enhanced the power control of DFIG-based WTs, 

addressing challenges like grid instability, THDs, and 

transient response. Genetic algorithms (GAs) optimize PI 

controller gains in MSCs, reducing active power ripples by 

71.42% and Qs overshoot by 92.85% compared to 

conventional methods [45]. The Salp Swarm Algorithm (SSA) 

improves LVRT capability by dynamically tuning crowbar 

resistance and DC-link capacitance, decreasing active power 

overshoot from 10.12×10⁶ to 3.78×10⁶ during faults [46]. For 

multi-objective optimization, an improved NSGA-II 

algorithm balances transient response and steady-state 

stability, outperforming traditional methods in harmonic 

suppression and mechanical wear reduction [47]. 

Machine Learning-based controllers are increasingly 

adopted. NN algorithms replace PI controllers in direct vector 

control (DVC), achieving a stator current THD of 0.13% and 

minimizing power ripples in dual-rotor systems [48]. FL 

control (FLC) cascaded with direct power control (DPC) 

reduces THD by 47.22% and improves dynamic response by 

91.42% under variable WSs [49]. Adaptive neuro-fuzzy 

inference systems (ANFIS) hybridize with fractional-order 

controllers to handle parameter uncertainties, enhancing 

robustness in grid-fault scenarios [50]. 

Sliding mode control (SMC) variants, such as STA, 

eliminate chattering effects while maintaining robustness [51]. 

STA-based DPC method reduces power fluctuations by 30% 

and improves transient response under real wind profiles [52]. 

Prescribed SMC ensures predefined convergence rates for 

active/reactive power tracking, critical for LVRT compliance. 

MPC leverages real-time optimization to decouple power 

loops, achieving faster dynamics than PI-based methods and 

reducing THD [53].  

Multilevel converters (MLCs) and modular multilevel 

converters (MMCs) significantly reduce THD compared to 

traditional two-level inverters [54]. Cascaded H-bridge (CHB) 

MLCs achieve THD <1.87% in grid-tied PV systems, 

outperforming two-level inverters (5.82% THD) 116 [55]. 

Neutral diode-clamped (NPC) converters reduce voltage 

stress and harmonics, with THD <3% in medium-voltage 

drives [56]. MMCs in HVDC applications leverage advanced 

modulation (e.g., SHE-PWM) to achieve THD <2%, while 

PSO-optimized iSHE-PWM further reduces THD by 30% 
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without additional submodules [57]. Flying capacitor 

topologies offer redundancy but require complex balancing, 

achieving THD <2.5% in industrial drives [58]. 

Metaheuristic algorithms like particle swarm optimization 

(PSO) [59] and Whale Optimization Algorithm (WOA) fine-

tune controller parameters [60]. PSO-optimized DPC 

minimizes torque ripples by 37.5%, while WOA enhances 

PMSG-DFIG hybrid systems’ fault tolerance [61]. Fractional-

order PID (FOPID) controllers, tuned via the Gray Wolf 

Optimizer (GWO), improve damping and LVRT performance 

by incorporating non-integer calculus [62]. Simulation results 

show that the GWO-based FOPID controller offers 

satisfactory operational performance compared to 

conventional controllers. However, despite this performance, 

the problem of current and power ripples remains. 

Furthermore, in robustness testing, it was observed that this 

regulator was significantly affected by changes in system 

parameters, which necessitated the search for a more effective 

and robust regulator while maintaining the simplicity and ease 

of implementation that characterize the FOPID regulator. 

Hybrid approaches combine these techniques. For 

example, STA + synergetic control reduces torque ripples in 

dual-rotor WTs [63], while GA-enhanced PI regulators 

validated via dSPACE 1104 hardware show superior 

Processor-in-the-loop test results. Future directions include 

digital twin-assisted optimization and artificial intelligence-

augmented MPC for adaptive grid support [64]. By surveying 

the literature, the advantages of FOPID controllers for DFIG-

WTs can be summarized as follows: 

• Enhanced flexibility and precision: FOPID 

controllers generalize traditional PID controllers by 

introducing fractional-order integrals (λ) and 

derivatives (μ), providing two additional tuning 

parameters. This allows finer control over dynamic 

responses, improving precision in tracking 

active/reactive power references under variable wind 

speeds. 

• Superior robustness to parameter variations: 

Unlike conventional PI/PID controllers, FOPID 

controllers maintain stability even when DFIG 

parameters (e.g., rotor resistance, inductance) deviate 

from nominal values, ensuring consistent 

performance despite machine aging or operating 

condition changes. 

• Improved transient response: FOPID controllers 

reduce overshoot and settling time during power 

fluctuations. For example, studies show a 30–50% 

reduction in settling time for DC-link voltage 

regulation compared to integer-order PIs, critical for 

grid FRT scenarios. 

• Better harmonic suppression: The fractional-order 

dynamics of FOPID controllers mitigate THD in 

stator currents. Experimental results demonstrate 

>50% THD reduction in grid currents when applied 

to MSCs. 

• Adaptability to nonlinearities: WTs exhibit 

nonlinear aerodynamics and mechanical stress. 

FOPID controllers, tuned via Metaheuristics (e.g., 

Manta Ray Foraging Optimization, Walrus 

Algorithm), adapt to these nonlinearities, optimizing 

power extraction across sub/super-synchronous 

modes. 

• Reduced mechanical stress: By minimizing torque 

ripples (up to 46% reduction), FOPID controllers 

extend the lifespan of drive train components, 

addressing a key challenge in two-mass WT systems. 

• Optimal MPPT performance: FOPID controllers 

outperform traditional PIs in MPPT, achieving >95% 

efficiency in energy capture under turbulent wind 

profiles due to their adaptive fractional calculus-

based tuning. 

• Grid stability support: FOPID-enhanced DFIGs 

provide superior reactive power control during 

voltage dips, complying with grid codes (e.g., LVRT 

requirements) by dynamically adjusting λ and μ to 

stabilize grid voltage. 

• Computational efficiency with metaheuristics: 

Modern algorithms like Ant Lion Optimization 

(ALO) and PSO efficiently tune FOPID parameters, 

reducing computational burden while maintaining 

robustness. 

• Future-readiness for hybrid systems: FOPID 

controllers seamlessly integrate with artificial 

intelligence-based techniques (e.g., neuro-FL 

systems) and MPC, offering a pathway for next-

generation adaptive WP systems. 

Table 1 presents a comparative analysis of the proposed 

advanced control algorithms for DFIG power control. This 

table highlights the challenges hindering the deployment of 

the control strategies and their degree of robustness. It also 

highlights some of the key advantages of the proposed control 

strategies. 

From the above studies, no control strategy has been 

found that can significantly reduce ripples while maintaining 

simplicity and ease of realization. Therefore, a fractional-

order error-based PID (FOE-PID) controller is a suitable 

controller, being applied for the first time in multi-rotor WT 

DFIG systems. In this work, a FOE-PID regulator is designed 

to enhance the advantages and efficacy of DPC in DFIG 

systems. A GA is used to estimate the gain values of the FOE-

PID regulator. Therefore, this work focuses on power control 

to ensure significant improvements in power quality. There 

are several simple, reliable solutions for enhancing the 

robustness and operational performance of DFIG-based multi-

rotor WT systems. These simple, yet effective solutions can 

enhance the active and reactive power quality of these power 

systems. Furthermore, these simple solutions can reduce the 

THD of the current while maintaining the simplicity and ease 

of implementation of PI-type controls. These simple solutions 

are unexplored in the field of renewable energy, requiring 

extensive research to explore and implement them. They do 

not require complex equipment or significant costs. 
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Simulations can be used to explore the effectiveness of these 

simple solutions. Moreover, changing the parameters of the 

system under study requires the development of control 

algorithms that have significant potential to overcome this 

problem. Developing simple control strategies allows for 

improved stability of problems. 

There is potential to leverage GAs to adjust the gains of 

properly designed regulators. There is a need to expand the 

application of GA technique-based FOE-PID (FOE-PID-GA) 

controllers with greater flexibility in controlling multi-rotor 

WT systems based on DFIG. 

