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INTRODUCTION 

 

Wind energy is a competitive alternative to other renewable energy sources. Its recent rapid expansion is due to its 

significant contribution to reducing emissions from conventional thermal power stations, as well as the decreasing 

availability of fuels and rising energy production costs using traditional methods. Additionally, concerns about the 

environmental impact of thermal and nuclear power generation are becoming increasingly prominent in public 

opinion. Wind power systems are among the most advanced and well-established solutions for harnessing wind energy 

[1, 2]. Globally, the capacity of new wind power installations reached a record 117 GW by the end of 2024, raising the 

total cumulative capacity to 1,136 GW [3]. 

The most recent generation of wind turbines (WT) functions at variable speeds, enhancing energy efficiency, 

minimizing mechanical stress, and improving the quality of the generated electrical power. Unlike fixed-speed wind 

turbines, these systems employ control algorithms to regulate both active and reactive power (Ps and Qs) production 

dynamically at any given moment. 

A large share of modern wind turbines use DFIGs due to advantages like easy operation, variable speed capability (up 

to 30% of synchronous speed), low maintenance, affordability, improved power quality, and durability. Their rotor 

voltage is controlled by two inverters, enabling precise power regulation that makes DFIGs among the most reliable 

solutions for managing variable wind speeds [4, 5]. 

To regulate a doubly fed induction machine (DFIM) system, classical control techniques must be employed, 

incorporating proportional, integral, and derivative actions. To successfully construct the system, it is necessary to 

understand all of its parameters and respond appropriately. However, mistakes and incorrect information are 

widespread, and the fact that system variables are linked makes vector control (VC) more difficult [6, 7]. Nonlinear 

techniques like sliding mode control (SMC) offer a solution, effectively managing parameter variations, disturbances, 

and unmodeled dynamics in both linear and nonlinear systems [8, 9]. The biggest problem with this method is that it 
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causes the system to switch more often since control switching happens when the system state crosses the sliding 

surface. This can result in system chattering. This may cause high-frequency unmodeled modes, which might hurt the 

nonlinear control system [10]. 

Passivity -based control (PBC) is a proven and effective approach for designing robust control systems in physical 

applications. Rooted in established physical principles, it is widely applied in electrical, mechanical, and 

electromechanical system management. PBC’s key advantage is that it attenuates rather than suppresses 

nonlinearities, reorganizing the system’s natural energy and integrating control elements to meet objectives. This 

method enhances robustness and ensures smooth controller calculations by eliminating nonlinear discontinuities [11]. 

Fuzzy logic is a mathematical method capable of emulating human reasoning by processing imprecise data, leading to 

conclusions despite vague information. These systems are subject to uncertainties due to variations in linguistic terms 

and noise in the measured data. 

Uncertainties induce uncertain membership functions (MF).Type-1 fuzzy sets feature exact, two-dimensional 

membership functions but are insufficient for managing such uncertainties. To overcome this limitation, Zadeh 

proposed type-2 fuzzy sets, wherein the membership degree itself is represented as a fuzzy set within the interval [0, 

1]. As a result, a type-2 fuzzy set is three-dimensional. The third dimension provides an additional degree of freedom 

for taking linguistic uncertainties into account, particularly when the form or parameters of the MF are uncertain [12].  

The passivity-Fuzzy Logic Controller (PFLC) represents an innovative control methodology that IDA-PBC                   

with  IT2-FLC. This facilitates enhanced management of nonlinearities. The IDA-PBC control strategy is designed for 

systems with Port-Controlled Hamiltonian (PCH) models, which incorporate interconnection assignment and 

damping injection. Grounded in energy shaping and passivation principles, this method incorporates a damping factor 

that systematically addresses nonlinear terms while optimizing interconnects and damping structures [13]. Integrating 

Type 2 Fuzzy Logic into the controller improves the quality of both Ps and Qs. This results in superior performance 

regarding reference tracking, disturbance resistance, and robustness against parameter variations in a doubly-fed 

induction generator. 

This paper provides a thorough comparative analysis of VC, SMC, IDA-PBC, and PFLC controllers for a DFIG-based 

WECS. It includes theoretical analysis, modeling, and simulations, developing active and reactive power control 

strategies to optimize power output. Thus, we examined and compared the performance of the four control strategies 

using reference tracking and robustness criteria. 

 

Conversion of Wind Energy 

 

Figure 1 illustrates a WECS where the operation of a WT encompasses multiple disciplines, including aerodynamics, 

mechanics, electricity, and automation. 

 
Fig. 1. Principle of energy conversion. 

 Modeling the Turbine  

Since the WT can only recover a fraction of the wind's power, the aerodynamic power appearing at the turbine rotor is 

written as [14]: 

 𝑃𝑚 =
1

2
𝜌𝜋𝑅2𝑣3𝐶𝑝(𝜆, 𝛽)                                                    (1) 

Where ρ denotes the air density (1.225 kg/m³) and R represents the radius of the turbine blade, Cp(λ)  is the power 

coefficient. This coefficient varies according to the specific design characteristics of the turbine. The tip speed ratio, λ,  

is expressed as follows: 

𝜆 =
𝛺.𝑅

𝑣
                                                                                  (2) 
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Ω represents the rotational speed of the turbine rotor. The theoretical maximum Cp is 0.593 [15]. The input torque is 

given by  [14, 16]:  

𝑇𝑚 =
𝑃𝑚

𝛺
=

1

2𝜆
𝜌𝜋𝑅3𝑣2𝐶𝑝(𝜆, 𝛽)                                             (3) 

Equation (4) gives the value of Cp for the wind turbine system [17, 18]. Cp, which is related to the output power, is at 

its maximum when the tilt angle is 0°. 

