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This paper introduces an advanced control strategy for wind energy conversion 
systems that utilize doubly-fed induction generators (DFIGs). To overcome the 
inherent challenges of parameter sensitivity in conventional proportional-integral 
(PI) controllers and the practical drawbacks of mechanical speed sensors, a 
sophisticated sensorless control mechanism is developed. The core of the 
proposed system is an adaptive disturbance rejection controller enhanced with 
fuzzy logic and fractional-order mathematics. This configuration dynamically 
estimates the generator's rotational speed without requiring physical encoders, 
thereby reducing system cost and complexity. The controller is specifically 
designed to decouple and compensate for internal and external disturbances, 
including thermal-induced parameter drift and grid-side perturbations, without 
relying on feed-forward compensation loops. By employing fractional-order 
operators within the observer structure, the system achieves a higher degree of 
flexibility in gain tuning and transient response. Simulation results across diverse 
operational scenarios, such as fluctuating wind profiles and machine parameter 
variations, confirm that the proposed method effectively maintains precise speed 
tracking and robust disturbance rejection. A comparative analysis further 
illustrates that this hybrid approach offers superior dynamic performance and 
stability compared to traditional integer-order and non-adaptive control methods. 
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1. Introduction  
Wind energy is recognized as a clean, non-polluting, 
and economical source of power, making it an 
environmentally friendly alternative to conventional 
energy sources [1]. Its adoption is therefore increasing 
steadily. Modern wind power projects have reached 
significant scales, such that their influence on the 
performance and design of transmission networks is 
undeniable. Among various technologies, variable-
speed wind turbines employing doubly-fed induction 
generators (DFIGs) offer numerous advantages, 
including improved power quality, reduced losses, and 
smaller electronic component sizes. These benefits 
contribute to lower production costs, enable power 
factor correction, and allow for the independent 
control of active and reactive power [2]. 
Consequently, DFIGs are widely regarded as the most 
suitable option for integrating wind turbines into the 
electrical grid, primarily due to the aforementioned 
features. 
The most prevalent control strategy for the DFIG is 
vector control, which is typically implemented using 
proportional-integral (PI) controllers [3]. However, 
the performance of these controllers is highly 
dependent on accurate machine parameters, which are 
known to vary with temperature; consequently, 
thermal variations can significantly deteriorate the 
performance of conventional vector control methods 
[4]. Furthermore, PI controllers are inherently limited 
in their ability to handle the stochastic nature of wind 
speed. The two primary approaches to vector control 
are direct vector control (DVC) and indirect vector 
control (IVC) [5]. In DVC, decoupling between the d- 
and q-axis currents is achieved through feed-forward 
compensation. While this method is straightforward to 
implement, it tends to produce higher power 
fluctuations and greater harmonic distortion in the 
rotor and stator currents compared to IVC. In 
traditional IVC, the stator's active and reactive power 
are regulated by the rotor's direct- and quadrature-axis 
voltages (Vdr and Vqr), respectively. Similar to DVC, 
IVC also suffers from power oscillations and current 
harmonic distortion. To address these shortcomings, 
adaptive disturbance rejection control (ADRC) has 
been proposed as an effective solution [6]. A key 
advantage of ADRC is that it eliminates the need for 
feed-forward compensation [6]. The ADRC 
framework comprises three main components: a 
Tracking Differentiator (TD), a Non-Linear State 

Error Feedback (NLSEF) controller, and an Extended 
State Observer (ESO) [6]. This control strategy 
generates a control law that does not rely on an exact 
mathematical model of the system. Instead, it 
estimates and compensates for both internal 
disturbances (e.g., parameter variations) and external 
disturbances (e.g., sudden voltage dips, frequency 
deviations, and phase imbalances) in real time [7]. To 
date, conventional ADRC has been successfully 
applied to DFIG systems to address various 
challenges, including low-voltage ride through [8], 
maximum power point tracking [9], direct power 
control [10], power oscillation damping [11], voltage 
imbalance [12], stator voltage-oriented control [13], 
and voltage sag mitigation [14]. Despite its 
advantages, the traditional ADRC technique has 
several limitations. These include the requirement for 
a high bandwidth, which can introduce additional 
noise into the system [15]; a complex structure with 
numerous adjustable parameters [16]; and the 
introduction of an extended state that increases the 
system order, thereby adding to the complexity of the 
control algorithm [17]. 
In conventional vector control methods, the angular 
speed of the rotor shaft is measured using an encoder 
and subsequently utilized in control calculations. 
However, encoders present several disadvantages, 
including increased cost, additional cabling 
requirements, and the need for precise tuning [18]. In 
sensorless configurations, where the encoder is 
omitted, observers must be employed to estimate the 
rotor angular speed. The most commonly used 
observers include the model reference adaptive system 
(MRAS), Kalman filter (KF), extended Kalman filter 
(EKF), and sliding mode observer (SMO). Despite its 
popularity, the MRAS approach suffers from 
limitations such as sensitivity at low speeds and 
integrator drift. Moreover, since this observer is 
typically implemented in the stationary reference 
frame—where electrical quantities are sinusoidal 
functions of time—the design of controller parameters 
becomes challenging, and the observer may become 
inaccurate or even unstable in practice [19, 20]. The 
Kalman filter, on the other hand, assumes that noise is 
white and follows a Gaussian distribution, an 
assumption that is not always valid in machine drive 
systems. Additionally, the algorithm is 
computationally intensive, and the design of the 
estimator gain is complex, leading to prolonged 
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computation times and the need for high-speed 
processors [21, 22]. The extended Kalman filter was 
introduced to address some of these issues. However, 
its performance depends on accurate knowledge of the 
load torque, which increases computational burden 
and processing time. Further drawbacks of the EKF 
include the heavy computation of Jacobian matrices, 
biased estimation, a lack of analytical methods for 
selecting model covariances, sensitivity to round-off 
errors, and poor performance at low speeds, often 
resulting in instability due to linearization errors [19, 
23, 24]. The SMO utilizes a high-frequency nonlinear 
switching function, which exacerbates system 
nonlinearity and complicates analysis and design. 
Another notable limitation of SMO is its sensitivity to 
machine parameter variations, particularly at low 
speeds [21, 23]. 
This paper addresses the aforementioned limitations of 