Multi-rotor WT systems based on DFIG are among the 

most prominent modern systems that have recently emerged 

as a suitable solution to overcome the problems of 

conventional systems. Therefore, it is necessary to consider 

ensuring the efficient, effective, and stable operation of these 

systems. This approach is an important field that poses 

theoretical issues and practical importance, with several 

challenges, most notably durability, power quality, stability, 

etc. To overcome the major challenges hindering the 

deployment of energy systems, particularly multi-rotor WT 

systems, a modern control strategy with significant potential 

to address these challenges must be proposed. The fractional-

order error technique and the PI controller are among the most 

popular control strategies in the literature. Furthermore, the 

GA technique has been widely used in control to achieve 

optimal results and high accuracy. 

Table 1. Comparative analysis of advanced control algorithms for DFIG power control 
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Type-2 

FL 

techniq

ue [70] 

Low 

(<4%) 

Medi

um 

(0.3–

0.5s) 

1.5

–

2.5 

Negligible 

(rule-based 

adaptation) 

Moderate 

(membershi

p tuning) 

High 

(handlesuncertaintie

s) 

25–

35% 

reduc

tion 

No need for 

precise 

models 

Rule 

explosion 

for high-

dimension 

systems 

Type-3 

FL 

techniq

ue [71] 

Very 

Low 

(<2%) 

Fast 

(0.1–

0.3s) 

1.0

–

1.8 

Near-zero 

(hierarchic

alrules) 

High (3D 

membershi

p functions) 

Very High (superior 

uncertainty 

handling) 

40–

50% 

reduc

tion 

Enhancedgra

nularity for 

volatility 

Complex 

implement

ation 

ADRC 

[40] 

Low 

(<5%) 

Fast 

(0.1–

0.3s) 

1.8

–

2.5 

Near-zero 

(ESO-

based 

disturbance 

rejection) 

Moderate 

(observer 

tuning) 

Very High (model-

independent) 

35–

45% 

reduc

tion 

Decouples 

dynamics, 

plug-and-

play 

Requires 

bandwidth

tuning 

MRAC 

[72] 

Moder

ate (5–

10%) 

Adapt

ive 

(0.4–

0.8s) 

2.0

–

3.5 

Small 

(reference 

model 

tracking) 

High 

(adaptive 

law design) 

Moderate (depends 

on reference model) 

20–

30% 

reduc

tion 

Self-tuning 

for 

parameter 

drift 

Slow 

convergen

ce 

MRAS 

[73] 

Low 

(<4%) 

Medi

um 

(0.3–

0.6s) 

1.5

–

2.5 

Small 

(sensorless 

estimation) 

Moderate 

(adaptive 

observer) 

High (reduces 

hardware costs) 

25–

35% 

reduc

tion 

Eliminatesen

coders, cost-

effective 

Sensitive 

to initial 

estimates 

FOPI 

control 

[74] 

Low 

(<3%) 

Medi

um 

(0.2–

0.4s) 

1.2

–

2.0 

Near-zero 

(λ/μ 

tuning) 

Moderate 

(fractionalc

alculus) 

High (flexible 

dynamics) 

40–

50% 

reduc

tion 

Improved 

damping, 

LVRT 

support 

Non-

intuitive 

tuning 

 

In the field of control, these three algorithms have been 

used in various research projects in various ways and in 

different settings. However, they remain unexplored in the 

field of multi-rotor WT systems. The important contributions 

of this article are as follows: 

• A PID controller based on fractional calculus and 

GAs is developed and its performance in regulating active and 

reactive power in DFIG-based multi-rotor WT systems is 

evaluated. 

• The efficiency of the GA-based FOE-PID regulator 

is determined under challenging conditions, including WS 

variations, effective power adjustments, and parameter 

uncertainty. 

• The simulation results generated using the FOE-PID-

GA will be compared with the PI-GA regulator to evaluate the 

system's performance. The results will also be compared with 

related works. 

The following is a summary of the significant 

improvements this research can offer in the field of multi-rotor 

WT systems and their integration into the electricity grid: 

• Improving the performance of DFIG-based multi-

rotor WT systems under variable wind conditions; 

• Significantly improving power and current quality; 

• Overcoming the problems of the DPC. 

• Reduces both SSE and DFIG power overshoot 

compared to the PI technique. 

• Improves the quality of the generated currents, with 

a lower THD value compared to the PI-GA regulator. 

• Significantly increases the robustness of the control 

system. 

The manuscript is organized as follows: Section 2 outlines 

the design of the suggested FOE-PID-GA controller. Section 

3 describes the designed power control technique used to 

control the DFIG power. Section 4 presents the results and 

initiates the discussion. Finally, Section 5 summarizes the 

entire paper. 

2. Proposed FOE-PID-GA Controller 

The controller suggested in this paper is based on the 

development of the PID controller. The PID controller is 
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adopted due to its simplicity and ease of realization. This 

designed controller relies on the use of both the GA technique 

and fractional calculus to increase performance. According to 

the work done in [75], the PID controller expression is written 

in the form of Equation (1). 

𝑦(t) = k1. e(t) + k2 ∫ e(t). dt + k3
de(t)

dt
                          (1) 

Where, e(t) is the error or surface. 

Equation (2) expresses the transfer function of the PID 

regulator. 

𝐹𝑃𝐼 =
𝐾3𝑠2+𝐾1𝑠+𝐾2

𝑠
                                                (2) 

Despite its rapid dynamic response and ease of 

application, the PID controller produces unsatisfactory results 

in the event of a system malfunction. In the field of command, 

several solutions have been designed to overcome the 

problems of the PID controller. The most prominent of these 

solutions were the use of NNs [66], FLC [77], GA method 

[78], GWO technique [79], fractional-order control [80], etc. 

In some cases, the use of nonlinear strategies such as BC and 

SMC was proposed to replace the use of PID controllers in 

control [81, 82]. Using these solutions yields satisfactory 

results compared to a PID controller. However, they increase 

complexity and difficulty in tuning. These proposed solutions 

make the PID controller experimentally expensive, which is 

undesirable. 

In this section, the FOE strategy is used with a GA method 

as a suitable solution to overcome the problems of the PID 

controller. These strategies were chosen for their simplicity, 

ease of use, and high strength, especially with regard to the 

FOE strategy. A different FOE strategy was adopted than the 

one used in the literature. A simple FOE strategy method was 

used that does not rely on the mathematical model of the 

system or the PID regulator. A GA method was used to 

calculate the optimal gain values for the designed regulator. 

The designed approach is based on applying fractional 

calculus to the error signal, where eα(t) instead of just e(t) is 

used, which makes this designed regulator completely 

different from the FOPID regulator. 

The regulator designed in this section can be illustrated in 

Figure 3. Figure 3 gives a clear picture of the concept of the 

designed regulator, where simplicity, ease of configuration, 

and ease of implementation are the most prominent features of 

this regulator. Moreover, the controller's reliance on both the 

GA approach and the FOE technique makes it more robust and 

performant compared to many existing regulators, such as PI 

regulators or hysteresis comparators. To implement the GA 

approach in MATLAB, we rely on gatool. Using gatool does 

not require writing complex programs or performing any 

complex calculations, making the GA strategy a suitable 

choice for this paper. In this new algorithm, the integral of 

time-weighted absolute error (ITAE) was used to estimate the 

optimal values for the suggested regulator parameters. 

The use of ITAE was chosen to determine the optimal 

values for the designed regulator because of its ability to 

produce good results and is also considered one of the most 

prominent errors used in the embodiment of intelligent 

algorithms. Equation (2) is used to embody ITAE in 

MATLAB. On the other hand, the characteristics of the GA 

technique used in this study are listed in the supplementary file 

(Table S1). This file lists all the values and characteristics used 

in the GA to extract the best gain values. 

𝐼𝑇𝐴𝐸 = ∫ 𝑡 × |𝑒(𝑡)| × 𝑑𝑡
∞

0
                                           (2) 

 

 

 

 

 

 

 

 

Fig. 3. Proposed PID-FOE regulator. 

