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ABSTRACT 

 
Abstract— Wind energy is an essential element of the global shift towards renewable energy, 

providing clean and sustainable electricity generation.  The Doubly Fed Induction Generator 
(DFIG) is extensively utilized in variable-speed wind turbine systems owing to its efficiency and 
controllability.  This research introduces a comprehensive control approach for a stand-alone 
Doubly Fed Induction Generator (DFIG) utilizing a Proportional-Integral (PI) controller 
optimized via the integration of Grey Wolf Optimization and the Simplex algorithm (GWO-SM).  
A laboratory prototype has been created, including a Brushless DC (BLDC) motor that simulates 
wind fluctuations and a wound rotor induction machine operating as the Doubly Fed Induction 
Generator (DFIG).  System identification techniques are utilized to describe the reactive power 
and speed control loops using input-output data.  The new GWO-SM method is evaluated against 
traditional Grey Wolf Optimization (GWO) and Particle Swarm Optimization (PSO) across 
several test settings, including abrupt alterations in speed and load.  The results indicate that 
GWO-SM surpasses both PSO and GWO by attaining quicker transient responses, reduced 
steady-state error, and enhanced resilience.  The results confirm the efficacy of GWO-SM as a 
superior tuning technique for PI controllers in independent wind energy applications. 
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I. INTRODUCTION 
 

Wind energy generation has emerged as one of the fastest-growing and most 

significant sources of renewable energy globally due to substantial electricity 

demands.  The variable-speed wind turbine (VSWT) employing a doubly fed 

induction generator (DFIG) has recently attracted significant interest owing to its 

benefits [1, 2]. 

DFIG systems are extensively utilized in large variable-speed wind power 

generation applications. This study applies a DFIG to a stand-alone configuration. 

In contrast to grid-connected systems, wind turbines in stand-alone and islanding 

operations must regulate and sustain both active and reactive power while aligning 

generation with load, irrespective of fluctuations in rotor speed caused by variations 

in wind speed and load changes [2-4]. 
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Conventional PI control cannot achieve satisfactory transient performance for  

DFIG as a result of its time-varying and nonlinear control features. 

 This study is dedicated to the development of an advanced control methodology 

for DFIG in stand-alone applications. Various control strategies, including adaptive, 

neural network-based, and fuzzy logic approaches, have been explored in the 

literature. Among these, PI controller remains the most widely adopted technique, 

primarily due to its simplicity in design and ease of implementation. The 

conventional PI controller is frequently utilized in wind energy conversion systems 

for these reasons.  Attaining the desired control performance is challenging in the 

absence of appropriate controller tuning. The parameterization of the PI controller 

is a critical aspect of its design, as these settings have a direct and significant impact 

on the overall system performance. In recent years, heuristic optimization 

techniques have been increasingly employed to enhance PI controller tuning. 

Furthermore, many graduate-level engineering programs now emphasize the study 

of intelligent algorithms, such as neural networks and their associated mutation 

strategies, highlighting the growing importance of these advanced methodologies 

in control system design. [5-7].  

The selection of controller gains (( Kp ) and ( Ki )) is performed to satisfy specific 

performance criteria, such as rise time, settling time, overshoot, and steady-state 

error (ess) following a step change in demand [8]. Over time, a variety of heuristic 

optimization techniques have been proposed to enhance the tuning of PI controllers. 

While considerable research has focused on advanced PI controllers, including 

those incorporating fuzzy logic or variable gain algorithms, the effective 

optimization of the associated fuzzy rules and gain scheduling mechanisms remains 

essential [9, 10]. To address these challenges, biologically inspired optimization 

methods, such as evolutionary computation and swarm intelligence, have been 

widely adopted to further improve the tuning of PI controller parameters [8,11, 12].  

Section 2 delineates the system modeling. Section 3 presents the validation of 

the identified model and elucidates the application of optimization approaches. 