traditional vector control, conventional ADRC, and 

existing observer-based methods by implementing 

sensorless vector control of a DFIG using fuzzy 

fractional-order adaptive disturbance rejection control 

(FFADRC). In this approach, the coefficients of the 

NLSEF block are tuned using fuzzy logic, while the 

TD and ESO are designed with fractional-order 

dynamics. Furthermore, in the proposed fuzzy system, 

a linear combination of fractional-order derivatives of 

the block outputs is employed in place of the 

conventional error derivative. Based on this structure, 

the rotor speed is estimated directly from the FFADRC 

control laws and the disturbances estimated by the 

fractional-order ESO. 

The remainder of this paper is organized as follows: 

Section 2 presents the structure and modeling of the 

wind energy conversion system (WECS). In Section 3, 

the concept of FFADRC is introduced. Section 4 

details the FFADRC-based speed estimation and 

sensorless vector control for the rotor-side converter. 

Section 5 provides stability assessment using root 

locus technique. Section 6 describes the control 

strategy for the grid-side converter. Simulation results 

and discussion are presented in Section 7. Section 8 

evaluates the robustness of FFADRC against internal 

and external disturbances. In Section 9, a comparative 

study of different ADRC variants is conducted. 

Finally, conclusion and future work are drawn in 

Section 10. 

2. The Structure and Modeling of WECS 
The topology of the WECS is illustrated in Fig. 1. The 
DFIG features windings on both its stationary and 
rotating parts, enabling bidirectional energy exchange 
between the shaft and the grid [25]. In this 
configuration, the stator is directly connected to the 
grid, while the rotor is interfaced through two 
converters to facilitate variable-speed operation. 
These converters, known as the rotor-side converter 
(RSC) and the grid-side converter (GSC), are arranged 
in a back-to-back topology. A DC-link capacitor is 
placed between them to mitigate voltage fluctuations. 
The RSC is responsible for torque control, speed 
regulation, and power factor control at the stator 
terminals, whereas the GSC maintains a constant DC-
link voltage under varying operating conditions. The 
overall system performance depends not only on the 
DFIG itself but also on the control strategies applied 
to both converters [26]. Compared to other 
technologies, the use of a DFIG can increase energy 
capture by up to 30%, thereby reducing the overall cost 
of energy production [27]. In the following, the WECS 
model incorporating a DFIG is presented. First, the 
turbine model is introduced to establish the 
relationship between wind speed and the mechanical 
power extracted. Subsequently, the complete system 
model is described in detail. 

 
Fig. 1: Schematic diagram of the WECS incorporating a DFIG 

[28]. 

 
2.1. Wind Turbine Modeling 

Wind energy is converted by the turbine into rotational 
force on the shaft. The resulting mechanical power 
output can be expressed as follows [29]: 

),(
2

1 32  pwtm CVRP  (1) 

In this expression, ρ represents the air density, Rt is the 
rotor blade radius, Vw denotes the wind speed, λ is the 
tip speed ratio, and β is the blade pitch angle. The 
power coefficient, Cp(λ,β), is defined as the ratio of the 
turbine's mechanical power output to the available 
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wind power. This coefficient determines the maximum 
power that can be extracted at a given wind speed. The 
relationship between the power coefficient, the blade 
pitch angle, and the tip speed ratio is expressed as 
follows [30]: 
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In this equation, e is Euler's number, and λi is a 
constant related to the structural parameters of the 
turbine blades, given by:  
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For optimal energy capture under low wind speed 
conditions, the blade pitch angle is regulated to zero. 
The tip speed ratio λ is then expressed as: 

w

tt

V

R    (4) 

In this expression, Rt denotes the rotor blade radius, 
and ωt represents the rotor angular velocity. The upper 
bound of the power coefficient Cp is defined by the 
Betz limit, with a theoretical maximum of 0.593.  
 

2.2. Dynamic Modeling of the DFIG  
In the synchronously rotating d-q reference frame, the 
stator and rotor voltage equations are given by the 
following set of equations [31]: 
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where Rs and Rr are the stator and rotor resistances, 
respectively; ids and iqs denote the d-q components of 
the stator current; and idr and iqr represent the d-q 
components of the rotor current. The angular 
frequencies of the stator and rotor voltages and 
currents are given by ωs and ωr, respectively. The 
stator and rotor flux linkages are then expressed as 
follows: 
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In these expressions, Lm denotes the magnetizing 
inductance, while Lr and Ls represent the rotor and 
stator inductances, respectively. The active and 
reactive power of the stator are given by:  
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Table 1 classifies the operating modes of the DFIG 
according to the direction of mechanical power, the 
active power flow in the stator and rotor, and the 
rotational speed of the generator.  
 