The controller parameters were optimized using a genetic 

algorithm. To ensure reproducibility, the main GA 

configuration parameters are briefly summarized here. The 

optimization process was performed with a population size of 

20 individuals and a maximum of 100 generations. The 

stochastic uniform selection method was adopted, while the 

scattered crossover operator was used with a crossover 

fraction of 0.8. Mutation was applied using the default 

constraint-dependent mutation function to maintain 

population diversity. In addition, elitism was employed with 

an elite count of 2 to preserve the best individuals during the 

evolutionary process. The optimization involved four decision 

variables corresponding to the controller parameters, and the 

fitness evaluation was performed serially. The algorithm 

stopped when the maximum number of generations was 

reached or when the function tolerance criterion (10⁻⁶) was 

satisfied. A detailed list of GA parameters is provided in Table 

S1 of the supplementary material. 

According to Figure 3, the designed regulator can be 

modeled by Equation (3). Therefore, the modeling of the 

designed regulator is completely different from the modeling 

of the PID regulator included in Equation (1). 

𝑢(t) = k1. eα + k2 ∫ eα. dt + k3
deα

dt
                          (3) 

Where, eα is the FOE and u(t) is the output of the proposed 

regulator. 

K1, K2, and K3 are the designed regulator gain values.  

The dynamic response of the designed regulator can be 

controlled and varied by using gain values. 

So, in FOE-PID, the non-integer operator is applied to the 

error, rather than directly to the controller terms. 

In this designed regulator, the α value must not be set to 

0. If the value of alpha is equal to 1, then Equation (3) becomes 

Equation (1), where in this case the designed regulator 

 
 

+ 
+ 

K1 

K3 

y(t) 

+ 
− 

s 

eX  

α 
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PID controller 

FOE technique 

 

Genetic algorithm 
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becomes a PID controller. Therefore, the shape of the 

designed regulator can be regulated by the value of α. In other 

words, the new regulator plays the role of two regulators at 

once, with the value of α being passed from one controller to 

the other. This feature is not found in conventional regulators 

in the literature, making this proposed regulator of great 

importance. This designed regulator is completely different 

from the regulators proposed in research works [83-85] in 

terms of structure, performance, efficiency, simplicity, ease of 

application, and dynamic response. 

In Table 2, a comparison is made between the designed 

controller (FOE-PID-GA) and the FOPID controller to 

illustrate how the designed controller differs from this 

controller. Table 2 highlights the similarities between the two 

controllers, noting that the two controllers are completely 

different from each other in terms of structure and principle. 

In terms of the number of gains, the FOE-PID-GA regulator 

has less gain than the FOPID regulator, making it easier to 

adjust and thus easier to use in control. The designed regulator 

has less computational complexity than the FOPID regulator 

because only one fractional calculus is applied to the error, 

whereas in the FOPID regulator the fractional calculus is 

applied to both the integration and differentiation. Therefore, 

Table 2 highlights the extent of the contribution made in this 

paper, which makes this work of great importance in the field 

of control first and in the field of energy second. 

Table 2. Comparison between FOPID and FOE-PID-GA 

regulators 

Aspect FOPID FOE-PID-GA 

Model 

𝑦(𝑡)
= 𝑘𝑝 + 𝑘𝑖𝑠𝛼

+ 𝑘𝑑𝑠−𝜏 
dt

ed
KeKdteKty




312 ..)( ++=   

Number of 

gains 
5 4 

Fractional 

element 

In controller: 𝑠𝛼 

and 𝑠−𝜏 
On the error: 𝑒𝛼(𝑡) 

Computationa

l load 

High (especially 

with two 

fractional 

orders) 

Potentially lower if 

only one fractional 

operator on error 

Implementatio

n 

Requires 

fractional 

derivative/integr

al operators in 

control loop 

Requires fractional 

operator applied to 

error signal 

Hardware 

feasibility 

Moderate to 

high complexity 
Simple 

Approximatio

n method 

Oustaloup or 

similar 

Likely Oustaloup as 

well 

The stability of the regulator designed in this paper is 

studied using Lyapunov's theorem. Equation (3) is used to 

extract the stability conditions. 

Error (e(t)) can be written as follows: 

𝑒(t) = r(t) − y(t)                                                         (4) 

The designed controller is a nonlinear PID controller. The 

stability of this designed closed-loop controller is analyzed. 

To apply the Lyapunov method, the entire closed-loop 

system, including the system itself, must be analyzed. Let's 

assume a simple second-order system for clarity: 

𝑥̈ = 𝑢(t)                                                        (5) 

Also, the state space can be written as represented in 

Equation (6). 

(
𝑥̇2 = 𝑢(t)
𝑥̇1 = 𝑥2

                                                        (6) 

Equation (4) can be written as follows: 

𝑒(t) = 𝑥1 − 𝑥𝑑(t)                                                         (7) 

Then: 

𝑒̇(t) = 𝑥̇1 − 𝑥̇𝑑(t) = 𝑥2 − 𝑥̇d                                (8) 

The second derivative of Equation (8) is written as 

follows: 

𝑒̈(t) = 𝑥̇2 − 𝑥̈d = 𝑢 − 𝑥̈d                   (9) 

The control law is represented by Equation (10), by which 

the stability is proven. 

𝑢(t) = k2 ∫(eα)dt + k1(eα) + k3
d

dt
(eα)             (10) 

To prove the stability, a Lyapunov function of the form 

(𝑉(𝑒, 𝑒̇)) is defined. The derivative of this function is then 

calculated. The stability condition is proven or extracted from 

the derivative of the Lyapunov function. 

Equation (11) represents the Lyapunov function used in 

this work to prove the stability of the designed regulator. 

𝑉(𝑒, 𝑒̇) =
1

2
ė2 +

k1

α+1
eα+1                          (11) 

Where, 
k1

α+1
eα+1 is the potential energy form nonlinear 

error term, ensures positivity if  α + 1 > 0. 

1

2
ė2 is the standard kinetic energy term. 

The function in Equation (11) is positive definite if e≠0 

and e=0. 

The derivation of Equation (11) is written as follows: 

𝑉̇(𝑒, 𝑒̇) = ė. e + (α + 1)
k1

α+1
ė. eα                          (12) 

So, 

𝑉̇(𝑒, 𝑒̇) = ë. e + k1ė. eα                          (13) 

Based on Equations (9) and (10), Equation (14) can be 

written. 

𝑒̈ = k2 ∫(eα)dt + k1(eα) + k3
d

dt
(eα) − 𝑥̈d          (14) 

The derivative of the Lyapunov function can be written 

as: 
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𝑉̇(𝑒, 𝑒̇) = 𝑒̇(k2 ∫(eα)dt + k1(eα) + k3
d

dt
(eα) − 𝑥̈d) +

k1ė. eα                                                                                (15) 

 

Equation (15) becomes as follows: 

𝑉̇(𝑒, 𝑒̇) = 𝑒̇(k2 ∫(eα)dt + 2. k1(eα) + k3
d

dt
(eα) − 𝑥̈d)  (16) 

Assume that 𝑥̈d equals 0 for step response tracking 

(setpoint is constant), and that 𝛼 > 0, Equation (16) becomes 

as follows: 

𝑉̇(𝑒, 𝑒̇) = 𝑒̇(k2 ∫(eα)dt + 2. k1(eα) + k3α (eα−1))  (17) 

With: 

𝑑

𝑑𝑡
(eα) = α𝑒𝛼−1𝑒̇                          (18) 

Based on Equation (17), Equation (19) can be written. 

𝑉̇(𝑒, 𝑒̇) = 𝑒̇(k2 ∫(eα)dt + 2. k1(eα)) + k3α (eα−1)ė2    (19) 

Some conditions are imposed to ensure that Equation (19) 

is negative. 

The term k3(eα−1)α. ė2 is positive definit if 𝛼 > 0 and 

𝑒 ≠ 0. 

The term 𝑒̇(k2 ∫(eα)dt + 2. k1(eα)) can have either sign 

depending on the condition of 𝑒̇. 

In the case of 𝑒=0 and 𝑒̇ = 0, local stability can be 

guaranteed. Therefore, the controller is considered to be 

locally asymptotically stable under the following conditions: 

(
𝑘1, 𝑘2, 𝑘3 > 0

𝛼 > 0
                                          (20) 

The conditions listed in Equation (20) are satisfied, so the 

Lyapunov function is positively definite, and consequently the 

derivative of the Lyapunov function is negatively definite, and 

possibly negatively definite in some region. Therefore, the 

system is considered locally stable. 

