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1.	 Introduction
Wind power system is widely used as an alternative source for power generation [1]. For variable speed wind 
conversion systems, the most commonly installed electric generator is the Doubly Fed Induction Generator (DFIG) 
because of its advantages, such as reducing mechanical efforts, reducing the cost of inverters, and the possibility 
of simultaneous stator active and reactive power control [2]. The stator windings of the DFIG are directly connected 
to the grid, while the rotor windings are connected to the grid via a back-to-back converter. By using such a 
configuration, a decoupling between the mechanical speed and the grid frequency can be achieved [3]. In fact, the 
grid-side converter (GSC) is connected to the grid via a step-up transformer; this converter is used to feed the DFIG 
rotor windings via the rotor-side converter (RSC), ensuring a stable DC link output voltage [1]. 

For the above configuration, different control schemes have been proposed. The well known control approach 
for the DFIG is the Field Oriented Control (FOC), where state transformations are applied to perform linearization 
and decoupling [4]. In [5], an experimental implementation of the FOC technique with a Proportional-Integral (PI) 
controller (PI-FOC) is investigated, which is used to control the DFIG powers; voltages and currents are utilized 
to obtain the rotor electrical position. In [1], an hysteresis technique is proposed for the GSC, and the PI-FOC 
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scheme is included to control the RSC. Industrially, the PI-FOC approach is the preferred controller for DFIG power 
generation [6]. However, implementation of this controller is highly dependent on the DFIG parameters knowledge 
[7]. Recently, a lot of attention has been dedicated to 25 the Sliding Mode Control (SMC) because of its robustness 
to perturbations. It is designed to keep the controlled dynamics onto a sliding manifold [4], which is usually defined 
as the error of the real and the desired output behaviors. In [8], a real-time SMC for DFIG stator powers is presented. 
In [9], a block control SMC is developed for the DFIG stator reactive power and the electromechanical torque. The 
major drawbacks of conventional SMC is that in order to select the sliding manifold, the state space model is 
required, which does it sensitive to parameter variations; in addition, the controlled system can be destabilized by 
chattering [10]. 

On the other hand, high penetration of the WT power in medium and high voltage grids requires new grid codes 
in order to ensure DFIG Low-Voltage Ride-Through (LVRT) capacity [11], [12]. To improve LVRT capacity, different 
hardware solutions have been developed. In [13], crowbar and chopper devices are utilized to protect the DFIG and 
the DC-link during faults respectively. In [14], a series dynamic resistance a chopper combination is used to ensure 
stability of the DFIG in presence of grid disturbances. In [15], a parallel impedance crowbar and series resistance-
inductance circuit are proposed to enhance the LVRT of the DFIG during faults. Authors in [16] present an enhanced 
corwbrless LVRT strategy for DFIG in presence of symmetric voltage dip; the proposed solution eliminate the 
crowbar by employing a modified PI controllers, a series resistance-inductance is inserted between the rotor widings 
and the RSC when the rotor currents exceed their threshold value during faults. The above solutions need extra 
protection devices, which increase the control scheme cost; additionally, the control objective should be modified 
from tracking to stability and may stop power generation during faults. In order to overcome those disadvantages, 
computational solutions have been developed. In [17], [18], an PI and a Proportional-Resonant (PR) controllers 
have been proposed to improve LVRT capacity of the DFIG. To implement them, a decomposition process is 
needed, which does the control strategy implementation more complex. Another work is presented in [19] where a 
fuzzy second order integral terminal sliding mode control is designed for the DFIG rotor and grid side converters, 
and a series GSC is included to avoid DFIG disconnection from the grid during fault conditions. The conventional 
SMC [20], [21] and the sliding mode based extended active power theory [22] are proposed to operate the DFIG 
in presence of grid disturbances. The obtained results illustrate their effectiveness; however, those controllers are 
designed using the plant physical model, which does not ensure stability of the closed-loop system with respect 
to unmatched perturbation and the upper bound value is required [10]. Recently, Neural Networks (NNs) can be 
used to approximate the DFIG and the DC-link dynamics in presence of different grid scenarios. In [23], a DFIG 
controller based on neural identification is investigated, where a Recurrent High Order Neural Network (RHONN) 
identifier based inverse optimal control is developed; this controller is experimentally validated without considering 
LVRT. Other work based on neural identification is published in [24], where a neural SMC associated with the 
FOC is selected to control a DFIG prototype under different grid scenarios; the SMC is implemented as the main 
controller and chattering still occur. This paper presents the development and the experimental implementation of 
Neural Sliding Mode Linearization (N-SM-L) controllers for the RSC and the GSC of a DFIG prototype connected to 
an infinity bus through a transmission line. Regarding the high penetration of wind power systems into main grids, 
big efforts have been made to ensure uninterrupted power generation during faults. To achieve such, the proposed 
control schemes should ensure a constant DC-link voltage, and better value of the power factor, and improved 
active and reactive power even in the presence of grid faults. The main contributions of this paper are: 1) by using 
a neural identifier, adequate models under different grid conditions are obtained. The neural models are used to 
design linearization controllers which are the main components on the proposed scheme. These controllers help 
to obtain a decoupled linearization of the system and to reject disturbances caused by fault grid conditions and/or 
parameter variations. 2) a discrete-time SMC, which is considered as a secondary one, is proposed to ensure the 
desired references tracking and to reject the neural identification errors which are very small as addressed in [25]. As 
results, small sliding mode control gains are required reflecting a large reduction in chattering. 3) robustness to grid 
disturbances is experimentally evaluated illustrating the proposed controllers performances, and their capability to 
improve LVRT in order to keep power generation in presence of different types of grid disturbances. 4) additionally, 
the proposed technique is adapted to improve the generated active power from the wind using Maximum Point 
Power Tracking (MPPT). The contents of this paper are: Section 2 presents mathematical preliminaries. In section 
3, the DFIG and DClink models are briefly explained. The proposed neural identifiers for both the DFIG and DC-link 
are introduced in section 4. The proposed control approach is synthesized in section 5. In section 7, a real-time 
implementation is described and the obtained results are discussed.
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2.	 Mathematical Preliminaries
2.1.  Neural Identifier
Let us consider the following non-linear system [4]