Section 4 provides a comparative analysis of the simulation results obtained using 

the proposed GWO-SM method against those achieved with alternative stochastic 

optimization techniques, namely PSO and the standard GWO.  
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II. SYSTEM MODELING 

 
A. Implemented a wind turbine and Doubly Fed Induction Generator (DFIG) system. 

The system comprises a Doubly Fed Induction Generator (DFIG), BLDC, a drive circuit, an 
inverter, a speed measurement unit, a reactive power measurement unit, and a data acquisition 
card.   Optimization methods are utilized for the PI controller in MATLAB/Simulink, alongside 
the integration of the data collection card with MATLAB/Simulink through the Data Collection 
Toolbox. The technical specifications of the system are outlined as follows [2]. 

 
B. Modeling of Wind Turbine Laboratory-scale  

The identification of transfer functions for the Doubly Fed Induction Generator (DFIG) in 

VAR control and the Brushless DC (BLDC) motor in speed control is conducted using the 

MATLAB System Identification Toolbox, as described in references [13, 14]. For the DFIG’s 

VAR control, a step input with a voltage range of 0 to 0.6 V is applied, and the resulting output 

is collected as test data. Analysis reveals that the optimal transfer function contains 4 poles and 

between 2 and 3 zeros, providing the best fit to the validation data. Alternatively, a lower-order 

transfer function with 4 poles and 2 zeros delivers a similar accuracy, achieving a fit of 91.5%. 

The identified transfer function of the variable frequency drive loop for the DFIG is expressed 

as follows: 

𝑮𝑮𝑸𝑸(𝑺𝑺) =
𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖 𝑺𝑺𝟐𝟐 + 𝟐𝟐.𝟏𝟏𝟏𝟏𝟏𝟏𝒆𝒆𝟎𝟎𝟎𝟎 𝑺𝑺 + 𝟒𝟒𝟒𝟒𝟒𝟒.𝟔𝟔

𝑺𝑺𝟒𝟒 + 𝟐𝟐𝟐𝟐.𝟒𝟒 𝑺𝑺𝟑𝟑 + 𝟐𝟐𝟐𝟐𝟐𝟐.𝟓𝟓 𝑺𝑺𝟐𝟐 + 𝟓𝟓𝟓𝟓𝟓𝟓.𝟒𝟒 𝑺𝑺 + 𝟕𝟕.𝟐𝟐𝟐𝟐𝟐𝟐
 (1) 

The BLDC motor's speed control transfer function comprises poles ranging from 1 to 3 and zeros 

from 1 to 3, utilizing a descending step input with a voltage range of 2.5 to 1 V, with the output 

serving as test data.  The optimal fit for the data validation is achieved with a transfer function 

with three poles and two zeros, yielding a fitting percentage of 95.131%.  For a brushless DC 

motor and its drive circuit, the transfer function of the speed control loop is: 

𝑮𝑮𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺(𝑺𝑺) =
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 𝑺𝑺𝟐𝟐 + 𝟓𝟓.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖 𝑺𝑺 − 𝟏𝟏.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎
𝑺𝑺𝟑𝟑 + 𝟓𝟓𝟓𝟓.𝟐𝟐𝟐𝟐 𝑺𝑺𝟐𝟐 + 𝟗𝟗𝟗𝟗𝟗𝟗 𝑺𝑺 + 𝟐𝟐.𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓 − 𝟏𝟏𝟏𝟏

 (2) 

 
C. Experimental Model Validation 

The transfer function of the models is delineated in equations (1) and (2); Figure 1 illustrates 

the response of both identified models and the practical system to a step input. 
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Figure 1. Empirical and Identified Model VAR and Speed Responses 

Figure 1 shows that the response of the identified model closely matches the actual system’s 

response, demonstrating that the model obtained from equations (1) and (2) is appropriate for 

simulation studies. The structure of the PI tuning algorithm is depicted in Figure 2. 

 
Figure 2. Structure of system with pi tuning algorithms. 

