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Abstract- In recent times, there has been a significant increase in wind production, causing extensive research on the regulation 

of active (P) and reactive power (Q) in wind power systems. Additionally, investigations have been conducted on the quality of 

power supplied by these systems and their integration with distribution networks. This work presents a novel contribution that 

employs the Fractional Order Proportional Integral Derivative (FoPID) controller. The primary objective of this study is to 

develop a field oriented control method for a doubly-fed induction generator (DFIG) based wind system, along with an 

optimization strategy using the Root Tree Optimization (RTO) algorithm. It is used on both the machine and network sides of 

the converters. The RTO method is based on analyzing the behavior of trees' underlying foundations as a function of their 

underground control level in search of subterranean water. The proposed control strategy is evaluated using a 

MATLAB/Simulink model for shorter settling time, less overshoot in the transient state, as well as a minimal oscillation. The 

FOPID controller produces better simulation results than the conventional PI regulator. Finally, the superiority of the 

implemented work is compared and proved over the conventional model.  

Keywords DFIG, FoPID controller, Rotor Side Converter, RTO algorithm.  
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ACO Ant colony optimization PID Proportional–Integral–Derivative 

BSC Backstepping Control PSO Particle Swarm Optimization 

DFIG Doubly Fed Induction Generator RTO Root Tree Optimization 

FOCs Fractional order Controllers RSC Rotor Side Converter 

FoPID Fractional Order Proportional Integral Derivative SA Simulated annealing 

GA Genetic algorithm SM Sliding Mode 

GSC Grid Side Converter THD Total Harmonic Distortion 

GSO Gravitational swarm optimizer VSWT Variable Speed Wind Turbine 

NN Neural Network WECS Wind Energy Conversion System 

VC Vector Control WT Wind Turbine 
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1. Introduction 

Nowadays, environmental pollution concerns cannot be 

overlooked, especially in light of climate change, which is 

affecting a large number of people all over the world. Several 

researchers suggest these changes in the environment are 

mostly the result of releases of greenhouse gases, especially 

CO2, which are also responsible for warming the planet and 

raising temperatures globally. Natural catastrophes, according 

to experts, pose an unparalleled ecological danger to 

ecosystem stability, and a rapid transition to renewable energy 

supplies is strongly recommended [1]. Wind energy is a clean, 

cost-effective, renewable, and environmentally friendly 
source of energy, making it one of the most promising and 

vital types of renewable energy in the world [2]. In small-scale 

residential applications of wind turbines (WT), the most 

common types of generators employed are synchronous 

generators (SG) and squirrel cage induction generators 

(SCIG). However, Doubly Fed Induction Generators (DFIG) 

are commonly utilized in wind turbines with megawatt-level 

capacity [3]. In the DFIG configuration, the rotor winding is 

electrically coupled to the rotor-side converter (RSC), 

whereas the stator is directly interconnected to the power grid 

[4]. Over the past few decades, a substantial amount of 

research has been devoted to examining the fault-tolerance 
capability, control methods, and optimal operation of doubly-

fed induction generator-based wind turbines (DFIG-WTs) 

connected to the AC grid [5-6]. Induction generators may be 

effectively regulated by many methods, including field-

oriented control and indirect torque control. These approaches 

primarily aim to efficiently control the DFIG's P and Q [7]. 

The conventional vector control approach is commonly 

employed in many practical applications for operating 

induction machines, because to its basic design and simplicity 

of implementation [8-9]. Nevertheless, it possesses significant 

drawbacks. A primary constraint of this control methodology 
is its dependence on the parameters of conventional PI/PID 

controllers, which significantly impacts the efficacy of the 

vector control technique. However, in a complex system with 

variable unpredictability, the gains of the PI/PID controllers 

are generally modified arbitrarily and manually utilizing very 

complicated, tedious, and time-consuming procedures [10-

11]. Sliding mode control (SMC) and backstepping (BSC) are 

contemporary control strategies that can be utilized in instead 

of field oriented control to improve the robustness of the 

WECS. These sophisticated control techniques have the 

potential to enhance the overall efficacy of DFIG-based wind 

turbine systems [12-15]. Due to its potential to provide better 
control performance than integer order controllers in many 