Table 1: The operating mode of the DFIG [32] 

Mode 
number 

Working 
mode 

Speed 
Mechanical 
power 

Stator 
power 

Rotor 
power 

1 motor 
hyper-
synchronous 

deliver receive receive 

2 generator 
hyper-
synchronous 

receive deliver deliver 

3 generator 
sub-
synchronous 

receive deliver receive 

4 motor 
sub-
synchronous 

deliver receive deliver 

2.3. Mechanical Part Modeling 
The mechanical drivetrain of the wind turbine consists 
of a gearbox, a high-speed shaft, and a low-speed 
shaft. A comprehensive analysis of this subsystem is 
presented in [33]. In this study, a two-mass model is 
employed to represent the mechanical dynamics. The 
governing equation of this model is given by [34]: 

mvemmmm
t fTTJ

N

J  





  

2
 (8) 

In this equation, N denotes the gearbox ratio, ωm is the 
rotational speed of the DFIG (rad/s), and fv represents 
the viscous friction coefficient (Nm). The mechanical 
torque of the DFIG is given by Tm (N·m), while Tem is 
the electromagnetic torque (N·m). The moments of 
inertia of the turbine and the DFIG are denoted by Jt 
and Jm, respectively, both expressed in kg.m².  

2.4. Modeling of Back-to-Back PWM 
This converter configuration enables bidirectional 
power flow between the rotor and the grid [35]. Fig. 2 
illustrates the back-to-back converter topology, 
including the DC-link capacitor. The switching 
functions of the IGBTs are denoted by Smn, where the 
subscript m identifies the converter arm and n  
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Fig. 2: Circuit topology of the back-to-back PWM converter [36]. 

 
indicates whether the switch belongs to the inverter or 
the rectifier. The variables if, irec, and iinv represent the 
filter current, rectifier current, and inverter current, 
respectively. The governing equations of this system 
are given by [36]: 
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where C is the DC-link capacitance and udc is the 
voltage across it. The filter current is represented by 
its d-q components Idf and Iqf, while the grid voltage is 
given by Vds and Vqs. The voltage at the filter-rectifier 
interface, denoted Vs1, is resolved into its d-q 
components Vds1and Vqs1. The parameters Rf, Lf, and If 
correspond to the filter resistance, inductance, and 
current, respectively. Furthermore, sdr and sqr are the 
modulation indices.  
 
3. Fuzzy Fractional-order Adaptive Disturbance 
Rejection Control (FFADRC) 
The coefficients of PI controllers must be carefully 
tuned according to the machine parameters to ensure 
an optimal dynamic response. Nevertheless, these 
parameters are susceptible to change under varying 
environmental and operational conditions. For 
example, resistance is affected by temperature, and 
inductance is influenced by saturation. Furthermore, 
PI controllers do not perform adequately in wind 
turbine systems when subjected to sudden wind 
variations. To overcome the impact of internal 
uncertainties and external disturbances, Dr. Han 
proposed ADRC, a method based on the ESO [37]. 
ADRC is a robust control technique that has been 
shown to serve as a suitable replacement for the PI 

controller. By employing feed-forward compensation 
to inject the total disturbance (both internal and 
external) into the system input, the overall system is 
transformed into a simple integrator or a linear system 
[38]. Consider an n-order single-input single-output 
(SISO) nonlinear system of the following form [6]: 
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where y(t) is the system output, u(t) is the control 

input, d(t) represents external disturbances, f(⋅) 

denotes the total disturbance (comprising both internal 

uncertainties and external disturbances), and b0 is a 

known system parameter. As previously discussed, 

ADRC consists of three main components, which are 

illustrated in Fig. 3. For the system described above, 

these components are as follows: 

 
Fig. 3: Schematic representation of the ADRC framework applied 

to an n-order nonlinear SISO system [6, 11]. 
 
(a) n-order nonlinear TD, described by the 
following equations: 
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In these equations, v1(t) denotes the tracking signal of 
the reference input v(t), while v2(t),…,vn(t) are the 
higher-order derivatives of v1(t). The parameter R 
(R>0) is a tuning constant, and ψ(⋅) is a suitably chosen 
nonlinear function.  
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(b) (n+1)-order nonlinear ESO, given by: 
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where u(t) denotes the system input. The observer 
gains are represented by βi (i=1, 2, …, n+1), and gi 
(i=1, 2, …, n+1) are suitably defined nonlinear 
functions. The variable z1(t) tracks the system output 
y(t), with z2(t), …, zn(t) being its higher-order 
derivatives. The extended state zn+1(t) estimates the 
total disturbance. The parameter b0 is as previously 
defined. The purpose of the ESO is to enable the 
estimated states zi (i=1, 2, …, n) to converge to the 
actual system states xi and for zn+1 to accurately 
estimate the total disturbance, achieved by 
appropriately selecting the nonlinear functions gi and 
adjusting the gains βi. 
 