 

𝐶𝑝(𝜆, 𝛽) = (0.5 − 0.00167(𝛽 −  2)) sin [
𝜋(𝜆+0.1)

18.5−0.3(𝛽−2)
]     −     0.00184(𝜆 − 3)(𝛽 − 2)          (4) 

 

To enhance WT performance, the maximum power point tracking (MPPT) control system should regulate the speed 

while maintaining the β value at its minimum level. This maximises the Cp at the λopt, thereby achieving the maximum 

power coefficient (Cp-max) [9, 19]. The torque reference Tm−ref was formulated by [20, 21]: 

    𝑇𝑚−𝑟𝑒𝑓 =
𝜌

2

𝑐𝑝−𝑚𝑎𝑥

𝜆𝑜𝑝𝑡
3 𝜋

𝑅𝑡
5

𝐺
𝛺𝑚𝑒𝑐
2                                                    (5) 

The pitch controller keeps an eye on the turbine's power production and changes the pitch of the blades to get the best 

performance in different wind situations. This keeps the wind speed from becoming too high. This keeps the turbine 

construction safe by limiting the maximum rotation speed and keeping the wind turbine system's energy production at 

its normal, steady level [19, 21]. 

 

Modeling of the DFIG 

The formulations of the stator and rotor voltages along the d, q axis are expressly provided by [19]:  

{
  
 

  
 𝑉𝑠𝑑 = 𝑅𝑠𝐼𝑠𝑑 +  

𝑑𝜙𝑠𝑑

𝑑𝑡
− 𝜔𝑠𝜙𝑠𝑞             

𝑉𝑠𝑞 =  𝑅𝑠𝐼𝑠𝑞 + 
𝑑𝜙𝑠𝑞

𝑑𝑡
+ (𝜔𝑠 −𝜔𝑟)𝜙𝑠𝑑

𝑉𝑟𝑑 = 𝑅𝑟𝐼𝑟𝑑 + 
𝑑𝜙𝑟𝑑

𝑑𝑡
− 𝜔𝑠𝜙𝑟𝑞               

𝑉𝑟𝑞 = 𝑅𝑟𝐼𝑟𝑞 + 
𝑑𝜙𝑟𝑞

𝑑𝑡
+ (𝜔𝑠 − 𝜔𝑟)𝜙𝑟𝑑

                              (6) 

The rotor and stator fluxes are represented as follows. 

{
 

 
𝜙𝑠𝑑 = 𝐿𝑠𝐼𝑠𝑑 +𝑀𝐼𝑟𝑑
𝜙𝑠𝑞 =  𝐿𝑠𝐼𝑠𝑞 +𝑀𝐼𝑟𝑞
𝜙𝑟𝑑 = 𝐿𝑟𝐼𝑟𝑑 +  𝑀𝐼𝑠𝑑
𝜙𝑟𝑞 = 𝐿𝑟𝐼𝑟𝑞 +  𝑀𝐼𝑠𝑞

                                                         (7)                                                                           

The system's mechanical equation is as follows: 

𝛤𝑒𝑚 = 𝛤𝑟 + 𝐶𝑓Ω𝑚𝑒𝑐 + 𝐽𝑇
𝑑Ω𝑚𝑒𝑐

𝑑𝑡
                                            (8) 

Torque is defined as follows: 

𝛤𝑒𝑚 = 𝑝
𝑀

𝐿𝑠
(𝜙𝑠𝑑𝐼𝑟𝑞 − 𝜙𝑠𝑞𝐼𝑟𝑑)                                              (9)     

Design of the Vector Controller 

We align the stator flux with a rotating reference frame to enable DFIG control, allowing us to manage active and 

reactive power separately. For medium- and high-power wind turbines, stator resistance (Rs) is relatively low. 

Consequently, the DFIG electrical equations are as follows [22]: 

𝛷sd=  𝜙s    et  𝜙sq = 0                                                       (10)                            

The flow equation (7) can be expressed as follows: 

{
𝜙𝑠𝑑 = 𝐿𝑠𝐼𝑠𝑑 +    𝑀𝐼𝑟𝑑
0 = 𝐿𝑠𝐼𝑠𝑞 +   𝑀𝐼𝑟𝑞

                                                     (11) 

The stator voltage equations may be expressed in a simplified form as follows: 

𝑉𝑠𝑑 = 0,   𝑉𝑠𝑞 = 𝑉𝑠 = 𝜔𝑠𝜙𝑠                                               (12)                                                                                                  

The rotor voltages Vrd and Vrq regulate the stator power, enabling the independent management of reactive and active 

power. In the d-q reference frame, the power can be represented as: 



Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons Attribution License 
which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

2362 

Journal of Information Systems Engineering and Management 

2025, 10(4) 

e-ISSN: 2468-4376 

  

https://www.jisem-journal.com/ Research Article  

 

 

{
𝑃𝑠 = 𝑉𝑠𝑑𝐼𝑠𝑑 + 𝑉𝑠𝑞𝐼𝑠𝑞 = −𝑉𝑠

𝑀

𝐿𝑠
𝐼𝑟𝑞               

𝑄𝑠 = 𝑉𝑠𝑞𝐼𝑠𝑑 − 𝑉𝑠𝑑𝐼𝑠𝑞 = −𝑉𝑠
𝑀

𝐿𝑠
𝐼𝑟𝑑 + 𝑉𝑠

𝜙𝑠

𝐿𝑠

                                     (13) 

{
𝑉𝑟𝑑 = 𝑅𝑟𝐼𝑟𝑑 + (𝐿𝑟 −

𝑀2

𝐿𝑠
)
𝑑𝐼𝑟𝑑

𝑑𝑡
−  𝑔𝜔𝑠 (𝐿𝑟 −

𝑀2

𝐿𝑠
) 𝐼𝑟𝑞               

𝑉𝑟𝑞 = 𝑅𝑟𝐼𝑟𝑞 + (𝐿𝑟 −
𝑀2

𝐿𝑠
)
𝑑𝐼𝑟𝑞

𝑑𝑡
+    𝑔𝜔𝑠 (𝐿𝑟 −

𝑀2

𝐿𝑠
) 𝐼𝑟𝑑 +  𝑔

𝑀𝑉𝑠

𝐿𝑠

     (14) 

 

According to equation (14), the Ps of the stator depends solely on the Irq, while the Qs depends on the Ird. The 

decoupled control of the stator's Ps and Qs was performed in the stator flux reference frame using indirect stator 

power vector control, as illustrated in Figure 2. 

 
Fig. 2.  Diagram of the vector control structure. 

 

Design of the Sliding Mode Controller 

SMC is a control technology prized for its simplicity and robustness. Studied for over  60 years, it has numerous 

applications [23]. SMC entails first mapping the system's states inside a meticulously selected area, followed by the 

formulation of a control rule that guarantees the system's continual presence within this region [24]. 

Power control 

To control power, we choose n=1. The expression for the Ps and Qs control surface is simplified to: 

{
𝑠(𝑃𝑠) = (𝑃𝑠

𝑟𝑒𝑓
− 𝑃𝑠)

𝑠(𝑄𝑠) = (𝑄𝑠
𝑟𝑒𝑓

− 𝑄𝑠)
                                                      (15) 

A surface's derivative is: 

{
𝑠̇(Ps) = (𝑃̇𝑠

𝑟𝑒𝑓
− 𝑃̇𝑠)

𝑠̇(𝑄𝑠) = (𝑄̇𝑠
𝑟𝑒𝑓

− 𝑄̇𝑠)
                                                      (16) 

The power expression (Equation 13) is substituted with 

{
𝑠̇(𝑃𝑠) = (𝑃̇𝑠

𝑟𝑒𝑓
+ 𝑉𝑠

𝑀

𝐿𝑠
𝐼𝑟̇𝑞 )

𝑠̇(𝑄𝑠) = 𝑄̇𝑠
𝑟𝑒𝑓

− (−𝑉𝑠
𝑀

𝐿𝑠
𝐼𝑟̇𝑑)

                                           (17) 

Equation (14) is utilized to derive the current from the voltage equation. 

{
𝑠̇(𝑃𝑆) = 𝑃̇𝑠

𝑟𝑒𝑓
+ 𝑉𝑠

𝑀

𝜎.𝐿𝑟.𝐿𝑠
(𝑉𝑟𝑞 − 𝑅𝑟𝐼𝑟𝑞 − g𝜔𝑠𝜎𝐿𝑟𝐼𝑟𝑑 − g

𝑀𝑉𝑠

𝐿𝑠
)

𝑠̇(𝑄𝑠) = 𝑄̇𝑠
𝑟𝑒𝑓

+ 𝑉𝑠
𝑀

𝜎𝐿𝑟𝐿𝑠
(𝑉𝑟𝑑 − 𝑅𝑟𝐼𝑟𝑑 + g𝜔𝑠𝜎𝐿𝑟𝐼𝑟𝑞)                   

    (18) 

The region attains attractiveness and invariance upon satisfaction of the convergence condition delineated by the 

Lyapunov equation. 