real-world scenarios, fractional-order controllers, or FOCs, 

have gained popularity in recent times [16]. FOCs have drawn 

a lot of interest due to their ability to depict the non-linear 

dynamics of complex systems [17]. Complex systems that 

cannot be described by integer order systems may also be 

simulated using them [18]. Because of this, FOCs may be used 

to improve response time and stability in existing control 

systems. Due to the difficulty of tuning FOCs using traditional 

approaches, contemporary techniques have been used to 

optimize FOC parameters depending on multiple factors such 

as stability, robustness, and performance. In recent years, 
some research studies have employed novel methodology 

such as artificial intelligence (AI) techniques [19-20]. 

Numerous studies and investigations were conducted to 

reduce the harmonics in rotor current and address the issue of 

chattering in both the P and Q of the DFIG. To regulate the 

converter, sliding mode regulators were used in different 

control systems [21-22]. Further studies have improved 

control performance using a range of AI methodologies and 

random search methods. PID controllers have been efficiently 

optimized using fuzzy systems, PSO, and NNs. [23-24]. 

Modern optimization techniques that have shown their 
effectiveness in FOCs optimization include metaheuristic 

approaches. These approaches make use of sophisticated 

optimization algorithms that conduct their searches using a 

random-search methodology. The algorithms include Genetic 

algorithms (GA) [25], Simulated annealing (SA) [26], Ant 

colony optimization (ACO) [27], Particle swarm optimization 

(PSO) [28], Gravitational swarm optimizer (GSO) 

[29].  Recent studies [30-31] have investigated the application 

of nature-inspired and bio-inspired optimization approaches 

to enhance the control behavior of power systems. Meta-

heuristic algorithms draw inspiration from several natural 

events, including animal behavior that have been proposed 
and discussed in recent literature [32-35]. 

The contribution of proposed method is given below: 

1. An effective FoPID controller decreases settling 

time, has less overshoot in the transient state, and has a 

low steady-state oscillation in DFIG (less overshoot, 

faster reaction time, less power ripples, and lower THD). 

2. Presents a Root Tree Optimization approach for 
optimizing the gain parameters of the FoPID controller. 

 

The paper is organized as follows: Section II covers the 

proposed DFIG-based WT modeling, Section III demonstrates 

an improved FoPID controller utilizing the root tree 

optimization technique, Section IV examines the findings, and 

Section V concludes the work.   

2. Proposed DFIG Based Wind Turbine Modelling 

The grid connected DFIG based WT is shown in Fig.1. 

The stator is required to be connected to the network directly 

in DFIG, whereas the rotor should be connected to the RSC 

[36-37].  
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Fig. 1. DFIG based WECS. 
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Voltage Equations: 

qssdssds IRV       (1) 

dssqssqs IRV      (2) 

qrs
dr

drrdr s
dt

d
IRV 


    (3) 

drs
qr

qrrqr s
dt

d
IRV 


    (4) 

Flux Equations: 

drdssds MIIL      (5) 

qrqssqs MIIL      (6) 

dsdrrdr MIIL 
    (7) 

qsqrrqr MIIL      (8) 

POWER EQUATIONS: 

qsqsdsdss IVIVP      (9) 

qsdsdsqss IVIVQ      (10) 

qrqrdrdrr IVIVP      (11) 

qrdrdrqrr IVIVQ       (12) 

TORQUE EQUATIONS: 

)(
22

3
dsqsqsdse II

P
T      (13) 

Where Rs, Rr, Rr, Ls and Lr denotes resistance, inductance 

of stator and rotor windings respectively. Direct and 

quadrature components of stator and rotor voltage are 

represented with Vds, Vqs, Vdr, Vqr. Ids, Iqs, Idr, Iqr denotes direct 

and quadrature components of stator and rotor currents. Ψds, 

Ψqs Ψdr, Ψqr represents direct and quadrature components of 

stator and rotor flux. P is the number of poles. 