This designed regulator is used in this paper to command 

the power of a DFIG-MRWT. The competence and efficiency 

of this regulator in enhancing the output power quality and 

reducing the THD of current compared to a conventional PI 

regulator are investigated. The next section discusses the 

application of the designed regulator in DFIG power control, 

highlighting its advantages and disadvantages. 

3. Proposed Power Control Technique 

The approach suggested in this study is based on the use 

of a FOE-PID-GA controller, where one regulator is used for 

active power and another for reactive power. This approach 

aims to reduce power ripples and THD while maintaining 

simplicity and ease of realization. This proposed control 

approach is an improvement over the traditional DPC-PI 

approach, where a FOE-PID-GA controller is used instead of 

a PI controller. A FOE-PID-GA controller is used to determine 

voltage reference values. These values are calculated based on 

the power error. 

Figure 4 represents the architecture of the power control 

approach for the DFIG-multi-rotor WT system. This figure 

shows that the approach applied in this study is completely 

different from several research works proposed in [86-88] in 

terms of principle, regulator used, simplicity, robustness, and 

fast dynamic response. 

This algorithm is applied to the machine inverter only, as 

shown in Figure 4, to simplify the system and demonstrate its 

efficacy without the need to command the grid inverter or use 

filters. The control process begins by measuring the 

instantaneous active and reactive power of the system. These 

measured values 𝑃𝑚𝑒𝑎𝑠 and 𝑄𝑚𝑒𝑎𝑠 are compared with their 

corresponding reference values 𝑃𝑟𝑒𝑓 and Qref. 

The errors are calculated as follows: 𝑒𝑃=𝑃𝑟𝑒𝑓−𝑃𝑚𝑒𝑎𝑠e  and 

𝑒Q=Q𝑟𝑒𝑓−Q𝑚𝑒𝑎𝑠e 

These error signals represent the deviation between the 

desired and actual operating conditions of the system. 

The active and reactive power errors are then processed 

by the FOE-PID controllers. The FOE-PID controller uses 

fractional calculus to provide additional tuning flexibility, 

allowing better control performance under varying load 

conditions. Each controller adjusts the control signals based 

on the magnitude and dynamics of the power errors. 

The controller outputs generate intermediate control 

signals that correspond to the required adjustments in the 

inverter voltage components. 

On the other hand, the designed approach relies on a 

PWM strategy to control the machine's inverter, making it 

inexpensive and easy to realize. 

In this new algorithm, a two-level inverter is used to 

power the generator's rotor. Also, a non-controlled inverter is 

used to simulate the grid inverter. 

In this designed approach, the reference value for the 

direct rotor voltage (Vdr
*) is determined based on the reactive 

power error (eQs). 

In this designed strategy, the MPPT algorithm used to 

generate the Ps reference is specifically based on the Optimal 

Torque Control method, which determines the reference 

electromagnetic torque according to the optimal power-speed 

relationship of the wind turbine. The corresponding effective 

power reference is then obtained and regulated by a PI 

controller to ensure accurate tracking. 

The reference value for the quadrature rotor voltage (Vqr
*) 

is determined by the active power error (ePs). The power error 

is determined according to Equation (21). 





−=

−=

QQe

PPe

ssQs

ssPs

*

*

                                             (21) 

Where, Ps
* is the reference value of active power and Qs

* is 

the reference value of reactive power. 

In the proposed control technique, the reference value of 

the direct rotor voltage is calculated based on Equation (3) and 
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Equation (21). This value is calculated according to Equation 

(22). This value is adjusted using the gains K1 to K3 and α. 

Equation (22) is embodied by Figure 5. 

𝑉𝑑𝑟
∗ = k1. eQs

α + k
2

∫ eQs

α . dt + k3

deQs

α

dt
                          (22) 

 

Fig. 4. Proposed power control of DFIG. 

 

 

Fig. 5. Proposed reactive power regulator. 

Using Equation (3) and Equation (21), the reference value 

of the quadrature voltage is estimated according to Equation 

(23). Figure 6 represents the mathematical model of the 

regulator included in Equation (23). 

𝑉𝑞𝑟
∗ = k1. e𝑃s

α + k
2

∫ e𝑃s

α . dt + k3

de𝑃s
α

dt
                          (22) 

The gain values of these controls are calculated in 

this paper using a GA. The features of the GA used to 

estimate the optimal gain values for the active and 

reactive power regulator are listed in the supplementary 

file. On the other hand, the reference value of active 

power is determined in this paper using the MPPT-PI 

strategy. Using the MPPT-PI, the current, torque, and 

power are varied according to the WS profile. 

To estimate the power error, the power must first be estimated. 

The power estimation in this new algorithm is the same as the 

power estimation used in the DPC. Power estimation in this 

new approach requires flux estimation. As is well known, flux 

estimation requires only current and voltage measurements. 

 

Fig. 6. Proposed active power regulator. 

Based on the work performed in [89], the flux is estimated 

according to Equation (24). 

















+−=

+−=

dtIR
t

dtIR
t

V r

V r

rrr

rrr

)

0

(

)

0

(









                              (24) 

Where, Vrβ and Vrα are the voltage linkage of β and α-axis. 

Ψrβ and Ѱrα are the flux linkage of β and α-axis. 

Equation (25) can be used to estimate the rotor flux from 

the voltage. 

|Ψ̅𝑟| =
|V̅𝑟|

𝑤𝑟
                                                     (25) 

Where, Vr is the rotor voltage and Ψr is the rotor voltage. 

Equation (24) can also be used to calculate the flux of the 

rotating part, while Equation (26) is used for this purpose. 

𝛹𝑟 = √𝛹𝑟𝛼
2 + 𝛹𝑟𝛽

2                                   (26) 

According to the works [90, 91], the estimation of 

capabilities is estimated using Equations (27) and (28). 

𝑃𝑠 = −
3

2

𝐿𝑚.𝑉𝑠.𝜓𝑟𝛽

𝜎.𝐿𝑠.𝐿𝑟
                            (27) 

Where, Lm is the mutual inductance, Rs is the stator restiance, 

Lr is the rotor inductance, Ls is the stator inductance, and Vs is 

the stator voltage.

 

𝑄𝑠 = −
3

2
(

𝑉𝑠

𝜎.𝐿𝑠
⋅ 𝜓𝑟𝛽 −

𝑉𝑠.𝐿𝑚.𝜓𝑟𝛼

𝜎.𝐿𝑠.𝐿𝑟
)
                          (28) 

With: 
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LL

M

sr

2

1−=                                       (29) 

 

4. Results 

The FOE-PID-GA strategy was validated using 

MATLAB 2014, comparing its efficiency with that of the PI-

GA regulator and STA technique. The proposed regulator was 

implemented on a 1.5 MW generator. Four different tests were 

proposed for comparison. The efficiency was compared in 

terms of THD, overshoot, SSE, power ripples, response time, 

and strength. The parameters of the studied system are listed 

in Table 3. 

Table 3. System parameters 

Parameter Values 

 

 

 

 

Multi-

rotor WT 

Number of turbine blades 3 

r1 1 m 

R2 25.5 m 

Number of secondary WT 

blades 

3 

J2 1000 

Kg.m2 

rg 0.75 m 

R1 13.2 m 

r2 0.5 m 

J1 500 Kg.m2 

 

 

 

 

 

 

DFIG 

Psn 1500 kW 

p 2 

fr 2.4 mN.m/s 

Rr 21 mΩ 

Lr 13.6 mH 

J 1 Mg.m2 

fs 50 Hz 

Ls 13.7 mH 

Lm 13.5 mH 

Vs 380/696 V 

Rs 12 mΩ 

 

A. First test: With the MPPT technique 

The MPPT strategy is used to test the effectiveness of the 

new algorithm with varying WS profiles. Figure 7 and Table 

4 represent the results of this test for three controls proposed 

in this paper. A zoomed-in graphical representation of these 

test results is included in Figure 8. 

Figure 7a represents the WS used in this paper to study the 

effectiveness of the proposed control techniques in this study. 

Figure 7b shows the reactive power of the three algorithms. It 

is observed that this power closely follows the reference value, 

with ripples and a fast dynamic response for all three controls. 

Note that the reactive power does not change with WS, 

remaining constant at 0 VAR. According to Figure 8a, the 

reactive power ripples are lower when using the FOE-PID-GA 

controller than when using the PI-GA controller and the STA 

strategy. The values of these ripples are listed in Table 4. 