	
� (1)

with xk ∈ Rn the state space variables, uk ∈ Rm the control input, yk ∈ Rm the output to be controlled, f(xk), g(xk) 
and h(xk) continuous functions. Using a series-parallel structure, this state space (1) is estimated by an RHONN 
identifier as [26]

	 	 (2)

with χi,k the estimated state space, wi ∈ ℜLi the adjustable NNs weights, ϖi the fixed ones, φi ∈ ℜLi a smooth vector 
function defined as follows φi(.) = [φi,1(.),...,φi,L(.)]T ∈ ℜLi and Li the connection number, such as each component is 
given as φi,j(.) = φi,1(S(x1,k),...,S(xn,k))T, φi the inputs function depends to the system structure. S(.) is the hyperbolic 
tangent function. The Extended Kalman Filter (EKF) algorithm is used to train the selected RHONN identifier [25]. 
It is expressed by [25]

	 � (3)

	 � (4)

	 � (5)

	 � (6)

	
� (7)

where ei ∈ R is the error between the real state vector and the estimated one, Pi ∈ RLi×Li is the covariance 
matrix of predicted error, Li is the neural identifier weights, ηi is an EKF design parameter, Ki,k ∈ RLi×m is the 
Kalman gain matrix, Ri,k ∈ Rm×m and Qi,k ∈ RLi×Li are the measurement noise associated covariance matrices 
and the respective state one, Hi ∈ RLi×m is the derivative of each neural identifier state with respect to the 
weights.

3.	 System Modeling
Figure 1 shows the DFIG configuration, with a back-to-back converter based on Insulated-Gate Bipolar Transistors 
(IGBT) inserted to connect the DFIG rotor to the grid, whereas the stator is directly linked to the grid.

3.1.  DFIG
The DFIG discrete-time model on the d − q frame is [9]

	 	 (8)

	 	 (9)

	 	 (10)

	 	 (11)
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with   the DFIG stator interconnecting 

terms,   the DFIG rotor interconnecting 

terms, where  

 with ωr, ωs the  rotor and stator electrical speed, Lr 

and Ls the rotor and stator inductances respectively, Lm the stator and rotor mutual inductance, Rr, Rs the resistance 

of the rotor and the stator, ts the sample time.