 

2.1. Rotor Side Converter Control Strategy 

This section addresses the idea behind the VC method for 

controlling the power of DFIG-based WTs. As shown in Fig.2, 

the d and q axes are used to change the P and Q dealt between 

the DFIG generator and grid [38–39]. 

RTO 

Optimization

KP, KI, KD, μ, λ

FOPID

Field 

oriented 

Control

PWM

-Ls/

MVs

FOPID-Ls/

MVs

VsΨs/
Ls

P*
s

Ps

i*rq

irq

Vrq

Vrd
i*rd

ird

Q*
s

+ -

+
-

-
+

-

Pulses to 

RSC

+

Udc

 

Fig. 2. RSC control structure. 

sds  
     (14) 

0qs
 

0dsV
      (15) 

dssqsV 
  

 

)( sdrq

s

m
e I

L

L
PT 

    (16) 

 

qrrs
dr

rdrsdr ILg
dt

dI
LIRV  

  (17) 

s

sm
drrs

qr

rqrsqr
L

VL
gILg

dt

dI
LIRV  

rq

s

m
ss I

L

L
VP 

    (18) 

s

ss

rd

s

ms
s

L

V
I

L

LV
Q




 

LrL

L

s

m

2

1

     (19) 

s

rsg


 )( 


     (20) 
The rotor reference currents are 
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The P and Q generated are regulated in the d and q axes 

via two independent loops [40]. 

2.2. Grid Side Converter Control Strategy 

Figure 3 depicts the GSC control structure. A VC 

approach is often used to regulate the GSC in combination 

with the grid voltage orientation [41]. 

The voltage across the DC capacitor is written as: 

dti
C

VV

t

dc

dc

measdcdc 


0

* 1
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The DC current flowing into or out of the GSC and RSC 
is represented by idc_GSC and idc_RSC, respectively. In this 

part, switching signals are created by comparing measured 

network currents to reference network currents using a 

hysteresis controller [42]. 
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Fig.3. GSC Control structure. 

 

3. Optimized FoPID Controller via Root Tree 

Optimization Algorithm 

3.1. Optimized FoPID Control 

Proposed RTO optimization technique optimizes the gain 

parameters of the FoPID controller, which determines the 
controller parameters of the DFIG based on quadrature rotor 

current error linked to P and direct rotor current error linked 

to Q [43]. An overview of differentiation and integration is 

provided by fractional-order calculus and Eq. (25) 

demonstrates the formulation of the basic operator


 tW
, here

 point outs the order of operation while t and a point 
out upper and lower limits [44]. 

 
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       (25) 

Eq. (26) depicts the RL description [45] that employs the 

Gamma function
 .

, in which n  refer to 1st integer that was 

larger than operation order . In addition, Eq. (27) specifies 
the RL description for FoPID. 
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The Laplace transformation of Eq. (26) is specified in Eq. 

(28), here 
.

stand for the Laplace operator.  
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The transfer function of FoPID controller is indicated in 

Eq. (29), here
pk

, ik
as well as dk

denotes proportional, 

integral and derivative gain correspondingly. In addition, 


and 


point out the fractional integrator and differentiator 
orders correspondingly.  
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
sk

s

k
ksY p

i
d 

       (29) 

3.2. Objective Function and Solution Encoding  

The goal of the paper is to model a FoPID controller for a 

low damping plant as shown in fig.4. The DFIG plant's 6th 

order transfer function model is shown in Eq. (30). 
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Fig.4. FoPID controller structure 
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The CLTF for the current loop is  

)(1
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I
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   (31) 

The fitness function is:- 

))(())(1( )(

rsssp TTeeMeF   

   (32) 

 FMinOb 
    (33) 

In order to achieve optimum control, the FoPID 

parameters are optimally set using a novel RTO model. Figure 

4 depicts the solution provided by the implemented technique 
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in which dk , ik
and

pk
,

,
are the gain parameters FoPID 

controller. 