According to Table 4, the FOE-PID approach reduced the 

reactive power ripples by 90.48% and 65.59% compared to PI-

GA and STA, respectively. Table 4 also shows that the FOE-

PID-GA algorithm yielded better values for both SSE and 

ITAE of reactive power compared to the other strategies. In 

the case of ITAE, the FOE-PID-GA approach reduced this 

value by 64.03% and 22.58% compared to PI-GA and STA, 

respectively. In the case of SSE of reactive power, the FOE-

PID-GA regulator reduced this value by 97.07% and 83.54% 

compared to PI-GA and STA, respectively. Despite this high 

performance, the FOE-PID-GA controller yielded 

unsatisfactory results for both response time and overshoot, as 

shown in Table 4. Therefore, the response time and overshoot 

values are considered the negatives of the FOE-PID-GA 

controller in this test. This negative can be attributed to the 

gain values. 

Figure 7c shows the variation of active power for the three 

algorithms under the MPPT strategy. According to this figure, 

the active power for the three algorithms closely follows the 

reference value with a fast dynamic response. Also, it is noted 

that the active power varies with the change in WS, with the 

negative value for all three controls indicating that the system 

is in power generation mode. There are also ripples in this 

power level, as shown in Figure 8b and Table 4. These ripples 

are significantly lower when using the FOE-PID-GA regulator 

compared to other regulators. According to Table 4, active 

power ripples are reduced by 86.55% and 51.92% with the 

FOE-PID-GA regulator compared to the PI-GA and STA 

regulators, respectively. These ratios demonstrate the 

effectiveness of the designed regulator in improving active 

power quality. Furthermore, Table 4 shows that the FOE-PID-

GA regulator yielded better values for SSE, overshoot, and 

ITAE than the other strategies. Thus, the FOE-PID-GA 

regulator reduced the active power ITAE, overshoot, and SSE 

by 67.47%, 19.81%, and 99.65%, respectively, compared to 

the PI-GA regulator. Furthermore, this design reduced the 

active power ITAE and SSE by 39.17% and 99.10%, 

respectively, compared to the STA regulator. However, the 

designed regulator gave unsatisfactory values for both 

overshoot and response time of active power compared to the 

other regulators, as listed in Table 4. The STA regulator gave 

a better value of overshoot of active power than the designed 

regulator by a percentage of 90.65% compared to the FOE-

PID-GA regulator. Moreover, the response time of active 

power was better in the case of using both PI-GA and STA by 

percentages of 65.76% and 19.40%, respectively, compared to 

the FOE-PID-GA regulator. 

Figure 7d represents the variation of torque over time for 

the three algorithms using MPPT. Note that the torque for 

three algorithms varies with the change in active power, with 

fluctuations. Also, note that the torque has negative values for 

three algorithms, proving that the system under study is 

sending power to the grid. According to Figure 8c, the torque 

ripples are significantly lower in the case of using the new 

algorithm compared to PI-GA and STA. The torque ripples in 

this test were estimated at 323.36 N·m, 109.80 N·m, and 30 
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N·m for the PI-GA, STA, and FOE-PID-GA, respectively. 

These values demonstrate that torque ripples are significantly 

reduced with the FOE-PID-GA, with a reduction of 90.72% 

compared to the PI-GA regulator and 72.67% compared to the 

STA technique. 

Figure 7e represents the current variation for the three 

algorithms discussed in this article. According to Figure 7e, 

the current varies with the WS, with ripples present. The 

current also has a sinusoidal shape for both algorithms, as 

shown in Figure 8d. Furthermore, it is noted that the current 

signal has a period of 0.02 seconds in the case of the three 

controls. The current ripples in this test were estimated to be 

120 A, 40 A, and 11.26 A for PI-GA, STA, and FOE-PID-GA, 

respectively. These values indicate that the FOE-PID-GA 

reduced current ripple by 90.61% and 71.85% compared to the 

PI-GA and STA, respectively. These figures demonstrate the 

FOE-PID-GA's significant effectiveness in improving current 

quality, making it a reliable solution for future control 

applications. 

Figures 7f, 7g, and 7h represent the THD values for the 

three strategies. From these figures, the THD values were 

estimated to be 6.40% for PI-GA, 2.96% for STA, and 2.60% 

for FOE-PID-GA. These values indicate that the THD is 

significantly better for the FOE-PID-GA regulator compared 

to both PI-GA and STA, demonstrating its effectiveness and 

operational performance. Thus, the designed regulator 

reduced the THD by 59.37% and 12.16% compared to PI-GA 

and STA, respectively. Figures 7f, 7g, and 7h show that the 

fundamental signal amplitudes were 775.60 A, 779.30 A, and 

770.20 A for PI-GA, STA, and FOE-PID-GA, respectively. 

From these values, it is evident that the FOE-PID-GA 

regulator yielded unsatisfactory amplitudes compared to the 

other regulators. Therefore, it can be concluded that the 

amplitude is also negative in this test. These shortcomings can 

be overcome in the future using other strategies, such as neural 

networks. 

 
a)Variable WS profile 

 
b)Qs. 

 
c)Ps. 

 
d)Torque. 

 
e)Current. 
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f)THD(PI-GA). g)THD(STA). 

 
g)THD(FOE-PID-GA). 

Fig. 7. First test results. 

 

 

a)Qs. 

 
b)Ps. 

 
c)Torque. 

 
d)Current. 

Fig. 8. First test results. 

 

Table 4. Values and reduction ratios in the first test case. 

Techniques  
Qs 

(VAR) 

Ps 

(W) 

 

 

PI-GA 

Overshoot 8219.40 22150 

Ripples 105106 90000 

Response time (ms) 0.069 1.27 

ITAE 17560 17720 

SSE 39085 29000 

49ST

A 

Overshoot 130.40 1660 

Ripples 29067 25170 

Response time (ms) 0.19 2.99 

ITAE 8159 9476 

SSE 6910 11200 

 

FOE-

PID-

GA 

Overshoot 10798 17760 

Ripples 10000 12100 

Response time (ms) 0.45 3.71 

ITAE 6316 5764 

SSE 1136.80 100 

 

Ratios 

(%) 

Overshoot 

FOE-
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GA 

-23.88 19.81 
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PID-

GA/STA 

-98.79 -90.65 

Ripples 

FOE-

PID-

GA/PI-

GA 

90.48 86.55 

FOE-

PID-

GA/STA 

65.59 51.92 

Response 

time (ms) 

FOE-
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GA/PI-

GA 

-84.66 -65.76 
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FOE-

PID-

GA/STA 

-57.77 -19.40 

ITAE 

FOE-

PID-

GA/PI-

GA 

64.03 67.47 

FOE-

PID-

GA/STA 

22.58 39.17 

SSE 

FOE-

PID-

GA/PI-

GA 

97.09 99.65 

FOE-

PID-

GA/STA 

83.54 99.10 

As observed in Table 4, the proposed FOE-PID-GA 

controller exhibits a slightly longer response time compared 

with the PI-GA controller. This behavior is mainly related to 

the gain values obtained through the genetic algorithm 

optimization, which were tuned to prioritize steady-state 

performance, particularly ripple minimization and THD 

reduction. It is worth noting that alternative or hybrid 

optimization techniques, such as Particle Swarm Optimization 

(PSO) or hybrid GA–PSO methods, could potentially provide 

a more balanced tuning of the controller parameters. Such 

approaches may improve the transient response while 

maintaining the advantages of the FOE-PID structure in terms 

of harmonic mitigation and output waveform quality. This 

aspect will be considered as a potential direction for future 

work. 

B. Second test 

The strength of the new algorithm is investigated in this 

test under variable generator parameters, comparing its 

performance with the PI-GA and STA techniques. All 

inductances values are divided by 2, and all resistance values 

are multiplied by 2. The results obtained in this test are 

presented in Figures 9 and 10, while numerical results and 

reduction ratios are presented in Table 5.  

Figure 9a represents the reactive power of three controls 

as the generator parameters change. This figure demonstrates 

that despite the parameter changes, the reactive power remains 

constant and closely follows the reference value for three 

control techniques, even with fluctuations. These ripples, as 

shown in Figure 10a, are significantly higher in the PI-GA and 

STA algorithms than in the FOE-PID-GA regulator. 