(c) NLSEF, responsible for generating the ADRC 
control law expressed as:  
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where z(t) and v(t) are vectors defined as z(t)=(z1(t), 
z2(t), …, zn(t)) and v(t)=(v1(t), v2(t), …, vn(t)), 
respectively. To obtain an optimal and rapid control 
performance in a second-order SISO nonlinear system, 
the ADRC blocks are formulated as follows [6, 37]: 
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The parameter r is a positive constant that governs the 
tracking speed, while sgn denotes the sign function. 
The coefficients kp and kd correspond to the 
proportional and derivative terms, respectively. The 
remaining parameters, namely α1, δ1, α2, δ2, and δ, are 
ADRC parameters that require specification. The 
function fal(⋅) is defined according to [6, 11, 37]: 
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In the case where α<1, fal(e, α, δ) behaves such that 
large errors are attenuated with a small gain, while 
small errors are amplified with a large gain.  
The conventional ADRC structure involves a large 
number of parameters that must be tuned. To mitigate 
this drawback, a linear version of ADRC has been 
introduced, offering satisfactory results in comparison 
to nonlinear ADRC [39]. In this linear formulation, the 
ESO and NLSEF are replaced by their linear 
equivalents, namely the linear extended state observer 
(LESO) and linear state error feedback (LSEF), which 
are described by the following equations: 
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Fig. 4 demonstrates that the tuning of kp and kd 
significantly influences system behavior [40]. A larger 
kp reduces transient time and enhances tracking 
precision but increases overshoot, compromising 
dynamic performance. Likewise, a higher kd boosts 
response speed while introducing sensitivity to high-
frequency noise. To resolve this conflict, fuzzy logic 
is adopted to determine the optimal LSEF coefficients, 
as illustrated in Fig. 5. The associated fuzzy rules, 
detailed in Table 2, are constructed using the error 

signals e1 and E2, with the following linguistic 
classifications: "NeBi" (Negative Big), "NeMe" 
(Negative Medium), "NeSm" (Negative Small), "Zer" 
(Zero), "PoSm" (Positive Small), "PoMe" (Positive 
Medium), and "PoBi" (Positive Big).  
 

Table 2: Fuzzy rule base for tuning kp and kd (corresponding to 
Fig. 5) 

PoBi  PoMe  PoSm  Zer  NeSm  NeMe  NeBi  1e     2E  

Zer PoSm  PoSm  PoMe  PoMe  PoMe  PoBi  NeBi  

NeSm  Zer  PoSm  PoSm  PoMe  PoMe  PoMe  NeMe  

NeSm  NeSm  Zer  PoSm  PoSm  PoMe  PoMe  NeSm  

NeMe  NeSm  NeSm  Zer  PoSm  PoSm  PoMe  Zer  

NeMe  NeMe  NeSm  NeSm  Zer  PoSm  PoSm  PoSm  

NeMe  NeMe  NeMe  NeSm  NeSm  Zer  PoSm  PoMe  

NeBi  NeMe  NeMe  NeMe  NeSm  NeSm  Zer  PoBi  
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Fig. 4: Dynamic response of the system under variations of (a) kp 

and (b) kd [40]. 
 

 
Fig. 5: The proposed fuzzy fractional-order ADRC scheme.  

 
Referring to Fig. 5, the conventional error derivative 
e2=v2−z2 is substituted with the linear combination 
E2=k1v2−k2z2. This modification not only improves the 
performance and controllability of the ADRC but also 
expands its degrees of freedom. Additionally, 
leveraging the benefits of fractional-order calculus, the 
extended state observer and tracking differentiator are 
realized as fractional-order ESO (FESO) and 
fractional-order TD (FTD), respectively. 
Fractional-order calculations rely on extending the 
concepts of integration and differentiation to non-
integer orders. The corresponding integral-derivative 
operator is given by [41]:  
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where α is the order of the fractional integral-
derivative operator. Consider a second-order SISO 
nonlinear fractional-order system with commensurate 
order α, as illustrated in Fig. 5. Its dynamics are 
represented by the following differential equation:  

ubudyyfy 0
2  ),,,( )()(   (19) 

Let the system states be chosen as x1=y and x2=y(α), 
and the extended state as x3=f(y(α), y, d, u). The 
corresponding state-space model is then expressed as: 
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To estimate the states x1, x2, and the extended state x3, 
a linear FESO is formulated as follows:  










Czy

yyLuBAzz

ˆ

)ˆ(ˆ)(

 (21) 
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is observer gain. The variables z1, z2, and z3 in the 
above expression represent the estimated values of x1, 

x2, and x3, respectively. Furthermore, 0b̂  is the 

estimate of the system parameter b0. Eq. 21 can then 
be written as:  
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The characteristic equation of the FESO is expressed 
as: 

32
2

1
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The observer stability is guaranteed by placing the 

poles of its characteristic equation at –ω0, with ω0 

representing the observer bandwidth [38]. Thus, 
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The observer bandwidth ω0 directly influences the 

FESO performance: a higher value accelerates state 

estimation but may degrade dynamic stability. Hence, 

ω0 must be carefully selected to balance speed and 

stability. A well-designed FESO ensures precise 

tracking of the extended state. As discussed 

previously, adopting the control law 
0

30
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simplifies the system to an integrator of the form 

0
2 uy )(  . For the second-order FTD illustrated in 

Fig. 5, the governing equations are [42]: 
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Where Γ(⋅) denotes the Gamma function.  
 
4. FFADRC-based Speed Estimation and 
Sensorless Vector Control for the RSC  

Given the drawbacks of conventional ADRC 

discussed earlier, and recognizing the significance of 

tuning the LSEF block coefficients as well as the 

proper design of the ESO and TD, the sensorless 

vector control of the RSC is implemented using 

FFADRC in this section. The proposed method 

integrates fuzzy logic with fractional-order control. 