3.3. Proposed RTO Algorithm  

Building the bases and facilities for trees' underground 

root systems-connected roots has transformed into a modern 

technology due to the social behavior of the roots. [46]. After 

discovery of this approach, trees are no longer merely a way 

of beautifying the surroundings; they now play a vital function 

thanks to their root behavior, which has been turned into an 

AI technique [47]. This demonstrates how plants have altered 

tree roots' algorithm in their hunt for subsurface water. The 

first knot in the tree gives a path for searching for other roots. 
It is the first collection of random solutions [48]. The roots in 

the first collection that are the most fit and closest to the goal 

are evaluated, and the roots that are the most distant from the 

goal are discarded. Before continuing the search, the stop 

condition (number of iterations) is confirmed. If the maximum 

number of duplicates is not attained, the answer is to obtain 

the ideal fitness level. [49]. 

Water Detector (roots): 

As tree roots rely on their behavior to decide the best or 

nearest location to convey water, they might be regarded of as 

subterranean water detectors. The hunt for water starts at the 

top knot of the tree stem, which provides us roots in the top 

layer of the ground (first generation). The root closest to the 

wetness degree generates the knot from which the generation 

forks and seeks the ideal area to offer water once more. The 
latter then go out on a haphazard search for water [50].  Fig. 5 

depicts the Water searching pattern of Roots. 

This technique was developed using the idea of how tree 

roots search for subterranean water in relation to the thickness 

of the earth's crust. This characteristic allows us to develop a 

novel algorithm. Variables must be explained before this 

algorithm can be used. 

 

Fig.5. Water searching pattern of Roots. 

 

Fig. 6. Flowchart of RTO FoPID controller. 

RTO Parameters.  

Parameters                      Value 

Size                        20 

Number of iterations                        20 

b1=b2=b3                         2                                                                          

Rr=Rn                                                                                                               0.3 

Rc                         0.4 

dim                                                                                             2 

4. Results and Discussion 

In order to evaluate the efficacy of the proposed method, a 

wind farm with a capacity of 9 MW and a DFIG driven by a 

wind turbine is taken into consideration. The system consists 

of six 1.5 MW wind turbines that are interconnected with a 

grid through a feeder. The performance of the proposed 

method employing RTO + FoPID controller was evaluated 

using the MATLAB/SIMULINK environment. This section 

presents an analysis of the results obtained from the 

simulation performed for the proposed method. The strategy 

that was proposed was thoroughly evaluated, and its 

superiority over the traditional method was demonstrated.   
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Fig. 7. Operating range of FoPID controller

 

The analysis on gain parameters ( dk , ik and pk , , ) of 

the FoPID controller is demonstrated in this section. Fig. 8 

shows the gain values attained by the presented work with 

respect to iterations.  
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Fig. 8. Gain analysis of implemented approach (a) dk
 (b) ik
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Analysis on Rotor Current 

Fig. 9 illustrates the study of the rotor current for the 

proposed RTO + FoPID model over PI controller with respect 

to time. Upon analysis of the graph, it can be shown that the 

rotor current obtained by the proposed model exhibits minimal 

fluctuations in comparison to previous approaches. 

Furthermore, the developed RTO model efficiently regulates 
the maximum permissible rotor current within a range of ±1.5 

per unit. Consequently, the occurrence of over currents in the 

RSC is eliminated in the event of symmetric grid failures. 

When examining the traditional approaches, it is evident that 

the current of the rotor exceeds ±1.5 per unit (pu) and so 

violates the criterion for low voltage ride-through (LVRT).  

 

Fig. 9. Rotor Current Analysis of adopted and existing model (a) RTO+ FoPID (b) PI  

 

Stator Power Analysis  

Figure 10 presents the comparison between the stator P 

and Q achieved by the RTO + FoPID model and the 

conventional model over a period of time. On observing Fig. 