According to Table 5, the FOE-PID-GA regulator yielded 

better values for ITAE, ripples, SSE, and overshoot than the 

other strategies. Compared to the PI-GA regulator, FOE-PID-

GA reduced ITAE, ripples, SSE, and overshoot by 65%, 80%, 

96%, and 16.49%, respectively. The ITAE, ripples, SSE, and 

overshoot of the reactive power were reduced by 12.17%, 

30.10%, 90.30%, and 7.55%, respectively, compared to the 

STA regulator. These ratios indicate the effectiveness of the 

designed approach despite the change in machine parameters 

and its significant ability to improve reactive power 

characteristics. However, in terms of reactive power response 

time, this regulator yielded unsatisfactory values compared to 

other strategies. Therefore, the reactive power response time 

in this test is also considered a disadvantage of the designed 

regulator. 

Figure 9b represents the variation in active power for the 

three algorithms as the generator parameters change. This 

figure shows that despite changes in DFIG parameters, the 

active power continues to vary with changes in WS. It is 

noticeable that changes in generator parameters significantly 

affect this power, as this effect is evident in the higher ripples 

for the three controls compared to the first test. Furthermore, 

despite changing the DFIG parameters, the active power of the 

three controls remains negative, indicating that the system is 

in power generation mode. Figure 10b represents the 

amplified active power of the three controls. This figure 

demonstrates that the active power ripples are lower with the 

FOE-PID-GA regulator compared to the other strategies. The 

values of these ripples according to Table 5 ares better by 

percentages estimated at 87.88% and 54.49% compared to 

both PI-GA and STA, respectively. According to Table 5, the 

overshoot, ITAE, and SSE values are 95.12%, 59.95%, and 

98.46% better than PI-GA, respectively. Compared to STA, 

the overshoot, ITAE, and SSE values are 90.36%, 20.16%, 

and 70.27% lower, respectively. 

Figure 9c represents the torque change of the generator in 

the case of using the algorithms designed in this paper. From 

this figure, it's noticeable that the torque is significantly 

affected by variations in the DFIG parameters, as evidenced 

by the higher ripples compared to the first test. However, 

despite the changes in the generator parameters, the torque 

remains negative and varies according to the variation in 

active power. According to Figure 10c, the torque ripples were 

estimated to be 700 N·m, 200 N·m, and 80 N·m for PI-GA, 

STA, and FOE-PID-GA, respectively. With these values, 

torque ripples are 88.57% lower than with the PI-GA and 60% 

lower than with the STA. 

Figure 9d represents the change in the current pattern 

when the DFIG parameters are varied for three control 

starategies. This figure shows that the current remains 

sinusoidal with ripples. The current value of the three controls 

in this test keeps changing as the wind speed changes.  

According to Figure 10d, the period of the current signal for 

both algorithms is 0.02 seconds. On the other hand, as shown 

in Figure 10d, the current ripples are significantly lower when 

using the FOE-PID-GA algorithm compared to the PI-GA and 

STA methods. These ripples are estimated to be 149.50 A, 

65.10 A, and 33.30 A for PI-GA, STA, and FOE-PID-GA, 

respectively. Therefore, the current ripples are better with the 

FOE-PID-GA regulator, with ratios of 77.72% and 48.84% 

compared to the PI-GA and STA regulators, respectively. This 

ratio demonstrates the significant effectiveness of the FOE-

PID-GA regulator in improving current quality despite 

varying generator parameters, making it a promising solution. 

Figures 9e, 9f, and 9g represent the THD values for the 

algorithms designed in this study. These figures demonstrate 

that the THD value was significantly affected by changes in 
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machine parameters, with a significant increase in the THD 

value compared to the first test. According to these figures, the 

THD value for the PI-GA approach was estimated to be 

12.71%, while for the FOE-PID-GA approach, the THD value 

was estimated to be 4.07%. In the STA approach, the current 

THD value was estimated to be 4.70%. These values 

demonstrate that the THD value is better with the FOE-PID-

GA approach compared to the other strategies. This THD 

reduction is estimated to be 67.97% compared to the PI-GA 

approach and 13.40% compared to the STA approach. 

According to Figures 9e, 9f, and 9g, the fundamental signal 

(50 Hz) amplitude in this test was estimated to be 788.60 A, 

787.70 A, and 781 A for PI-GA, STA, and FOE-PID-GA, 

respectively. The obtained values indicate that the PI-GA 

regulator gave better amplitudes than the FOE-PID-GA and 

STA regulators, with ratios of 0.96% and 0.1%, respectively. 

In this test, the fundamental signal (50 Hz) amplitude is also 

considered a drawback of the FOE-PID-GA regulator, which 

can be overcome in the future. 

 

 
a)Qs. 

 
b)Ps. 

 
c)Torque. 

 
d)Current. 

 
e) THD(PI-GA). 

 
f)THD(STA). 

 
g) THD(FOE-PID-GA). 

 

Fig. 9. Second test results. 
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a)Qs. 

 
b)Ps. 

 
c)Torque. 

 
d)Current. 

 

Fig. 10. Zoom (second test results). 

 

 

Table 5. Values and reduction ratios in the second test case. 

 Ps 

(W) 

Qs 

(VAR

) 

 

 

PI-GA 

Overshoot   29530 15830 

Ripples  16502

0 

20000

0 

ITAE 36080 34830 

Response time 

(ms) 

0.66 0.07 

SSE 71800 40000 

 

 

52STA 

Overshoot   14940 17200 

Ripples  43950 57232 

ITAE 18100 13880 

Response time 

(ms) 

1.65 0.20 

SSE 3700 16495 

 

FOE-

PID-GA 

Overshoot   1440 18500 

Ripples  20000 40000 

ITAE 14450 12190 

Response time 

(ms) 

2.09 0.46 

SSE 1100 1600 

 

Ratio

s (%) 

Oversho

ot 

FOE-

PID/PI-

GA 

95.12 16.49 

FOE-

PID/STA 

90.36 7.55 

Ripples FOE-

PID/PI-

GA 

87.88 80 

FOE-

PID/STA 

54.49 30.10 

ITAE FOE-

PID/PI-

GA 

59.95 65 

FOE-

PID/STA 

20.16 12.17 

Response 

time 

(ms) 

FOE-

PID/PI-

GA 

-68.42 -84.78 

FOE-

PID/STA 

-21.05 56.52- 

SSE FOE-

PID/PI-

GA 

98.46 96 

FOE-

PID/STA 

70.27 90.30 

C. Third test: steps wind profile 

The designed approach is tested against other strategies 

using steps WS profile. Figure 11a represents the WS variation 

pattern used in this test. This test differs from the tests 

performed above. The numerical results are presented in Table 

6, while the graphical results are presented in Figure 11. A 

zoomed-in result for the third test is presented in Figure 12. 

Figure 11b represents the change in reactive power for the 

three algorithms when using steps WS profile. From this 

figure, it is noticeable that this power closely follows the 

reference value, remaining constant at 0 VAR, which is the 

same as the results of the previous tests. Furthermore, it is 

noticeable that this power has a rapid dynamic response and 

ripples when using all three strategies. These ripples, as shown 

in Figure 12a, are larger when using the PI-GA controller than 

with other controllers. In this test, the FOE-PID-GA controller 

yielded significantly better numerical values for SSE, ripples, 

and ITAE of reactive power than both the PI-GA and STA 

controllers, as shown in Table 6. According to this table, the 

FOE-PID-GA regulator reduced the SSE, ripples, and ITAE 

of reactive power by 81.94%, 79.15%, and 68.29%, 

respectively, compared to the PI-GA regulator. Compared to 

the STA regulator, the FOE-PID-GA regulator reduced the 

SSE, ripples, and ITAE of reactive power by 67.79%, 28.53%, 

and 40.12%, respectively. However, the FOE-PID-GA 
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regulator yielded unsatisfactory values for both response time 

and overshoot of reactive power compared to other strategies. 

Therefore, it can be argued that response time and overshoot 

are also the drawbacks of this regulator design in this test. 