3.2.  DC-link
The DC-link discrete-time model on the d − q frame is [9]

	
� (12)

	
� (13)

	
� (14)

where  are the DC-link interconnection 
terms, igq and igd are the grid currents, ugcd,k and ugcq,k are the GSC d − q voltages considered as the control vector, 
ugd,k and ugq,k are the grid d − q voltages, Lg is the grid inductances of (H), Rg is the grid resistances (Ω), C is the 
capacitor of DC-link (F).

By using the discrete-time separation principle [27], the synthesis of N-SM-L controller is done without including 
the neural identifier and vice versa [25], [27].

4.	 Neural Identifier
In order to select the RHONN identifier, the following considerations are taken into account

•	 C1. The selected RHONN identifier structure is mainly based on the plant mathematical model.
•	 C2. The selected neural identifier should be implemented using the minimum possible number of sensors to 

reduce cost.
•	 C3. Taking into account neural identification properties such as its capability to absorb disturbances [25], the 

interconnection terms on (8) (14) are considered as disturbances.

Figure 1. DFIG connected to the electrical grid.
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4.1.  Neural DFIG Model
The RHONN model for the DFIG stator and rotor currents is given as

	 � (15)

	 � (16)

	 � (17)

	 � (18)

where  and  are the estimate dynamics of  and  are the adaptive 
neural identifier weights, and ϖi are the fixed ones.

4.2.  Neural DC-link Model
The DC-link RHONN identifier is selected as

	 � (19)

	 � (20)

	 � (21)

where  and  are the DC-link real state vector,  and  are the estimate one.

5.	 Controllers Synthesis
The proposed structure is divided into: The RSC controller and the GSC one. The respective scheme for both 
controllers is displayed in Figure 2. The DFIG and the DC link mathematics model are considered unknown, the 
RHONN identifier is used to approximate online their models. The EKF is used to 165 minimize the error between 
the real state vector xi,k and the estimated one χi,k by adjusting neural wights ωi,k. This online identification helps to 
approximate the mathematical models of the DFIG and the DC-link even in the presence of parameter variations 
and/or grid disturbances. In addition, the N-SM-L controller is synthesized based on the neural model, which allows 
the neural  linearization part of the proposed control scheme to compensate the nonlinear part of the system and 
helps the SM control part to achieve trajectory tracking.

5.1.  Rotor Side Controller
The proposed N-SM-L control objective is to track the desired trajectories of the ird,k and irq,k rotor currents and to 
assure robustness for parameter variations and/or disturbances. Then, the output to be controlled is the DFIG rotor 
currents  and  is the real rotor currents dynamics. The 
expression of the output ŷ2,k at k + 1 is given as

	

� (22)

Substituting (17) and (18) in (22), we obtain

	

� (23)
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with  and

	 �

Applying neural linearization, then the control law of the rotor currents is obtained as

	
� (24)

where v1,k , v2,k are additional linear control inputs. Substituting (24) in (17) and (18), we obtain

	 � (25)

	 � (26)

A discrete-time SMC is proposed to calculate v1,k, v2,k. The sliding manifold is given as  
whose expression at (k + 1) is

	
� (27)

with irdqref,k and irqref,k the rotor d − q currents references. The equivalent control [ueq1,k ueq2,k]T is calculated by

	
	 (28)

The stabilizing terms [un1,k un2,k]T are defined as

	
� (29)

Figure 2. N-SM-L control scheme.
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with K1 = [k1 0; k2 0] a Schur matrix, and a discrete-time SMC [4] is defined as

	
� (30)

where u01 is the control bound and uc1,k = ueq1,k + un1,k,

	

	 (31)

with u02 the control bound and uc2,k = ueq2,k + un2,k. The rotor currents references are determined as [1], [20]

	
� (32)

	
� (33)

with us the stator voltage maximum value, Psref,k and Qsref,k the stator active and reactive power references.