In the Wind Power Generator System, the turbine is modeled as a variable torque source that 

responds to changes in wind speed. BLDC motor, along with its associated drive circuits, is 

utilized to emulate the dynamic behavior of the wind turbine. Due to the inherently fluctuating 

torque and power outputs characteristic of wind energy, a dedicated speed control system has 

been implemented to regulate the BLDC motor’s rotational speed. The controller receives 

feedback on the generator speed via an encoder mounted on the shaft of DFIG. The encoder 

provides an output voltage ranging from 0 to 2 volts, corresponding linearly to shaft speeds 

between 0 and 2000 revolutions per minute (r.p.m.). The BLDC motor drive circuit is powered 

by a 220-volt AC mains supply, which is first rectified to produce a DC voltage. This DC output 

is subsequently processed through an IGBT inverter to drive the BLDC motor. The control input 

voltage to the inverter ranges from 0 to 5 volts, thereby determining the output voltage supplied 

to the motor. A 0.27 kW wound rotor induction machine, functioning as the DFIG, is 

mechanically coupled to the emulated wind turbine and is energized through a dedicated 

converter system. 
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III. MATERIALS AND METHODS 

 
A. Fitness Function and PI Controller Modeling 

The tuning of PI controller parameters is closely related to the inherent characteristics of the 

system. As a result, careful calibration of these parameters is essential to achieve the desired 

control performance. The transfer function of a proportional-integral (PI) controller is typically 

given by [15]: 

𝑮𝑮𝒄𝒄(𝒔𝒔) = 𝑲𝑲𝒑𝒑 + 𝑲𝑲𝒊𝒊
𝑺𝑺

                                                                                                                 
 (3) 

where, Kp, and Ki  denotes the proportional, and integral gains respectively. 

In this study, PSO, GWO, and GWO-SM techniques are utilized to optimally determine the 

controller constraints for both VAR regulation in DFIG and speed control of BLDC motor. The 

optimization process is guided by multi-objective performance indices, specifically WGAM1 and 

WGAM2 (Weighted Goal Attained Method 1 and 2), as defined in equations (4), and (5) [13]. 

WGAM1 = 1

[𝑐𝑐1�𝑡𝑡𝑟𝑟−𝑡𝑡𝑟𝑟𝑟𝑟�
2+𝑐𝑐2(𝑀𝑀𝑝𝑝−𝑀𝑀𝑝𝑝𝑝𝑝)2+𝑐𝑐3(𝑡𝑡𝑠𝑠−𝑡𝑡𝑠𝑠𝑠𝑠)2+𝑐𝑐4(𝑒𝑒𝑠𝑠𝑠𝑠−𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠)2]

  (4) 

WGAM2 =
1

(1− 𝑒𝑒−𝛽𝛽) ⋅ (𝑀𝑀𝑝𝑝 + 𝑒𝑒𝑠𝑠𝑠𝑠) + (𝑒𝑒−𝛽𝛽) ⋅ (𝑡𝑡𝑠𝑠 − 𝑡𝑡𝑟𝑟)
 (5) 

Where, r is the required output, e is the error signal, β  weighting factor, 1c : 4c  are positive 

constants,  rdt ,  pdM , ssde , and  sdt are the desired rise time, maximum overshoot, steady 

state error, and settling time respectively. 

In WGAM1, the definitive closed-loop specifications of the system, including the controller tr, 

Mp, ts, and ess, are utilized to assess the fitness function.  This is accomplished by aggregating the 

squares of discrepancies between actual and desired parameters, trd, Mpd, tsd, and essd, as delineated 

in the equation (4). 

The WGAM2 satisfy the requirements using β value as given in equation (5). The factor β is 

set higher than 0.7 to reduce the overshoot and ess. On the other hand β  is set smaller than 0.7 

to reduce the rise time and settling time [5]. 

B. Simplex Algorithm (SM) 
This method utilizes a derivative-free line search strategy, relying on the evaluation of the 

objective function at the N + 1 vertices of a polytope (simplex) within an N-dimensional space. 

The optimization process advances by systematically moving the simplex toward the minimum 

point through a sequence of geometric transformations: reflection, contraction, and expansion 

[16-19]. The procedure begins with the selection of an initial starting point, followed by the 

construction of an initial simplex comprising this point and additional points generated in each 

coordinate direction. The objective function is then evaluated at each vertex of the simplex. 
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Subsequently, the vertex corresponding to the highest function value is replaced by a new point 

derived from the application of simplex operators. These steps, evaluation and replacement, are 

iteratively repeated until a predetermined termination criterion is met. 