Figure 11c represents the variation in active power in the 

third test case. For all three controls, it is observed that the 

active power varies with the change in WS, with a rapid 

dynamic response. It is also observed that the active power 

remains negative, with ripples present. These ripples, as 

shown in Figure 12b, are significantly lower in the case of the 

FOE-PID-GA controller compared to both the PI-GA and 

STA controllers. 

Table 6 shows that the FOE-PID-GA regulator reduced 

active power ripples by 82.52% and 41.90% compared to the 

PI-GA and STA strategies, respectively. Furthermore, Table 6 

shows that the FOE-PID-GA regulator achieved better ITAE, 

Overshoot, and SSE values, demonstrating its significant 

ability to improve active power characteristics compared to 

other strategies. Compared to the PI-GA controller, the FOE-

PID-GA controller reduced the ITAE, Overshoot, and SSE 

values by 52.09%, 69.58%, and 87.90%, respectively. 

Furthermore, the designed controller reduced the ITAE, 

Overshoot, and SSE values by 11.25%, 61.58%, and 3.42%, 

respectively. Table 6 shows that the response time to active 

power of DFIG is significantly better with the PI-GA 

controller compared to the other controllers. 

Figure 11d represents the torque variation over time for 

the three controls under steps WS conditions. This figure 

demonstrates that the torque continues to vary with the 

changes in the active power of the three controls. It is also 

noticeable that the torque has negative values and fluctuations. 

Figure 12c demonstrates that the torque ripples are 

significantly lower with the FOE-PID-GA controller 

compared to the other strategies. In the PI-GA model, the 

torque ripples were estimated at 400 N·m. Torque ripples were 

estimated at 237.46 N·m and 140 N·m for the STA and FOE-

PID-GA models, respectively. Therefore, the FOE-PID-GA 

regulator reduced torque ripples by 65% and 41.04%, 

respectively. These results in this test demonstrate the 

effectiveness of the designed approach and its ability to 

improve torque quality, making it a reliable solution for 

industrial applications. 

Figure 11e represents the current variation for the three 

algorithms in the third test. This figure demonstrates that the 

current takes the form of WS changes for the three controls, 

with ripples present. When using all three strategies, the 

current takes a sinusoidal shape, as shown in Figure 12d. 

According to Figure 12d, the current has a period of 0.02 

seconds. The current ripples in this test were estimated to be 

100 A, 20.42 A, and 5 A for the PI-GA, STA, and FOE-PID-

GA, respectively. Therefore, the FOE-PID-GA regulator 

reduced current ripples by 79.58% and 75.51% compared to 

the PI-GA and STA, respectively. 

Figures 11f, 11g, and 11h represent the THD values for 

the three controls in the third test case. In this test, the THD 

values were estimated to be 4.66%, 1.70%, and 1.29% for PI-

GA, STA, and FOE-PID-GA, respectively. From these values, 

it is evident that the THD is lower for the FOE-PID-GA 

controller than for the other controllers. Thus, the FOE-PID-

GA regulator reduced the THD value by 72.31% and 24.11% 

compared to the PI-GA and STA, respectively. Furthermore, 

it is noted that the fundamental signal (50 Hz) amplitude in 

this test was estimated to be 1058 A, 1064 A, and 1055 A for 

the PI-GA, STA, and FOE-PID-GA, respectively. It is noted 

that the FOE-PID-GA regulator yielded unsatisfactory 

amplitudes compared to other strategies. This disadvantage 

can be attributed to the low gain values, as the regulator's 

performance could be improved by using more efficient and 

effective strategies. 
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d)Torque. 

 
e)Current. 

 
f)THD(PI-GA). 

 
g)THD(STA). 

 
h)THD(FOE-PID-GA). 

 

Fig. 11. Third test results. 
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Fig. 12. First test results. 
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Table 6. Values and reduction ratios in the first test case. 

 
Qs 

(VAR) 

Ps 

(W) 

 

 

PI-

GA 

Overshoot 8220 13350 

Ripples 103460 96500 

Response time (ms) 0.069 1.17 

ITAE 17500 18170 

SSE 22150 23310 

55ST

A 

Overshoot 130.40 10570 

Ripples 30178 28620 

Response time (ms) 0.198 2.64 

ITAE 9276 9808 

SSE 12420 2920 

 

FOE-

PID-

GA 

Overshoot 10798 4060 

Ripples 21567 16860 

Response time (ms) 0.45 3.07 

ITAE 5554 8704 

SSE 4000 2820 

 

Ratios 

(%) 

Overshoot 

FOE-

PID/PI-

GA 

-23.87 69.58 

FOE-

PID/STA 
-98.79 61.58 

Ripples 

FOE-

PID/PI-

GA 

79.15 82.52 

FOE-

PID/STA 
28.53 41.90 

Response 

time (ms) 

FOE-

PID/PI-

GA 

-84.66 -61.88 

FOE-

PID/STA 
-57.77 -14 

ITAE 

FOE-

PID/PI-

GA 

68.26 52.09 

FOE-

PID/STA 
40.12 11.25 

SSE 

FOE-

PID/PI-

GA 

81.94 87.90 

FOE-

PID/STA 
67.79 3.42 

D. Fourth test: without MPPT technique 

In this test, the effectiveness and robustness of the 

designed approach are examined compared to the STA and PI-

GA strategies when the MPPT strategy is not used. In this test, 

the reference active power value is set at a constant value of -

800 kW. The results of this test are presented in Figures 13 

and 14, while the numerical results are presented in Table 7. 

Figures 13a and 13b represent the power changes over 

time for the fourth test. These powers track the reference well, 

with ripples. These ripples, as shown in Figures 14a and 14b, 

are lower with the FOE-PID-GA regulator than with both the 

STA and PI-GA regulators. Also, even though the MPPT 

strategy is not used, the Qs remains constant at 0, while the Ps 

remains constant at -800 kW. According to Table 7, the FOE-

PID-GA regulator yielded better values for ITAE, ripples, and 

SSE of DFIG power compared to the other strategies. 

Compared to the STA regulator, the proposed regulator 

reduced the ripples, ITAE, and SSE of reactive power by 

63.60%, 26.54%, and 40.07%, respectively. In the case of the 

PI-GA regulator, the proposed regulator reduced the ripples, 

ITAE, and SSE of Qs by 63.60%, 26.54%, and 40.07%, 

respectively. 

In the Ps case, the ripples, ITAE, overshoot, and SSE 

values are significantly improved with the designed regulator, 

with ratios of 86.41%, 67.45%, 61.50%, and 77.38%, 

respectively, compared to the PI-GA regulator. Compared to 

the STA regulator, the FOE-PID-GA regulator reduced 

ripples, ITAE, and SSE by 49.36%, 39.35%, and 31.39%, 

respectively. Regarding the power response time, Table 7 

shows that the FOE-PID-GA regulator yielded an 

unsatisfactory response time compared to the other strategies, 

which suggests that the power response time is also a 

drawback of this approach in this test. 

Figures 13c and 13d represent the variations in torque and 

current for the three controls in the fourth test case. From these 

figures, it is observed that the torque and current vary with the 

change in Ps, with ripples present. These ripples, as shown in 

Figures 14c and 14d, are lower in the case of the FOE-PID-

GA regulator compared to the other strategies. The torque 

ripples in the test were estimated to be 300 N.m, 70 N.m, and 

40 N.m for the PI-GA, STA, and FOE-PID-GA, respectively. 

Therefore, the FOE-PID-GA regulator reduced torque ripples 

by 86.66% and 42.85% compared to the PI-GA and STA, 

respectively. Meanwhile, the current ripples in this test were 

estimated at 108.50 A, 38.10 A, and 20 A for the PI-GA, STA, 

and FOE-PID-GA, respectively. These values indicate that the 

FOE-PID-GA regulator reduced current ripples by 81.56% 

and 47.50% compared to the PI-GA and STA, respectively. 

These ratios prove the effectiveness of the designed regulator 

despite not using the MPPT strategy, as these results confirm 

the results of the above tests. 