5.2.  Grid Side Controller
The N-SM-L control objective is to track the desired value Udcref,k for the DC voltage Udc,k, and to keep the power 
factor fg at the unit value. Then, the variables to be controlled are  
with  the real DC-link dynamics. The output expression  at the step k + 1 is 
calculated as

	 	 (34)

with f̂21(x2,k) = w51S(Udc,k) + w52S(Udc,k)S(igq,k). For control synthesis, first the neural linearization is carried out using 
(34); hence, the linearizing control law becomes

	
� (35)

Substituting (35) in (19), we obtain the linearized model as

	 	 (36)

To calculate v3,k, a discrete-time SMC [4] is selected such that the sliding surface is  
and ueqk3,k is determined using S2,k+1 as

	 	 (37)

and, the stabilizing term un3,k is defined by

	 	 (38)

with −1 < k3 < 1. The desired values of the grid idg,k current are determined from the DC voltage control law given 
in (35).
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To calculate the grid iqg,k current desired value, the following expression is used [9]

	
	 (39)

Along the same steps as in (22)-(29), the grid currents neural linearization control law is obtained as

	
	 (40)

with  and

	 �

where v4,k , v5,k are decoupled linear control inputs defined by using the discretetime SMC as given in (30). The 

sliding surface is selected as  with igdref,k and igqref,k the grid d−q currents references. The 

equivalent control inputs [ueq4,k ueq5,k]T are given by

	
	 (41)

The stabilizing terms [un4,k un5,k]T are defined as

	
	 (42)

with K2 = [k4 0;k5 0] a Schur matrix. The respective convergence proof of the proposed controllers is presented in 
the Appendix.

6.	 Simulation Results
This section discusses the comparison study between the developed control scheme and the previous published 
ones, which are the PI-FOC, the classical SM-FOC, and the SM−H∞ as experimented in [5], [20], and [28], respectively. 
All the compared controllers are implemented using SimPower tools of Matlab1. The objective is to evaluate 
the performance of the proposed controller and illustrate its potential compared with the other methodologies, 
considering timevarying trajectory tracking, robustness to parameter variations, and sensitivity to speed changing.

6.1.  Tracking Test
To demonstrate the ability of the proposed scheme for trajectory tracking, the DFIG stator active power is forced 
to follow time-varying dynamics, while the reactive power is fixed constant. In addition, the mechanical speed 
and the DFIG parameters are kept at their nominal rates. Table 1 illustrates the Mean Square Error (MSE) and 

1  Matlab,Simulink. de 1994-2022, ©The Math Works, Inc.
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the Standard Deviation (STD) numerical results for this experiment. This test demonstrates that the proposed 
(N-SM-L) controller has better tracking performance in the presence of trajectory variations compared with the 
other controllers.

6.2.  Robustness Test
In this part, the objective is to examine the developed control methodology robustness in the presence of parameter 
variations. It is worth noting that the stator active and reactive power references are selected as time-varying 
dynamics and the nominal mechanical speed is considered for this test. The MSE and STD results for the active 
power reference tracking are presented in Table 2.

Numerical results show that parameter variations have a significant impact on the stator active and 
reactive power tracking controlled by the PI-FOC, the classical SM-FOC, and the SM−H∞, while an adequate 
robustness is presented in the presence of these disturbances by implementing the proposed N-SM-L  
controller.

6.3.  Speed Changing Test
For this experiment, the objective is to examine the effects of the speed fluctuations on the DFIG-generated powers. 
To do such, the parameters of the DFIG are maintained at their nominal values and the generated powers are 
forced to track constant dynamics. However, a variable speed profile is applied for the DFIG rotor including sub-
synchronous and super-synchronous speeds. Table 3 presents the MSE and the STD regarding this test. The 
obtained numerical results show that speed-changing significantly affect the DFIG stator generated powers as 
controlled by the conventional schemes, whereas this effect is largely reduced by implementing the proposed 
N-SM-L controller.

From the obtained results, it is very clear that the proposed N-SM-L controller has better performance regarding 
trajectories tracking and faults model thanks to the proposed neural identifier, which helps to approximate the DFIG 
model under fault conditions. In addition, based on the neural identifier, an exact feedback linearization controller, 
as part of the N-SM-L is obtained, which helps the control law to remove the effects of the disturbances and to 
ensure its stability.

Table 1.  Tracking statistic results: MSE and STD.