The rotor speed is estimated based on the FFADRC 

control laws and the disturbances estimated by the 

FESO. According to Eqs. 5 and 6, the stator flux 

derivatives in the d- and q-axis directions are:  
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(26) 

By employing Eq. 6 and introducing the leakage 

factor, 
rs

m

LL

L2

1 , the rotor fluxes in the d-q 

reference frame are obtained as: 
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The rotor fluxes can be derived from Eq. 26 and the 
differentiation of Eq. 27, yielding:  
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Substituting (28) into (6) yields the following 
expressions for the derivatives of the rotor and stator 
currents:  
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In the stator flux-oriented (SFO) reference frame, the 

stator flux is aligned with the d-axis, implying that its 

q-axis component is zero (λqs=0) and the d-axis flux is 

constant ( 0
dt

d ds
s

ds ). Consequently, 

from Eq. 6, the stator current and rotor flux 

expressions in the d-q frame are given by: 
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Under stator flux orientation and assuming negligible 

stator resistance, the stator voltage equations reduce to 

vds=0 and vqs=ωsλds. Consequently, Eq. 29 can be 

simplified as follows:  
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Differentiating Eq. 31 yields:  
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In these expressions, yq(t)=iqr(t) and yd(t)=idr(t) denote 
the rotor-side outputs provided to the observers. The 
FFADRC generates control signals uq(t)=vqr(t) and 
ud(t)=vdr(t), which are applied to the RSC. The 
quantities f3d and f3q are the total disturbances (internal 
and external) estimated by the observers, and their 
expressions are as follows: 
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(33)

The proposed strategy is depicted in Fig. 6. By 
employing third-order observers, the disturbance 
estimates satisfy z3d=f3d and z3q=f3q. Eq. 33 then leads 
to the following expression: 
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Based on the relation ωs−ωm=ωr, the estimated rotor 
electrical speed )ˆ( m  is given by Eq. 35.  

Eq. 35 forms the basis of the rotor speed estimation. 
Referring to Fig. 6, two FFADRCs are configured in 
the synchronous dq reference frame. Their output 
voltages, vdr and vqr, are transformed to the rotor DQ 
frame and then converted to three-phase quantities for 
the PWM modulator. The angle θr of the rotor voltage 
space vector, required for the dq-to-DQ 
transformation, is derived by subtracting the estimated 

rotor angle (
m̂ ) from the stator voltage space vector 

angle θs. The three-phase rotor currents are likewise 

transformed into the dq frame and fed into the 
FFADRCs. As the controllers process rotor currents 
referred to the stator side, a conversion to the rotor side 
is applied before PWM signal generation using the 
turns ratio u=Ns/Nr, where Ns and Nr are the stator and 
rotor turns per phase, respectively.  
Since the design procedure for the d- and q-axis 
controllers is identical, only the d-axis controller 
design is presented here. The observer is designed 
according to Eq. 21, requiring only the determination 
of the observer bandwidth ω0. The resulting FFADRC 
control law is given by:  
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where α denotes the fractional order, with )(
drdr vv 12   and 

)(
dd zz 12  . The coefficients kp and kd are tuned via fuzzy 

logic, as mentioned earlier. Using the feed-forward 
configuration, the FFADRC output is expressed as:  
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Using the observer, the extended state z3d is estimated. 
The stator fluxes in the αβ reference frame are 
described by the following equations [43]: 
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where vαs and vβs are the stator voltage components in 
the αβ reference frame, and iαs and iβs are the 
corresponding stator current components. Eq.39 
provides the basis for calculating the stator flux 
amplitude and the stator voltage space vector angle 
within the flux observer block. 
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Applying Eqs. 7 and 30 under the SFO condition, the 
stator reactive power can be derived as:  
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Fig. 6: FFADRC-based speed estimation and sensorless vector control for the RSC. 
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Consequently, the d-component of the rotor reference 
current is expressed as: 
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According to [43] and under the SFO condition, the 
electromagnetic torque is given by:  
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From the above, the q-component of the rotor 
reference current is derived as: 
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where p represents the number of pole pairs. As can be 
seen from Fig. 6, the LSEF receives a linear 
combination of the FTD and FESO outputs. Because 
the FFADRC structure is symmetric for the d and q 
axes, the effect of this combination is described only 
for the d-axis, as follows: 
As previously discussed, for a second-order linear 
fractional-order system controlled by FFADRC, the 
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Consequently, the following equation is established 
for the FFADRC in Fig. 6: 
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Because z1d estimates idr and v1dr estimates ref
dri , the 

following relationship holds: 
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The closed-loop transfer function of the DFIG rotor 
with FFADRC is derived via the Laplace transform 
and can be expressed as:  
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The corresponding equivalent circuit is shown in Fig. 
7. 
 

5. Stability Assessment Using Root Locus 
Technique 
A commensurate fractional-order system is described 
by the following transfer function [41]: 
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Fig. 7: Equivalent circuit of rotor current control in DFIG using FFADRC.  

 
 

where 0<α<1, k , k , ak and bk denote time-

invariant coefficients, while K represents the gain. 
From Eq. 47, the characteristic polynomial takes the 
following form: 

01
)1(

1 ...)( asasasasD n
n

n
n  


  (48)

With the substitution w=sα, the characteristic 
polynomial becomes: 

01
1
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n
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 ...)( )(  (49)

Let zi (i=1, 2, …, n) denote the roots of Eq. 49. The 

system is stable if and only if 
2


)arg( iz  holds for 

every i. Fig. 8 depicts the corresponding stable and 
unstable regions. 
When the proportional and derivative gains in Eq. 46 
are set to kp=ωc

2 and kd=2ωc (with ωc representing the 
controller bandwidth), the characteristic equation 
yields roots exclusively in the left half-plane for all 
positive k2d, confirming unconditional stability. The 
effects of the individual coefficients k1d, k2d, ωc, and α 
on stability will be examined separately.  