𝑆(𝑋)𝑆̇(𝑋) ≤ 0                                                                      (19) 

In the system of equations (18), we replace Vrd and Vrq with (Vrd
eq 
+ Vrd

n ) and (Vrq
eq 
+ Vrq

n ), respectively, in accordance 

with the sliding mode theory: 

{
𝑠̇(𝑃𝑆) = 𝑃̇𝑠

𝑟𝑒𝑓
+ 𝑉𝑠

𝑀

𝜎.𝐿𝑟.𝐿𝑠
((Vrq

eq 
+ Vrq

n ) − 𝑅𝑟𝐼𝑟𝑞 − g𝜔𝑠𝜎𝐿𝑟𝐼𝑟𝑑 − g
𝑀𝑉𝑠

𝐿𝑠
)

𝑠̇(𝑄𝑠) = 𝑄̇𝑠
𝑟𝑒𝑓

+ 𝑉𝑠
𝑀

𝜎𝐿𝑟𝐿𝑠
((Vrd

eq 
+ Vrd

n ) − 𝑅𝑟𝐼𝑟𝑑 + g𝜔𝑠𝜎𝐿𝑟𝐼𝑟𝑞)                 
     (20) 
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Where: σ = 1 − (Lm
2 /LsLr) denotes the leakage factor, and g represents the slip of the induction machine. In sliding 

mode and steady state, the following conditions apply: 

{
𝑠(𝑃𝑠) = 0, 𝑠̇(𝑃𝑠) = 0, 𝑉𝑟𝑞

𝑛 = 0

𝑠(𝑄𝑠) = 0, 𝑠̇(𝑄𝑠) = 0, 𝑉𝑟𝑑
𝑛 = 0

                                        (21) 

By substituting the system of equations (21) into (20), the formulas for the equivalent commands  Vqr
eq 

 and Vrd
eq 

 can be 

expressed as follows: 

{
𝑉𝑟𝑞
𝑒𝑞 
= −𝑃̇𝑠

𝑟𝑒𝑓 𝜎.𝐿𝑟.𝐿𝑠

𝑀𝑉𝑠
+𝑅𝑟𝐼𝑟𝑞 + g𝜔𝑠𝜎𝐿𝑟𝐼𝑟𝑑 + g

𝑀𝑉𝑠

𝐿𝑠

𝑉𝑟𝑑
𝑒𝑞 
= −𝑄̇𝑠

𝑟𝑒𝑓 𝜎.𝐿𝑟.𝐿𝑠

𝑀𝑉𝑠
+𝑅𝑟𝐼𝑟𝑑 − g𝜔𝑠𝜎𝐿𝑟𝐼𝑟𝑞               

         (22) 

So, the switching term may be written like this: 

{
𝑉𝑟𝑞
𝑛 = −𝐾𝑉𝑟𝑞sign(𝑠(𝑃𝑠))

𝑉𝑟𝑑
𝑛 = −𝐾𝑉𝑟𝑑sign(𝑠(𝑄𝑠))

                                                 (23)   

For the control system to remain stable, gains  KVrq  and KVrd  must be positive. 

Equations (22) and (23) make it possible to develop a block diagram for SMC when applied to a DIFG, as illustrated in 

Figure 3. 

 
Fig. 3. Schematic diagram of the sliding mode control structure. 

Design of the IDA-PBC 

The fundamental concept of IDA-PBC is to modify the internal architecture to attain stability and the required 

equilibrium. Control by interconnection assignment and damping injection defines the closed-loop (CL) system by 

designating a target PCH, hence improving stability through damping injection [13]. 

Double-fed induction generator PCH structure 

The initial phase of the IDA-PBC methodology involves systematically designing the PCH structure for DFIG based on 

the model in equation (6), from which the following equations are derived: 

{
  
 

  
 

𝒅𝝓𝒔𝒅

𝒅𝒕
= 𝑽𝒔𝒅 − 𝑹𝒔𝑰𝒔𝒅 +𝝎𝒔𝑳𝒔𝑰𝒔𝒒 +𝝎𝒔𝑴𝑰𝒓𝒒                    

𝒅𝝓𝒔𝒒

𝒅𝒕
= 𝑽𝒔𝒒 − 𝑹𝒔𝑰𝒔𝒒 −𝝎𝒔𝑳𝒔𝑰𝒔𝒅 −𝝎𝒔𝑴𝑰𝒓𝒅                        

𝒅𝝓𝒓𝒅

𝒅𝒕
= 𝑽𝒓𝒅 − 𝑹𝒓𝑰𝒓𝒅 + (𝝎𝒔 −𝝎𝒓)𝑳𝒓𝑰𝒓𝒒 + (𝝎𝒔 −𝝎𝒓)𝑴𝑰𝒔𝒒

𝒅𝝓𝒓𝒒

𝒅𝒕
= 𝑽𝒓𝒒 − 𝑹𝒔𝑰𝒓𝒒 − (𝝎𝒔 −𝝎𝒓)𝑳𝒓𝑰𝒓𝒅 + (𝝎𝒔 −𝝎𝒓)𝑴𝑰𝒔𝒅

                      (24) 

The energy function can be written as follows: 

𝐻(𝑥) =
1

2
𝑥𝑒
𝑇𝐿_1𝑥𝑒 +

1

2𝐽𝐷𝐹𝐼𝐺
𝑥𝑚
2                                           (25) 

With:  L=[
𝐿𝑠𝐼2 𝑀𝐼2
𝑀𝐼2 𝐿𝑟𝐼2

],𝐼2 = [
1 0
0 1

] 

It is provided in the following manner that the partial derivatives of energy with regard to the state variables are 

displayed: 