Controller Tracking Controller Tracking

PI-FOC (Ps) MSE
STD

0.3732
0.6063

PI-FOC (Qs) MSE
STD

0.052
0.2363

SM-FOC (Ps)
MSE
STD

0.1575
0.2263 SM-FOC (Qs)

MSE
STD

0.0139
0.3835

SM−H∞ (Ps)
MSE
STD

0.422
0.1352 SM−H∞ (Qs)

MSE
STD

0.0205
0.3624

N-SM-L (Ps)
MSE
STD

1.055e − 4
0.0107 N-SM-L (Qs)

MSE
STD

0.616e − 4
0.0086

Table 2.  Robustness MSE and STD values.

Controller Parameters

- Rs(200%) Ls(100%) Lr(100%) Lm(90%)

PI-FOC (Ps) MSE
STD

0.3387
0.5784

0.1159
0.3406

1.5371
1.2394

0.2637
0.5142

SM-FOC (Ps)
MSE
STD

0.1717
0.4420

0.0709
0.2610

0.1076
0.2430

0.1554
0.3572

SM−H∞ (Ps)
MSE 0.0715 0.0512 0.1052 0.1004

STD 0.3451 0.1215 0.1723 0.1250

N-SM-L (Ps)
MSE 1.026e − 4 1.84e − 5 1.62e − 5 1.57e − 5

STD 0.0032 0.0097 0.0057 0.0247
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7.	 Experimental Implementation
The proposed control scheme is evaluated under normal and abnormal grid conditions. In addition, a comparison 
with the conventional SM-FOC is presented under grid fault conditions. The main objectives of the proposed control 
scheme are 1- to maintain the DC voltage constant and to reduce the voltage ripples at the DC link, which can help 
to improve the quality of the grid active power. 2- to maintain the nominal value of the power factor to achieve the 
control of the grid reactive power. 3- To track desired values of the active power obtained from the MPPT algorithm, 
which can ensure maximum power production. 4- To control the generated active power, which allows to maintain 
the value of the stator power factor desired value. It is worth noting that 1 and 2 are achieved by the GSC controller; 
3 and 4 are realized by the RSC controller.

7.1.  Prototype Descritption
The proposed N-SM-L control laws are tested on a DFIG prototype installed at Cinvestav- Guadalajara campus, 
Mexico. Figure 3 displays the experimental control scheme, which is composed of: 1) a DFIG of Lab-Volt2. 2) a DC 
motor3, which is coupled with the rotor shaft of the DFIG and is used to emulate a small-scale wind turbine (three-
blades rotor, fixed pitch, 1.15m diameter), [29]. 3) a back-to-back converter inserted between the network and the 

2  1/4 HP DFIG, Lab-Volt, Series no. 8231−00, Lab-Volt Ltda, Canada.
3  3/4 HP motor of Baldor Electric Company, P.O. Box 2400 Fort Smith, Arkansas, USA.

Figure 3. DFIG prototype scheme.

Table 3.  Tracking performances: STD and MSE.

Controller Tracking Controller Tracking

PI-FOC (Ps) MSE
STD

0.4077
0.6400

PI-FOC (Qs) MSE
STD

0.4147
0.6367

SM-FOC (Ps)
MSE
STD

0.3180
0.4671 SM-FOC (Qs)

MSE
STD

0.0126
0.0970

SM−H∞ (Ps)
MSE
STD

0.3580
0.3625 SM−H∞ (Qs)

MSE
STD

0.3497
0.0920

N-SM-L (Ps)
MSE
STD

2.32e − 4
0.0304 N-SM-L (Qs)

MSE
STD

1.21e − 4
0.0173
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DFIG rotor. 4) a transmission line module of Lab-Volt4. 5) a Personal Computer (PC) used to manage the obtained 
data; it is provided with two dSPACE boards DS110455 and MatLab/ Simulink6. In addition, electric protection circuits 
are installed.

Measurements of currents, voltages, and mechanical speed are obtained using the respective sensors and 
the DS1104 board. Space-vector pulse Width Modulation is implemented to determine commutation for both 
converters, which are calculated by the DS1104 Board control blocks. Table 4 illustrates the DFIG prototype nominal 
parameters.