 
Fig. 8: Stability regions for a fractional-order system of 

commensurate order α: (a) 0<α<1, (b) α>1 [41]. 

5.1. Dependence of Stability on k1d and k2d  
With ωc=10, α=0.7, and k2d=1, the root locus is 
generated for a range of k1d values and displayed in 
Fig. 9. The stability boundary, marked by the red line, 

is defined by 
2

70  .
 . From Fig. 9a, it is evident 

that for k1d>1, a segment of the root locus falls into the 

unstable region )
.

(
2

70   , and this segment 

enlarges as k1d increases. Fig. 9b illustrates that for 
k1d≤1, the entire root locus resides in the stable zone. 
Furthermore, reducing k1d moves the locus further into 
the left half-plane, which positively influences 
stability.  
Following the same procedure, the root locus is plotted 
for ωc=10, α=0.7, k1d=1, and a range of k2d values, as 
shown in Fig. 10. The results indicate that for k2d<1, 
part of the root locus extends into the unstable region. 
However, when k2d≥1, the root locus lies completely 
within the stable zone.  
 
5.2. Dependence of Stability on the Bandwidth 
Parameter ωc 
To investigate the influence of the controller 
bandwidth, the root locus is generated for fixed 
parameters α=0.9, k1d=1, k2d=1.1, and varying ωc, as 
presented in Fig. 11. The figure reveals that as ωc 
increases, the root locus moves leftward, distancing 
itself from the instability boundary and thus enhancing 
stability. Nevertheless, a larger ωc also leads to 
increased high-frequency noise and overshoot. 
Consequently, careful tuning of ωc is required to 
balance these competing effects. 
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Fig. 9: Root locus corresponding to the DFIG rotor equivalent circuit with FFADRC under varying k1d (with α=0.7, k2d=1, ωc=10): (a) k1d≥1; (b) 

k1d≤1. 
 

 
Fig. 10: Root locus corresponding to the DFIG rotor equivalent circuit with FFADRC under varying k2d (with α=0.7, k1d=1, ωc=10): (a) k2d≤1; (b) 

k2d≥1. 
 
 

 
Fig. 11: Root locus of the DFIG rotor equivalent circuit with 
FFADRC for α=0.9, k1d=1, k2d=1.1, and different values of ωc. 

(The red line indicates the stability boundary, defined by 

2

90  .
 ) 

5.3. Influence of the Commensurate Order α on 
System Stability 
Examining Eq. 46 reveals that if only α is varied while 

keeping other parameters constant, the poles and zero 

remain unchanged, and thus the root locus does not 

move. With k2d>k1d, the zero and one pole are in the 

left half-plane, and the remaining pole is at the origin, 

resulting in a stable system as long as α<1. For α>1, 

the unstable region encompasses not only the right 

half-plane but also parts of the second and third 

quadrants, which can lead to instability. This is 

illustrated in Fig. 12 for the case α=1.8, k1d=1, k2d=1.1, 

and ωc=10. The figure clearly shows that a portion of 

the root locus enters the unstable region, an 

unacceptable condition. 
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Fig. 12: Root locus analysis of the DFIG rotor equivalent circuit 

using FFADRC for α=1.8, k1d=1, k2d=1.1, and ωc=10. The red line 

marks the stability boundary at 
2

81  .
 , showing portions of 

the locus in the unstable region.  

 
6. GSC Control Strategy 
The control scheme for the GSC is presented in Fig. 

13. The reference value of the active power exchanged 

with the grid )( ref
gP  is generated from the error 

between the actual DC-link voltage )( busV  and its 

reference )( ref
busV . The active and reactive power 

exchanged with the grid are given by the following 

equations [43]: 
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where idg and iqg are the d-q components of the GSC 
output current, and vdg and vqg are the d-q components 
of the grid voltage. Under the condition that the d-axis 
of the synchronous reference frame is oriented along 
the grid voltage space vector, we have vqg=0 and 
vdg=∣vg∣ (with ∣vg∣ being the magnitude of the grid 
voltage space vector). From Eq. 50, it follows that: 
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(51)

As illustrated in Fig. 13, the three-phase GSC output 
currents iag, ibg, and icg are transformed to the stationary 
αβ reference frame and then to the synchronous dq 
reference frame before being fed into the PI 
controllers. The angle θg of the grid voltage, necessary 
for these coordinate transformations, is determined 
using a phase-locked loop (PLL). The GSC output 
voltages (with respect to the load neutral point) 
expressed in the dq reference frame are as follows 
[43]: 
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(52)

The reference voltages vdf and vqf are produced by two 
PI regulators according to Eq. 52. These quantities are 
then transformed through successive coordinate 
conversions to obtain the three-phase voltages 
corresponding to the GSC output. The resulting 
voltages are fed into the PWM modulator to generate 
the switching signals Sa-g, Sb-g, and Sc-g. 

 
Fig. 13: Control block diagram of the GSC using vector orientation [43]. 
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7. Simulation Results and Discussion 
In this section, the WECS incorporating a DFIG is 
simulated. The DFIG is equipped with a back-to-back 
converter, and the FFADRC method is employed to 
control the RSC. The simulation parameters are 
summarized in Table 3. To evaluate the tracking 
performance of the FFADRC, the reference speed is 
alternately set to ωs and 0.9ωs. Based on the values in 
Table 3, ωs=50π=157 rad/s (mechanical). 
Simultaneously, the rotor speed is estimated using the 
speed estimator described by Eq. 35. The resulting 
machine speed waveforms are presented in Figs. 14 
and 15. 
At t=3.2 s, the reference speed changes from 0.9ωs to 
ωs, and at t=4.2 s, it returns to 0.9ωs. After 
approximately 2.5 s, the system reaches steady state, 
and the actual DFIG speed closely tracks the reference 
speed, confirming the effective performance of the 
FFADRC. Moreover, the estimated speed follows the 
actual speed with only a minor deviation, thereby 
validating the accuracy of the proposed speed 
estimation method. 
 