{

𝜕𝐻

𝜕𝑥𝑒
= 𝐿_1𝑥𝑒

𝜕𝐻

𝜕𝑥𝑚
= 𝐽_1𝑥𝑚

⇒{

𝜕𝐻

𝜕𝑥𝑒
=  𝐼 = [𝐼𝑠

𝑇𝐼𝑟
𝑇]𝑇

𝜕𝐻

𝜕𝑥𝑚
=  𝜔

                              (26) 

The matrices presented below correspond to the command, damping, and interconnection components: 
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𝐽(𝑥) = [

−𝜔𝑠𝐿𝑠𝐽2 −𝜔𝑠𝑀𝐽2   02×1
−𝜔𝑠𝐿𝑠𝐽2 −𝜔𝑟𝐿𝑠𝐽2 𝑀𝐽2𝐼𝑠
01×2 𝑀𝐼𝑆

𝑇𝐽2 0
] , 𝑅(𝑥) = [

𝑅𝑠𝐼2 02×2 02×1
02×2 𝑅𝑟𝐼2 02×1
01×2 01×2 𝑇𝑓

]       (27) 

𝑔(𝑥) = [

𝐼2 02×2 02×1
02×2 𝐼2 02×1
01×2 01×2 1

] , 𝑢 = [𝑉𝑠
𝑇 𝑉𝑟

𝑇 𝑇𝑟]
𝑇                (28) 

With: 

02×2 = [
0 0
0 0

] , 02×1 = [
0
0
] , 01×2 = [0 0],    𝐽2 = [

0 −1
1 0

] , 𝑉𝑠
𝑇 = [

𝑉𝑠𝑑
𝑉𝑠𝑞
]     𝑉𝑟

𝑇 = [
𝑉𝑟𝑑
𝑉𝑟𝑞
] 

𝐽(𝑥) = 𝐽(𝑥)_1, 𝑅(𝑥) = 𝑅(𝑥)𝑇  ≥ 0                                  (29) 

These matrices may be utilized to represent the PCH model: 

𝑥̇ = [[

−𝜔𝑠𝐿𝑠𝐽2 −𝜔𝑠𝑀𝐽2   02×1
−𝜔𝑠𝑀𝐽2   −𝜔𝑟𝐿𝑠𝐽2 𝑀𝐽2𝐼𝑠
01×2 𝑀𝐼𝑆

𝑇𝐽2 0
] − [

𝑅𝑠𝐼2 02×2 02×1
02×2 𝑅𝑟𝐼2 02×1
01×2 01×2 𝑇𝑓

]] 𝛻𝐻 + [

𝐼2 02×2 02×1
02×2 𝐼2 02×1
01×2 01×2 1

] [

𝑉𝑠
𝑇

𝑉𝑟
𝑇

𝑇𝑟

]       (30) 

𝑦̇ =  [

𝐼2 02×2 02×1
02×2 𝐼2 02×1
01×2 01×2 1

] 𝛻𝐻                                        (31) 

Calculation of the control voltages Vrd and Vrq 

In order to calculate the control voltages, it is necessary to find 𝐽𝑑(𝑥) and  𝑅𝑑(𝑥). The CL system can be written as 

follows to obtain the controller's 𝐽𝑑(𝑥) and 𝑅𝑑(𝑥): 

𝑓(𝑥) + 𝑔(𝑥)𝑢 = (𝐽𝑑(𝑥) − 𝑅𝑑(𝑥))𝜕𝐻𝑑(𝑥)                                         (32) 

Where: 

𝐽𝑑(𝑥) = 𝐽(𝑥) + 𝐽𝑎(𝑥)  

𝑅𝑑(𝑥) = 𝑅(𝑥) + 𝑅𝑎(𝑥)                                                                             (33) 

𝐻𝑑(𝑥) = 𝐻(𝑥) + 𝐻𝑎(𝑥) 

Ra(x), Ja(x), and Ha(x) denote, respectively, the interconnection matrix, the damping matrix, and the energy 

introduced by the controller. 

According to equation (32), this may be represented as follows: 

 

(𝐽(𝑥) + 𝐽𝑎(𝑥) − 𝑅(𝑥)  + 𝑅𝑎(𝑥))𝜕𝐻𝑑(𝑥) = −(𝐽𝑎(𝑥) − 𝑅𝑎(𝑥))𝜕𝐻(𝑥) + 𝑔(𝑥)𝑢         (34) 

 

Equation (34) is equivalent to: 

(𝐽𝑑(𝑥) − 𝑅𝑑(𝑥))𝜕𝐻𝑎(𝑥) = −(𝐽𝑎(𝑥) − 𝑅𝑎(𝑥))𝜕𝐻(𝑥) + 𝑔(𝑥)𝑢                  (35)                         

So, the desired total energy: 

𝐻𝑑(𝑥) =
1

2
(𝑥𝑒 − 𝑥𝑒

∗)𝑇𝐿−1(𝑥𝑒 − 𝑥𝑒
∗) +

1

2𝐽𝐷𝐹𝐼𝐺
(𝑥𝑚 − 𝑥𝑚

∗ )2                           (36)  

   So:                                      