7.2.  GSC Controller
Figure 4-(a), (b) illustrates the controlled dynamics using the GSC, for the DC- link voltage Udc and the step-up 
transformer power factor fg. It is clear that such controller achieves the desired goals: a DC-link voltage of 120V and 
grid power factor equal to 1. Figure 5 - (a) presents the grid active (Pg, blue, 100W) and reactive powers (Qg, red, 0V 
ar). The grid currents igd,igq dynamics are presented in Figure 5 - (b) (blue, 1.5A - red, 0A ) respectively. Note that: 1) 
the DC voltage desired value is selected for providing enough active power to the RSC controller. 2) the unit value 
of the grid power factor helps to improve the quality of the supplied power to the RSC and allows to maintain the 
desired value of the grid reactive power, which has a large effect on the security of the WT power systems because 
it affects the voltage throughout the system.

7.3.  RSC Controller
To test the proposed scheme capabilities, a time-varying wind speed profile is applied and the WT emulator is 
operated to extract the maximum available power by means a MPPT algorithm. We note that:1) the DC motor 
is utilized to emulate the mechanical speed such that the desired DFIG rotor shaft speed profile is applied as a 

4  Transmission line of Lab-Volt Series no. 8329−00, Lab-Volt Ltda, Canada.
5  dSPACE GmbH Technologiepark 25, Paderborn, Germany. 6Matlab,Simulink, © 1994-2019 The MathWorks, Inc.

Figure 4. The behaviors of the DC-link voltage and the power factor.

Table 4.  System parameters

Meanings Units Meanings Units

Nominal speed 1800r/min Moment of Inertia 0.23sec

Turbine radius 1.15m Stator Inductance 0.5008H

Nominal Power 185V A Stator Resistance 0.1609Ω

Grid Inductance 0.0045H Rotor Inductance 0.5008H

Grid Resistance 0.0014H Rotor Resistance 0.0502Ω

DC Link Capacitor 0.0022F Mutual Inductance 0.4775H
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Figure 6. Variable wind Turbine Speed.

Figure 5. The behaviors of grid dynamics.

reference speed for the DC motor (0 to 2500 r/min). 2) the power factor and the DC-link voltage are kept at constant 
values. To improve the generated power, MPPT algorithm is applied to define the stator active power desired value 
as in [24]. Where, the stator active power reference is calculated using the Maximum Power Point Tracking (MPPT) 
algorithm based on the following equation

	 	 (43)

with  and Cpmax represents the maximum yield aerodynamics of the WT, βopt is the 
optimal angle blade, λopt is optimal relative speed. The mechanical speed behavior is presented in Figure 6. The 
DFIG currents rotor tracking behaviors are displayed in Figure 7; the desired trajectory for 325 the DFIG rotor −q− 
current is also defined from the MPPT active power, and the rotor −d− current is kept at a constant value calculated 
from reactive power desired trajectory using (32) and (33) respectively. Figure 8 and 9 presents the DFIG stator 
powers and currents respectively. The obtained results illustrate the capabilities of the rotor side controller for 
tacking the required trajectory of  the active power, which improves quality of the generated power. In addition, the 
DFIG reactive power is kept constant at a required value, which ensures a desired power factor for the stator side. 
Figure 10 displays the DFIG power factor and the electromagnetic torque dynamics. From these results, variations 
in the mechanical speed has no significant effects on the DFIG stator active and reactive power controller. In 
addition, decoupling between the control axes and stability are ensured.
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Figure 7. Rotor currents tracking.

Figure 8. DFIG powers tracking.