C. Grey Wolf Optimization Simplex Method (GWO-SM) Algorithm 

The Grey Wolf Optimizer–Simplex Method (GWO-SM) is a hybrid optimization approach that 

integrates the stochastic search capabilities of GWO with the deterministic refinement of the 

Simplex Method. This combination is specifically designed to address two common issues in 

optimization: the tendency of deterministic algorithms to become trapped in local minima, and 

the relatively slow convergence and suboptimal refinement associated with purely stochastic 

methods. In the GWO-SM algorithm, the GWO is initially employed to explore the solution space 

and identify a promising global minimum. Subsequently, the final solution obtained by the GWO 

serves as the starting point for the Simplex Method, which is then utilized to refine the solution 

and accelerate convergence toward the optimum. This sequential integration leverages the 

strengths of both algorithms to achieve efficient and robust optimization performance [16-18]. 

D. PI Tuning With GWO-SM (GWO-SM-PI): 
The step response of the system under the influence of GWO-SM-PI controller using 

the fitness function of WGAM1 and WGAM2 are shown in Figure 3 for Reactive Power Loop, 

and Figure 4  for Speed Loop. The optimum PI controller parameters and the response parameters 

of the Reactive Power Loop are summarized in Table I and for Speed Loop are summarized in 

Table II.  

TABLE I.  RESPONSE PARAMETERS OF VAR LOOP SYSTEM UTILIZING A GWO-SM-PI CONTROLLER 
WITH WGAM-BASED FITNESS FUNCTIONS 

Response Performance Criteria 
WGAM1 WGAM2 

Value of fitness function 0.0435 0.6623 
Rising time(sec), tr 0.1631 0.164 

Overshoot percentage, Mp 0.0042 0.0042 
Settling time (sec), ts 0.9206 0.9045 

Error, e 6.89E-04 6.86E-04 
Kp 0.0206 0.0192 
Ki 0.1693 0.1649 

TABLE II. RESPONSE PARAMETERS OF THE SPEED LOOP SYSTEM UTILIZING A GWO-SM-PI 
CONTROLLER WITH WGAM-BASED FITNESS FUNCTIONS 

Response Performance Criteria 
WGAM1 WGAM2 

Value of fitness function 5.22E-04 0.0395 
Rising time(sec), tr 0.2766 0.0803 

Overshoot percentage, Mp -0.0034 0.0142 
Settling time (sec), ts 0.514 0.1223 

Error, e 0.0365 -0.0012 
Kp 1.66E-04 0.0011 
Ki 0.0095 0.0273 
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It can be noticed that for reactive power loop the influence of GWO-SM-PI controller 

using the fitness function WGAM1 and WGAM2 is almost the same but WGAM2 is relatively 

better meanwhile for speed loop WGAM2 have relatively better response than WGAM1.  

 
Figure 3. Reactive Power Loop step response with GWO-SM-PI controller and WGAM fitness functions 

 
Figure 4. Speed Loop system step response with GWO-SM-PI controller and WGAM fitness functions.  

IV. RESULTS 
The optimal PI parameters for the transfer function of the identified models, derived from 

equations (1) and (2), are determined based on the performance indices outlined in equations (4), 

and (5). For WGAM1, the investigated parameters are: 𝑡𝑡𝑟𝑟𝑟𝑟 = 0.3, 𝑀𝑀𝑝𝑝% = 0, 𝑡𝑡𝑠𝑠𝑠𝑠 = 0.5, 𝑒𝑒𝑠𝑠𝑠𝑠% =

0, and 𝑐𝑐1 =  𝑐𝑐2 =  𝑐𝑐3 =  𝑐𝑐4 = 0.25. For WGAM2, the examined parameter is 𝛽𝛽 = 0.1. The 

performance of the identified model is evaluated using PSO, GWO, and GWO-SM controllers 

and  is presented in Table III and Table IV.  The values of the PI parameters are presented in 

Table V and Table VI.  Furthermore, the response times are illustrated in Figure 5 and Figure 6. 
TABLE III. PERFORMANCE OF PSO, GWO, AND GWO-SM FOR PI CONTROLLERS IN SIMULATION OF THE REACTIVE POWER LOOP 

Response Optimization 
Methods 

Performance Criteria 
WGAM1 WGAM2 

fitness 
function 

value 

PSO 1.5392 1.4392 
GWO 0.048917 0.67034 

GWO-SM 0.0435 0.6623 

Rising 
time(sec) 