𝐻𝑎(𝑥) = 𝐻𝑑(𝑥) − 𝐻(𝑥) = −𝑥𝑒
𝑇𝐿−1𝑥𝑒 −

1

𝐽𝐷𝐹𝐼𝐺
𝑥𝑚
∗ 𝑥𝑚 +

1

2
𝑥𝑒
∗𝑇𝐿−1𝑥𝑒

∗ +
1

2𝐽𝐷𝐹𝐼𝐺
𝑥𝑒
∗2         (37) 

With :  ∂Ha(x) = [
−I∗

−ω∗
], where I = [IsdIsqIrdIrq ]

T 

Using this relationship transforms (35) into:  

(𝐽𝑑(𝑥) − 𝑅𝑑(𝑥)) [
−𝐼∗

−𝜔∗
] = −(𝐽𝑎(𝑥) − 𝑅𝑎(𝑥)) [

𝐼
𝜔
] + 𝑔(𝑥)𝑢                (38) 

In (38), the command Vr appears on lines 3 and 4 of the matrix. As a result:  

 

 𝐽𝑎(𝑥) =  [

02×2 02×2 02×1
02×2 02×2 −𝐽𝑟𝑚(𝑥)

01×2 𝐽𝑟𝑚
𝑇 (𝑥) 0

] , 𝑅𝑎(𝑥) = [
02×2 02×2 02×1
02×2 𝑟𝐼2 02×1
01×2 01×2 0

]      (39) 

Where: 

Jrm
T (x) ∈ ℜ2×1to be determined. 
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r: This is an extra resistance that is present. It relates to the currents. One of its applications is to dampen transitory 

fluctuation.  

The matrices Ja(x) and Ra(x) are replaced, and the following is obtained using the formula (37): 

 

𝐽𝑟𝑚
𝑇 (𝑥) = 𝑀

(𝐼𝑟−𝐼𝑟
∗)𝑇

|𝐼𝑟−𝐼𝑟
∗|2
(𝐼𝑠 − 𝐼𝑠

∗)𝑇𝐽2𝐼𝑟
∗                                   (40)                                                                                           

So: 

𝑉𝑟 = 𝑉𝑟
∗ − (𝜔 − 𝜔∗)(𝐿𝑟𝐽2𝐼𝑟

∗ + 𝐽𝑟𝑚(𝑥)) −   𝑀𝜔
∗𝐽2(𝐼𝑠 − 𝐼𝑠

∗)  − 𝑟𝐼2(𝐼𝑟 − 𝐼𝑟
∗)       (41)                        

The order is, regrettably, singular regarding equilibrium. Adding a depreciation variable can effectively eliminate this 

singularity. We continue to retain Jd(x) and Hd(x) as previously established and modify the Ra matrix to the subsequent 

form: 

𝑅𝑎(𝑥) = [

02×2 02×2 02×1
02×2 𝑟𝐼2 02×1
01×2 01×2 𝜉(𝑥)

]                                           (42) 

With: 

𝜉(𝑥) =
𝑇𝑒𝑚
∗ −𝑇𝑒𝑚(𝑥𝑒)

𝜔−𝜔∗
                                                             (43) 

And: 

𝑇𝑒𝑚
∗ = 𝐶𝑓𝜔

∗                                                                       (44) 

When substituted into the CL Hamiltonian equation, the term ξ(x) is multiplied by (ω −ω∗), which removes the 

singularity.                                                                                                             

The formula for Vr in terms of Jrm(x)   is unaltered since only the mechanical portion of (34) has been altered. 

By utilizing the equilibrium equations, we can ascertain: 

𝐽𝑟𝑚(𝑥) = 𝑀𝐽2𝐼𝑠                                                                 (45) 

The CL dynamic system consistently employs the formulation presented in equation (30), which comprises: 

𝐽𝑑(𝑥) = [

−𝜔𝑠𝐿𝑠𝐽2 −𝜔𝑠𝑀𝐽2   02×1
−𝜔𝑠𝐿𝑠𝐽2 −𝜔𝑟𝐿𝑠𝐽2 𝑀𝐽2𝐼𝑠
01×2 𝑀𝐼𝑆

𝑇𝐽2 0
] ;  𝑅𝑑(𝑥) = [

𝑅𝑠𝐼2 02×2 02×1
02×2 (𝑅𝑟 + 𝑟)𝐼2 02×1
01×2 01×2 𝑇𝑓 + 𝜉(𝑥)

]      (46) 

Lastly, the rotor voltages of the control are expressed as follows: 

𝑉𝑟 = 𝑉𝑟
∗ − (𝜔 − 𝜔∗)(𝐿𝑟𝐽2𝐼𝑟

∗ +𝑀𝐽2𝐼𝑠) −     𝑀𝜔
∗𝐽2(𝐼𝑠 − 𝐼𝑠

∗) − 𝑟𝐼2(𝐼𝑟 − 𝐼𝑟
∗)     (47) 

 With: 

𝑉𝑟
∗ = (𝜔𝑠 −𝜔

∗)(𝐿𝑟𝐽2𝐼𝑟
∗ +𝑀𝐽2𝐼𝑠

∗) + 𝑅𝑟𝐼2𝐼𝑟
∗                      (48) 

A Passivity-based control block diagram applied to a DIFG can be designed using Equations (47) and (48), as 

illustrated in Figure 4. 