Table 3: System parameters for the DFIG-based WECS simulation 

Parameter Value 
Stator frequency (Hz) 50 
Nominal power of stator (Mw) 2 
Nominal rotational speed (rpm) 1500 
Nominal voltage of stator (v) 690 
Nominal current of stator (A) 1760 
Nominal electromagnetic torque (N.m) 12732 
pole pairs 2 
Stator turns to the rotor turns 1/3 
Nominal voltage of rotor (v) 2070 
Stator resistance (mΩ) 2.6 
Leakage inductance of stator and rotor (mH) 0.087 
Magnetizing inductance (mH) 2.5 
Rotor resistance referred to the stator (mΩ) 2.9 
DC bus voltage referred to the stator (v) 1150 
Moment of inertia (Kg.m^2) 127 
Damping coefficient 0.001 
Switching frequency of PWM (kHz) 2 
Sampling time (μs) 50 
Gearbox ratio 100 
Radius of turbine blades (m) 42 
Air density (kg/m3) 1.225 
DC bus capacitance (mF) 80 
Grid side filter's resistance (μΩ) 20 
Grid side filter's inductance (μH) 400 
The r parameter corresponds to the FTD block (d & q 
axes) 

5*106 

Approximation order of fractional blocks 1 
The bandwidth of FESO (d & q axes) 250 
The bandwidth of FFOADRC (d & q axes) 50 
The fractional order of FTD and FESO (d & q axes) 0.9 
The parameters of FFOADRC (k1d & k1q) 0.9 
The parameters of FFOADRC (k2d & k2q) 1.1 

 
Fig. 14: DFIG speed response with FFADRC (red: reference 

speed, black: estimated speed, blue: actual speed). 
 

 
Fig. 15: Zoomed region of Fig. 14 highlighting the speed tracking 

accuracy.  
 

The steady-state d- and q-axis rotor current waveforms 
are shown in Figs. 16 and 17, respectively. It can be 
observed that the actual currents closely track their 
reference values, demonstrating the effectiveness of 
the proposed sensorless vector control strategy. 
Similarly, the d- and q-axis output currents of the GSC 
are presented in Figs. 18 and 19. The accurate tracking 
of the reference currents by the actual GSC currents 
further validates the proper operation of the vector 
control scheme for the GSC.  
 

8. Evaluation of FFADRC Robustness Against 
Internal and External Disturbances 
This section separately analyzes the impact of two 
types of disturbances: external disturbances caused by 
wind speed changes and internal disturbances 
resulting from DFIG parameter variations.  

 
Fig. 16: d-axis rotor current at steady state (blue: actual, red: 

reference).  
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Fig. 17: q-axis rotor current at steady state (blue: actual, red: 

reference). 
 

 
Fig. 18: d-axis component of the GSC output current (blue: actual 

value, red: reference value).  
 

 
Fig. 19: q-axis component of the GSC output current (blue: actual 

value, red: reference value). 
 
8.1. Impact of External Disturbances on the 
FFADRC-Controlled DFIG 
The robustness of the controller against external 
disturbances is assessed by applying wind speed 
variations according to the profile in Fig. 20, while 
maintaining the reference speed constant at ωs. The 
corresponding speed waveforms are presented in Figs. 
21–23. It can be observed that, despite successive 
wind speed changes at 2.75, 3.75, and 4.75 seconds, 
the actual speed rapidly tracks the reference speed, 
indicating the successful attenuation of external 
disturbances by the FFADRC.  
Fig. 24 illustrates the DFIG electromagnetic torque 
response under varying wind speed conditions. As the 
wind speed increases at 2.75 s, the actual and reference 
torque values rise accordingly. Conversely, at 3.75 s 
and 4.75 s, the torque decreases in response to the 
reduction in wind speed, indicating proper DFIG 

operation. The accurate tracking of the reference 
torque by the actual torque further validates the 
disturbance rejection capability of the FFADRC. 
 

 
Fig. 20: Wind speed variation profile used for external disturbance 

evaluation.  
 

 
Fig. 21: Speed tracking performance of the FFADRC-controlled 

DFIG following a wind speed disturbance at t=2.75 s (red: 
reference speed, blue: actual speed).  

 

 
Fig. 22: Speed tracking performance of the FFADRC-controlled 

DFIG following a wind speed disturbance at t=3.75 s (red: 
reference speed, blue: actual speed). 