PSO 0.087399 1.4055 
GWO 0.04855 0.164 

GWO-SM 0.1631 0.1640 
Overshoot 
percentage 

PSO 0 0 
GWO 28.12 0.004235 
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GWO-SM 0.0042 0.0042 

Settling 
time (sec) 

PSO 2.9721 2.9962 
GWO 0.50076 0.90447 

GWO-SM 0.9206 0.9045 

Steady state 
error 

PSO 0.001282 0.00201 
GWO 0.000205 0.000686 

GWO-SM 6.8946e-04 6.8630e-04 
TABLE IV. PERFORMANCE OF PSO, GWO, AND GWO-SM FOR PI CONTROLLERS IN SIMULATION OF SPEED LOOP  

Response Optimization 
Methods 

Performance Criteria 
WGAM1 WGAM2 

fitness 
function 

value 

PSO 0.11515 0.86391 
GWO 0.000482 0.10963 

GWO-SM 5.2238e-04 0.0395 

Rising 
time(sec) 

PSO 0.60787 0.58724 
GWO 0.27678 0.16767 

GWO-SM 0.2766 0.0803 

Overshoot 
percentage 

PSO 0.046845 0.01337 
GWO 0.033398 0.13483 

GWO-SM 0.0365 0.0142 

Settling 
time (sec) 

PSO 1.103 1.5402 
GWO 0.51626 0.27438 

GWO-SM 0.5140 0.1223 

Steady 
state error 

PSO -0.00578 -0.00357 
GWO -0.00311 -0.00247 

GWO-SM -0.0034 -0.0012 
TABLE V. REACTIVE POWER LOOP: PI CONTROLLER PARAMETERS 

PI Gains Optimization 
Methods 

Performance Criteria 
WGAM1 WGAM2 

Kp 
PSO 0.061582 0.027787 
GWO 0.02041 0.019792 

GWO-SM 0.0206 0.0192 

Ki 
PSO 0.076026 0.054485 
GWO 0.16455 0.16529 

GWO-SM 0.1693 0.1649 
TABLE VI. SPEED LOOP: PI CONTROLLER PARAMETERS 

PI Gains Optimization 
Methods 

Performance Criteria 
WGAM1 WGAM2 

Kp 
PSO 0.000296 0.003862 
GWO 0.000307 0.000131 

GWO-SM 1.6604e-04 0.0011 

Ki 
PSO 0.005508 0.008898 
GWO 0.010311 0.013 

GWO-SM 0.0095 0.0273 

 
Figure 5. Simulation with respect to WGAM1 
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Figure 6. Simulation with respect to WGAM2 

It is concluded from the above comparison that WGAM1 objective function with 

GWO-SM-PI for reactive power loop has been proven to be more efficient than the other 

optimization algorithms and objective functions. However, WGAM2 objective function with 

GWO-SM-PI for speed loop has been proven to be more efficient than the other optimization 

algorithms and objective functions. Thus, the system performs better time response with GWO-

SM-PI controller. 

V. CONCLUSION 
Wind energy continues to play a pivotal role in the global transition to clean and sustainable 

power sources. This study has presented a robust control strategy for stand-alone Doubly Fed 
Induction Generator (DFIG) wind energy systems, utilizing a Proportional-Integral (PI) controller 
tuned through a hybrid optimization approach combining Grey Wolf Optimization with the 
Simplex algorithm (GWO-SM). A laboratory-scale prototype was developed to emulate realistic 
wind conditions using a BLDC motor and a wound rotor induction machine acting as a DFIG. 
System identification techniques were employed to accurately model the reactive power and speed 
control loops based on input-output data. 

Comprehensive performance evaluations under varying operational scenarios, including 
sudden changes in rotor speed and electrical load, demonstrate that the proposed GWO-SM 
algorithm significantly outperforms conventional GWO and PSO methods. Specifically, GWO-
SM achieved faster transient responses, lower steady-state errors, and greater robustness across 
all test conditions. These findings validate the effectiveness of the GWO-SM approach as a 
superior PI tuning method for enhancing the performance and reliability of off-grid wind energy 
systems.  
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