 
Fig. 4. Diagram of the Passivity-based control structure. 
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Design of the Passivity-Fuzzy Logic Controller 

Context of fuzzy logic sets 

In 1965, Professor Zadeh introduced fuzzy set theory. This theory allows a degree of truth (membership) to be assigned 

to a variable that may be linguistic. This gradation of membership allows for the modeling of human observations 

expressed by IF-THEN linguistic rules [25]. However, Type 1 fuzzy logic systems (T1-FLS) have limitations when it 

comes to managing uncertainties and nonlinearities due to their distinct membership values. This led to the 

development of T2-FLS, which were first introduced by L. Zadeh. There have been recent advancements in the 

theoretical foundations of type 2 systems [12, 26]. The primary characteristic, the footprint of uncertainty (FOU), 

addresses these uncertainties and nonlinearities efficiently. Research indicates that type 2 systems are significantly 

more robust in the face of these challenges than type 1 systems [27, 28]. 

 

Combining IT2-FLC and IDA-PBC for the DFIG 

The proposed framework uses a nested loop, in which the outer loop applies the IT2-FLC approach for energy 

management. The inner loop of the IDA-PBC is converted into a dynamic feedback system based on recorded states, 

such as rotor and stator currents and speed. The proposed controller is illustrated in Figure 5. 

 
Fig.5. Diagram of Passivity-based Control using a fuzzy logic block. 

Figure 6 illustrates the membership functions corresponding to the premises and consequences. The input and output 

discourse domains are scaled to the interval [-1, 1]. 

           
(a)                                                                      (b) 

Fig.6. (a) MF for inputs 𝑒 and de, (b) MF for output 

 

The aforementioned M rules can be represented by an inference matrix. Table 1 shows the fuzzy rules associated with 

the controller employed in this study. 

Table 1. Rule table used by the T2-FLC 

 

 

 

 

 

  

 

de       

e 

NB NM NS ZE PS PM PB 

NB NB NB NB NB NM NS ZE 

NM NB NB NB NM NS ZE PS 

NS NB NB NM NS ZE PS PM 

ZE NB NM NS ZE PS PM PB 

PS NM NS ZE PS PM PB PB 

PM NS ZE PS PM PB PB PB 

PB ZE PS PM PB PB PB PB 
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Simulation Results 

 

In this part of the simulation, a 10 kW generator is connected to a 400V/50 Hz network, with system parameters 

detailed in Table 2. The VC, SMC, IDA-PBC, and PFLC controllers are compared based on three criteria: 

1) Operation at constant WS. 

2) Operation at variable WS with optimized MPPT control. 

3) Robustness evaluation against DFIG parameter variations.  

 

Table 2: Parameters of the 10  kW wind conversion chain . 

Parameters Value Parameters Value 

Rs (Stator resistance) 0.455 Ω P (Number of pole pairs) 2 

Rr (Rotor resistance) 019 Ω 𝜌 (Air density) 1.225Kg/m3 

Ls (Stator inductance) 0.07 H Rb (Blade radius) 3.45m 

Lr (Rotor inductance) 0.0213 H Hm (Inertia constant) 2s 

M (Mutual inductance) 0.034 H D (Damping coefficients) 0.01Nm.s/rad 

 

Fixed wind speed operation 

 

 
(a)                                                                           (b) 

Fig.7. Comparison of DFIG power: (a) 𝑃𝑠 and (b) 𝑄𝑠 under fixed wind speed conditions. 

 
 (a)                                                               (b) 

Fig.8. Rotor current: (a) 𝐼rq and (b) 𝐼rd 

 

The simulation results shown in Figure 7 demonstrate that the Passivity-Fuzzy Logic Control (PFLC), Passivity-based 

Control (PBC), sliding mode control (SMC), and vector control (VC) techniques can perfectly separate the two power 

components of the stator with excellent performance. In the setpoint tracking test, the controlled variables follow their 

reference trajectories precisely, maintaining active and reactive power within limits and achieving zero steady-state 

error. Furthermore, Figure 8 shows that the rotor currents on the d and q axes (Ird and Irq), which are associated with 

the stator's Qs and Ps respectively, have evolved in line with the reference trajectories with no overshoot. 
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Operation at variable wind speed with optimized MPPT control 

 

In this test, the wind turbine operates under variable WS, with an average velocity of 10 m/s. The MPPT strategy is 

used to produce Ps, while Qs is maintained at zero to keep the DFIG stator's power factor at unity. 

 
Fig.9. Wind speed (𝑉) profile 

Figure 9 illustrates a wind velocity of about 10 m/s. Below the nominal speed, the WT functions in MPPT mode, 

generating optimal power output. When wind speed exceeds the nominal amount, the controller modifies turbine 

rotation to maintain a consistent power output between 1.7 s and 3.2 s. Power output is highly sensitive to wind speed 

due to its cubic relationship. The negative value of Ps indicates that the DFIG is actively producing electrical power 

and feeding it into the grid. Qs was reduced to zero to maintain a consistent power factor, as depicted in Figure 10(b).  