Figures 13e, 13f, and 13g represent the THD of current 

values for the three controllers used in this paper. Based on 

these figures, the THD values were estimated to be 3.63%, 

1.32%, and 1.07% for PI-GA, STA, and FOE-PID-GA, 

respectively. Therefore, the FOE-PID-GA regulator reduced 

the THD value by 70.52% and 18.93 % compared to the PI-

GA and STA, respectively. Therefore, the current quality is 

high in this test when using the designed regulator compared 

to the other strategies. However, in terms of the fundamental 

signal (50 Hz) amplitude, this regulator gave an unsatisfactory 

amplitude. Therefore, this amplitude value is also considered 

a negative for the designed approach in this test. 
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a)Qs. 

 
b)Ps. 

 
c)Torque. 

 
d)Current. 

 
e)THD(PI-GA). 

 
f)THD(STA). 

 
g)THD(FOE-PID-GA). 

 

Fig. 13. Fourth test results. 
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c)Torque. 

 
d)Current. 

 

Fig. 14. Fourth test results. 

 

Table 7. Values and reduction ratios in the fourth test case. 

 
Qs 

(VAR) 

Ps 

(W) 

 

 

PI-

GA 

Overshoot 8213 
1419

0 

Ripples 101232 
8813

0 

Response time (ms) 0.069 1.66 

ITAE 17130 
1683

0 

SSE 14556 
2635

0 

57ST

A 

Overshoot 130.50 4570 

Ripples 30000 
2370

0 

Response time (ms) 0.19 3.47 

ITAE 8009 9031 

SSE 2600 8760 

 

FOE-

PID-

GA 

Overshoot 10798 5500 

Ripples 
10917.5

0 

1200

0 

Response time (ms) 0.40 4.09 

ITAE 5883 5477 

SSE 1558 5960 

 

Ratio

s (%) 

Overshoo

t 

FOE-

PID/PI-

GA 

-23.93 61.50 

FOE-

PID/ST

A 

-98.79 
-

16.90 

Ripples 

FOE-

PID/PI-

GA 

89.21 86.41 

FOE-

PID/ST

A 

63.60 49.36 

Response 

time (ms) 

FOE-

PID/PI-

GA 

-82.75 
-

59.41 

FOE-

PID/ST

A 

-52.50 
-

15.15 

ITAE 

FOE-

PID/PI-

GA 

65.65 67.45 

FOE-

PID/ST

A 

26.54 39.35 

SSE 

FOE-

PID/PI-

GA 

89.29 77.38 

FOE-

PID/ST

A 

40.07 31.96 

 

Table 8 compares the THD value with related studies. The 

new algorithm significantly minimized the THD value in two 

tests compared to several papers, confirming the efficacy of 

this algorithm and its high ability to enhance current quality. 

In the first test case, the new algorithm reduced the THD 

compared to [93], [94], [95], and [97] by 47.16%, 60.09%, 

26.25%, and 63.50%, respectively. In the second test case, the 

new algorithm reduced the THD value compared to [93], [94], 

[95], and [97] by 41.94%, 56.14%, 18.95%, and 59.89%, 

respectively. These ratios demonstrate the efficacy of the new 

algorithm in enhancing current quality despite changes in 

generator parameters, making it a highly valuable solution for 

the future. The obtained minimization ratios are graphically 

represented in Figure 15. From Figure 15, the largest reduction 

ratio in the test case was estimated at 70.50%, while the lowest 

reduction ratio achieved was estimated at 12.59%. 

Figure 15 also shows that in the second test case, the 

largest reduction percentage was in the case of comparison 

with work [96], where this percentage was estimated at 

67.58%. The lowest reduction percentage obtained in the 

second test was in comparison with work [92], where it was 

estimated at 3.95%. Therefore, the lowest and highest 

minimization ratios in the first test were greater than the 

lowest and highest reduction ratios in the second test, which 

indicates that the effectiveness of the new algorithm is greater 

when the system is operating normally. 

As shown in Table 8, the proposed FOE-PID-GA control 

strategy achieves a lower THD compared with the other 

methods reported in the literature. This improvement can be 

attributed to the enhanced flexibility of the FOE, which 

provides additional tuning parameters beyond those available 

in conventional integer-order controllers. This flexibility 

allows a more accurate adjustment of the system dynamic 

response and improves the tracking performance of the control 

loops. Furthermore, the use of the GA method enables an 
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optimal tuning of the controller parameters by exploring a 

wider search space and avoiding local minima. As a result, the 

proposed FOE-PID-GA controller reduces current oscillations 

and improves the quality of the converter output waveform, 

leading to a significant reduction in THD compared with the 

existing control strategies. 

Table 8. Comparison with other papers in terms of THD 

values. 

References Methods  
THD 

(%) 

Ratios (%) 

Test 

1 

Test 

2 

[92] Method 1 4.05 12.59 3.95 

Method 2 10.79 67.19 63.94 

[93] DTC 6.70 47.16 41.94 

[94] DPC 8.87 60.09 56.14 

[95] 
GA-based 

DTC 
4.80 26.25 18.95 

[96] Algorithm 1 7.19 50.76 45.89 

Algorithm 2 12 70.50 67.58 

[97] Integral 

SMC  
9.7 63.50 59.89 

[98] Control 1 4.19 15.51 7.15 

Control 2 4.88 27.45 20.28 

New 

algorithm 

Test 1 3.54 
- 

Test 2 3.89 

 

 
Fig. 15. Graph of the results comparing with other related 

studies. 

5. Conclusion 

To enhance the quality of the power output of a DFIG-

based power system, this work presents a new power control 

algorithm. The FOE-PID-GA algorithm is used as a suitable 

solution to increase competence and improve current and 

power quality. A genetic algorithm is used to fine-tune the 

parameters of the designed regulator. Furthermore, the 

effectiveness of the new algorithm is evaluated under 

uncertainties and wind speed variations, comparing its 

performance with that of the PI-GA regulator. In all tests 

conducted, numerical and graphical results demonstrate that 

the new algorithm outperforms the PI-GA regulator. This 

superiority is evident in the reduction of power ripples, where, 

in the robustness test, active power ripples were reduced by 

68.83%. In all tests, the THD of the current was reduced by 

20% and 25% compared to PI-GA, thereby enhancing the 

overall quality of the power grid. The new algorithm also 

significantly improves the SSE value for active power by 

97.01% and 74.52% in all tests. Given the simplicity and ease 

of realization of the designed algorithm, it can be used in solar 

energy systems, providing a promising future direction. 

Moving to practical work by conducting experiments on a 

small-scale wind turbine system will help verify the 

applicability and performance of the new algorithm in the real 

world. Working with energy sector partners to conduct field 

tests on large-scale wind turbine systems to evaluate the 

performance of the new algorithm under a variety of operating 

settings. These field tests help identify any unique challenges 

in real-world deployments. It is recommended to investigate 

dynamically adjusting regulator gains in response to changing 

operating conditions using advanced optimization strategies, 

such as forced learning methods, adaptive optimization 

methods, or evolutionary methods. Using a novel algorithm to 

conduct a comprehensive investigation into the environmental 

impacts of multi-rotor wind turbine systems, taking into 

account sustainable wind farm development, life cycle, and 

carbon footprint analyses. 

Nomenclature  

Wind power WP 

Proportional integral controller PI 

Wind speed WS 

Total harmonic distortion THD 

Direct vector control DPC 

Fractional-order error FOE 

Multi-rotor wind turbine MRWT 

Active power Ps 

Doubly-fed induction generator DFIG 

Low-voltage ride-through LVRT 

Super-twisting algorithm STA    

Machine-side converter MSC 

Model reference adaptive control MRAC 

Active disturbance rejection control ADRC 

Direct vector control DVC 

Multilevel converter MLC 

Adaptive neuro-fuzzy inference system ANFIS 

Particle swarm optimization PSO 

Gray Wolf optimization GWO 

Herizontal-axis wind turbine HAWT 

Prescribed sliding mode control PSMC 

Wind turbine WT 

Neural network NN 
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Backstepping control BC 

Vertical-axis wind turbine VAWT 

Genetic Algorithm GA 

Fault-ride-through FRT 

Steady-state error SSE 

Grid-side converter GSC 

High-order sliding mode control HOSMC 

Model reference adaptive system MRAS 

Model predictive control MPC 

Salp Swarm algorithm SWA 

Fuzzy logic control FLC 

Modular multilevel converter MMLC 

Integral of time-weighted absolute error ITAE 

Whale optimization algorithm WOA 

Sliding mode control SMC 
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