 

 
Fig. 23: Speed tracking performance of the FFADRC-controlled 

DFIG following a wind speed disturbance at t=4.75 s (red: 
reference speed, blue: actual speed). 
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Fig. 24: Electromagnetic torque tracking performance of the FFADRC-controlled DFIG under external disturbances (reference torque in 

black, actual torque in blue) 
 

8.2. Impact of Internal Disturbances on the 
FFADRC-Controlled DFIG 
The impact of internal disturbances is investigated 

by introducing changes in the DFIG parameters, 

namely the rotor resistance and rotor inductance. As 

listed in Table 3, the nominal values are Rr=2.9 mΩ 

and Lr=2.5+0.087=2.587 mH. 
To further evaluate the robustness of the controller 

against internal disturbances, the rotor resistance 

and rotor inductance are individually subjected to 

step variations of 10% and 20%. The exact 

parameter values and the timing of each change are 

detailed in Tables 4 and 5. During these tests, the 

reference speed is held constant at 0.9ωs. Figs. 25 

and 26 illustrate the speed waveforms corresponding 

to the variations in rotor resistance and rotor 

inductance, respectively. As illustrated in these 

figures, step changes in rotor resistance and 

inductance induce oscillations in the actual speed 

around the reference. The rapid damping of these 

oscillations confirms the robustness of the FFADRC 

in rejecting internal disturbances and preserving 

speed tracking accuracy.  

 
Table 4: Rotor resistance variation profile 

Time range (s) Rotor resistance value 

t<3.65 Rr 

3.65<t<4.1 1.1* Rr 

4.1<t<4.5 0.9* Rr 

4.5<t<5 1.2* Rr 

5<t<6 0.8* Rr 

 

Table 5: Rotor inductance variation profile 

Time range (s) Rotor inductance value 

t<3.55 Lr 

3.55<t<4.5 1.1* Lr 

4.5<t<5 0.9* Lr 

5<t<5.5 1.2* Lr 

5.5<t<6 0.8* Lr 

 

 
Fig. 25: DFIG speed response with FFADRC under rotor 

resistance variations applied at t=3.65, 4.1, 4.5, and 5.0 seconds 
(red: reference speed, black: actual speed). 

 

 
Fig. 26: DFIG speed response with FFADRC under rotor 

inductance variations applied at t=3.55, 4.5, 5.0, and 5.5 seconds 
(red: reference speed, black: actual speed). 
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9. Comparative Study of ADRC, Fuzzy ADRC, 
Fractional-Order ADRC, and FFADRC 
Consider a second-order SISO nonlinear 

fractional-order system, as introduced in Eq. 19. For 

the purpose of comparison, the following transfer 

function is adopted as a test system: 

 
s

10

U(s)

Y(s)
.1.8 23 90 


s

 (53)

where U(s) and Y(s) represent the system input and 

output, respectively. The system's commensurate 

order is α=0.9. A comparative evaluation of ADRC, 

fuzzy ADRC, fractional-order ADRC, and 

FFADRC is conducted by applying a unit step input 

to the system. At t=0.5 s, step disturbances of 

amplitudes 50 and 5000 are injected separately to 

assess the controllers' responses to weak and severe 

disturbances, respectively. The corresponding 

results are illustrated in Figs. 27 and 28. The results 

demonstrate that fractional-order ADRC and 

FFADRC provide faster transient responses and 

more effective disturbance rejection compared to 

ADRC and fuzzy ADRC. Following the disturbance 

at 0.5 s, both controllers rapidly restore the output to 

its reference without noticeable oscillations. 

Furthermore, FFADRC outperforms 

fractional-order ADRC in terms of convergence 

speed after the disturbance. In contrast, ADRC and 

fuzzy ADRC exhibit poor disturbance rejection 

capabilities for both weak and severe disturbances, 

as evident from Figs. 27 and 28.  

 
Fig. 27: Comparison of system output with various ADRC strategies under a severe step disturbance of 5000 applied at t=0.5 s (black: unit 

step input, blue: ADRC, purple: FFADRC, green: fuzzy ADRC, red: fractional-order ADRC) 

 

 
Fig. 28: Comparison of system output with various ADRC strategies under a weak step disturbance of 50 applied at t=0.5 s (black: unit step 

input, blue: ADRC, purple: FFADRC, green: fuzzy ADRC, red: fractional-order ADRC) 
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10. Conclusion and Future Work 
This paper has presented a novel sensorless vector 
control strategy for DFIG-based wind turbines using 
a FFADRC. The proposed approach effectively 
eliminates the need for mechanical encoders by 
estimating the rotor speed directly from the control 
laws and the disturbances estimated by a FESO. By 
integrating fuzzy logic for online tuning of the LSEF 
coefficients and employing fractional-order 
operators in both TD and ESO, the controller 
achieves enhanced flexibility, improved disturbance 
rejection, and robust performance under various 
operating conditions. 
Extensive simulation studies have validated the 
effectiveness of the FFADRC method. The results 
demonstrate accurate speed tracking, rapid 
convergence, and strong resilience against external 
disturbances such as wind speed variations, as well 
as internal disturbances caused by DFIG parameter 
changes (e.g., rotor resistance and inductance 
variations). Comparative analysis with conventional 
ADRC, fuzzy ADRC, and fractional-order ADRC 
confirms that the proposed FFADRC offers superior 
transient response, faster disturbance rejection, and 
better overall dynamic performance. Stability 
analysis using the root locus technique further 
verified the robustness of the controller across a 
wide range of design parameters. 
Future work will focus on the experimental 
validation of the FFADRC strategy on a laboratory-
scale DFIG test bench to assess its real-time 
performance and practical feasibility. Moreover, 
extending the proposed method to the coordinated 
control of entire wind farms, considering wake 
effects and grid integration challenges, is a 
promising direction. The integration of machine 
learning techniques for adaptive parameter tuning 
and the incorporation of predictive control elements 
to further enhance the response under severe grid 
faults are also suggested for further investigation. 
Finally, the application of the FFADRC concept to 
other power electronic converters and renewable 
energy systems could be explored to generalize its 
benefits. 
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