The PFLC, IDA-PBC, SMC, and VC controllers exhibited commendable performance, particularly the PFLC, which 

demonstrated exceptional transient response and rapid convergence to reference objectives. These solutions 

accomplished flawless decoupling of the two stator power components. Ripples were also observed at the Ps and Qs 

levels, with these ripples being larger in the case of SMC and smaller in the case of PFLC compared to the other 

commands. 

 

(a)                                                                                     (b) 

Fig.10. Comparison of DFIG power: (a) 𝑃𝑠 and (b) 𝑄𝑠 under variable wind speed conditions. 

Robustness Evaluation against DFIG Parameter Variations 

After confirming good setpoint tracking, we evaluate the system's robustness against parameter uncertainty by 

doubling Rs and Rr, decreasing Ls and Lr by 30%, and reducing M to half of its nominal value. 

 

 

 

 

 

  

    

Zoom 
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o
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Qualitative Comparison of Robustness 

 

(a)                                                                  (b) 

Fig.11. Comparison of DFIG power: (a) 𝑃𝑠 and (b) 𝑄𝑠 under parameter variations. 

 

Figure 11 compares four controllers tested for effectiveness and robustness against parametric uncertainties and 

disturbances. The vector control (VC) and Passivity-based control (PBC) showed minor overshoot briefly before 

tracking the reference signal. In contrast, the passivity-fuzzy logic controller (PFLC) and sliding mode control (SMC) 

had no overshoot and were precise. The PFLC was the most efficient and effective, offering a faster response, quicker 

damping of small overshoots, and better adaptation to changing setpoints. Next was the SMC, followed by the PBC and 

lastly the VC. The PFLC reduced Qs and Ps ripples more than the other controllers. 

Quantitative Robustness Comparison 

This assessment is founded on three static error criteria e (Ps and Qs): integrated squared error (ISE), integral 

absolute error (IAE), and the time-weighted integral of the absolute error (ITAE). These metrics are employed to 

assess the performance of the four controllers and are mathematically defined as follows [29]: 

ISE=∫ 𝑒2(𝑡)𝑑𝑡
𝑇

0
                                                                 (49) 

IAE=∫ |𝑒(𝑡)|𝑑𝑡
𝑇

0
                                                                (50) 

ITAE =∫ 𝑡|𝑒(𝑡)|𝑑𝑡
𝑇

0
                                                          (51)   

                                            

To calculate these three criteria, the commands and errors of the controlled variables were used. These calculations 

were performed over a 5 s simulation period, employing power setpoints consistent with those defined in the 

simulation conditions. A quantitative comparison of robustness is presented in Table 3. 

Table 3. Quantitative comparative study based on the time and error between the developed commands. 

  

 

Criterion 

Commands Developed 

Vector Control 

 

passivity-based 

Control 

Sliding Mode 

Control 

Passivity-Fuzzy 

Logic   Control 

A
ct

iv
e 

p
o

w
er

 ISE=∫ 𝑒2(𝑡)𝑑𝑡
𝑇

0
 492.2 427.2 418.6 292.3 

IAE=∫ |𝑒(𝑡)|𝑑𝑡
𝑇

0
 1158 1062 1033 637.6 

ITAE=∫ 𝑡|𝑒(𝑡)|𝑑𝑡
𝑇

0
 2.825e5 2.771 e5 2.712 e5 2.635 e5 

R
ea

ct
iv

e
 

p
o

w
er

 

ISE=∫ 𝑒2(𝑡)𝑑𝑡
𝑇

0
 453.2 447.5 436.7 337.3 

IAE=∫ |𝑒(𝑡)|𝑑𝑡
𝑇

0
 1097 1085 1072 801.2 

ITAE=∫ 𝑡|𝑒(𝑡)|𝑑𝑡
𝑇

0
 

3.591e5 3.396 e5 3.226 e5 2.928 e5 

  

  

Z
o

o
m

 

Z
o

o
m
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This comparison evaluates the differences in simulation outcomes resulting from variations in generator parameters, 

thus highlighting the effectiveness of each control method in calculating ISE, IAE and ITAE. The results in Table 3 

reveal that passivity-fuzzy logic control performs best in minimizing the ISE, IAE and ITAE criteria during parameter 

changes, followed by sliding mode control, Passivity-based Control and finally vector control. 

 

CONCLUSION 

This paper presented a comparative analysis of four control strategies—VC, SMC, IDA-PBC, and PFLC for regulating 

active and reactive power in a DFIG-based WECS. While all methods demonstrated good tracking and stability under 

nominal conditions, the PFLC showed superior performance in terms of response time, robustness to parameter 

variations, and disturbance rejection. 

Simulation results confirmed that integrating interval type-2 fuzzy logic with passivity-based control improves power 

quality and minimizes steady-state error and overshoot. Quantitative metrics further highlighted the PFLC as the most 

effective solution among the tested techniques. 

These findings suggest that PFLC is a promising approach for advanced wind turbine control, offering both high 

efficiency and enhanced reliability. Future work will focus on experimental validation and further optimization to 

ensure readiness for practical deployment in modern renewable energy systems. 
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