10(a), the stator active power attained by the proposed model 

as well as compared models is found to be increasing with 

increase in time. However, the RTO model has accomplished 

higher stator active power value than the proposed model, but, 

this variation can be considered negligible as the proposed 

model satisfies LVRT condition in a better way. In Fig. 10(b), 

the stator Q is minimized with increase in time; however, the 

proposed model has attained a higher value than the compared 

models. Thus, the enhancement of the adopted model in 

attaining better LVRT capability is proved.  

 

 

 

Fig. 10. Analysis on (a) stator P and (b) stator Q attained by proposed and existing model.  



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
S. Yamparala et al., Vol.15, No.2, June, 2025 

380 

 

Analysis on Stator Current 

The stator current analysis for the proposed RTO + FoPID 

model compared to conventional method is shown in Fig. 11. 

Based on the results obtained, it can be concluded that the 

proposed method successfully meets the Low Voltage Ride 

Through (LVRT) requirements, as shown by the stator current 

remaining within the range of ±1.5 per unit (pu). In contrast, 
conventional method surpass this limit and fail to comply with 

the necessary LVRT criteria. Furthermore, the stator current 

oscillations achieved using the model described in this study 

exhibit low amplitude.  

 

 
 

 

Fig. 11. Stator Current Analysis for proposed model and PI controller.  

 

Steady State Response 

Table 1 presents the steady state response of the proposed 
controller and conventional controller. Upon observation of 

the results, it can be seen that the RTO + FoPID model has 

achieved a shorter rising time and settling time compared to 

the PI controller.   

Table 1. Steady state analysis 

Methods Rise Time 

(sec) 

Settling 

Min (sec) 

Settling Max 

(sec) 

Overshoot 

(sec) 

Undershoot 

(sec) 

Peak 

(sec) 

Peak Time 

(sec) 

RTO + FoPID 0.01129 0.8027 0.8694 0 0 0.8694 1.3136 

PI 0.1313 0.9023 0.9575 0 0 0.9575 1.4498 
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Fig. 12. Step response of DFIG for RTO + FoPID controller, 

PI controller. 

     THD Analysis 

The THD analysis for the proposed RTO + FoPID scheme 

and existing model is summarized in Table 2. The THD of the 

proposed scheme should be minimal for the better controller 
performance. While analysing the outcomes the adopted 

scheme has accomplished a least THD value of 3.94%. THD 

of rotor current using RTO + FoPID controller is shown in Fig. 

13. In addition, the optimally attained gain parameters for the 

implemented model and existing models are revealed in Table 

3. 

 

Fig. 13. THD of the rotor current using RTO + FoPID 

controller. 

Table 2. THD analysis of proposed model and existing 
model  

Method adopted % THD 

PI controller 8.67 

RTO + FoPID 3.94 

Table 3. Analysis on optimal gain  parameters attained by 

implemented model and existing models  

Gain parameters RTO + FoPID  

pk
 160.91 

ik
 14.6 

dk
 89.995 


 0.87516 


 0.077516 

5. Conclusion 

This study investigates the efficacy of a new control 

approach, the Root Tree optimization (RTO) combined with 

the FoPID controller, for DFIG connected WECS. The study 

considers the inclusion of conventional PI and RTO + FoPID 

controller. The findings indicate that the RTO + FoPID 

controller exhibits superior performance compared to the 

conventional PI controller. This is achieved through the 

optimization of various controller gain parameters. The RTO 

+ FoPID controller successfully reduces the harmonics in the 

rotor current of the DFIG to a level of 3.94%. Specifically, the 

RTO + FoPID controller that has been suggested demonstrates 
a decrease in rising time to 1.129μs and settling time to 

9.027μs. In contrast, the standard PI controller exhibit higher 

specifications. The integration of the RTO combined with the 

FoPID controller ensured increased performance of the DFIG 

based WECS as seen by the enhanced steady state 

responsiveness. Thus, the enhancement of the presented RTO 

+ FoPID scheme has been validated effectively.  
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