Figure 9. DFIG stator currents dynamics.
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7.4.  Fault Grid Conditions Test
In this experiment, we test that the proposed scheme ensures DFIG stability under fault grid conditions, which are 
caused by changing the transmission line impedance suddenly at t = 45s from 0Ω to 120Ω and reversing it at t = 
60s. Figure 11 displays the grid currents (a) and voltages (b) applied to the DFIG prototype, during the faults, at 
the connection point to the grid. Figure 12 illustrates the results for DFIG stator powers. The same test for SMC 
combined with FOC is done in [20], and the obtained results are presented in Figure 13, which illustrate that a 
transmission line impedance variation produces a high pick stator currents, destabilizing the system and turning-
off the prototype, leading to power generation discontinuity. From this experiment’s results, we conclude that the 
proposed control for both GSC and RSC ensures the DFIG prototype stability and rejects different disturbances, 
which guarantees the WT connection to the grid and ameliorates the quality and quantity of power generation. 
These results are achieved thanks to the adaptive control law obtained by the RHONN identifier online trained by 
the EKF. This configuration helps to approximate the DFIG prototype model even in the presence of disturbance. 
When the neural model is obtained, the feedback linearization part of the proposed control scheme is successfully 
able to eliminate the nonlinear part of the model including disturbances and the SM controller part can ensure the 
trajectory tracking with reduced value of the controller gain since the identification error is small, which helps to 
reduce the chattering.

Figure 10. DFIG stator power factor and torque.

Figure 11. DFIG stator powers under grid disturbances, N-SM-L.
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8.	 Conclusions
In the present paper, the development and the real-time implementation of a discrete-time N-SM-L controller 
is done to design a robust control scheme for a DFIG based WT. Such scheme is applied to maintain the DC 
voltage at a constant value, to keep at the unit value the power factor, using the GSC, and to track the DFIG 
generated powers desired behaviors via the rotor d – q  currents using the RSC. Identification is performed by 
RHONN identifiers for both the DFIG and the DC-link. The proposed control methodology is validated for a time-
varying wind speed profile and grid disturbances. To emulate wind speeds, a DC motor is used. Experimental 
results validate the proposed control approach performances. Trajectory tracking is guaranteed even for time-
varying desired trajectories; stability and decoupling between the control axes are also ensured. In addition, 
the N-SM-L controller adaptive nature offers adequate robustness in presence of DFIG prototype parameter 
variations and grid disturbances. Moreover, this control scheme allows maximizing the power extraction for 
variable wind speeds and ensures transient stability of the DFIG when a transmission line faults occur. Finally, 
the proposed scheme improves LVRT capacity of the DFIG and assures continuous power generation, which 
allows to increase generated power quantity, accomplishing modern grid codes requirements regarding LVRT 
capacity.

Figure 12. DFIG stator powers under grid disturbances, N-SM-L.

Figure 13. DFIG powers under grid disturbances, SM-FOC.
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9. Appendix

Convergence Proof
Rotor Side Controller Analysis
The separation principle is applied [27] for the proposed control scheme convergence proof. Hence, 

1.	 the identification error minimization is ensured by using the EKF to train 385 the RHONN identifier as 
demonstrated in [25].

2.	 The tracking error convergence to a small bounded region is achieved by using the proposed N-SM-L 
controller based on RHONN modeling as will be established in the following analysis

Due to identification error boundedness, there exists a bounded function ∆i for the rotor currents such that

	 � (44)

	 � (45)

with ||∆i|| ≤ γi, γi > 0, and i = 3,4. Substituting (23) in (44), (45) and applying the neural linearization control law (40), 
we obtain

	 	 (46)

	 	 (47)

The sliding surface can be rewritten for (k + 1) as

	
	 (48)

To simplify stability analysis, let define Uk = [v4,k v5,k]T, Ueq,k = [ueq4,k ueq5,k]T, Un,k = [un4,k un5,k]T, U0 = [u04 u05]T, 
K = [k4 0;0 k5], Xref,k = [irdref,k irqref,k]T and ∆ = [∆3 ∆4]T,with ||∆|| ≤ Γ and Γ > 0. The discrete-time SMC proposed in (30) 
and (31) includes two cases:

•	 Case 1:
	 ||uc4,k|| < u04, then uc4,k is used for the rotor d current. 
	 ||uc5,k|| < u05, then uc5,k is used for the rotor q current.
Using (28), the sliding surface (48) is selected as

	 	 (49)
The Lyapunov function is selected as ; its difference is calculated as

	 �
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with θ1 < 1 and θ1 > 0 , η1 = (1 − ||K||2) and η1 > 0, and for the region  we obtain

	 �

with θ2 < 1 and θ2 > 0, β1 = (1 − θ1)η1 and β1 > 0. Therefore ∆Vk ≤ 0, ∀  and the solution of the system 
(49) is ultimately bounded.

•	 Case 2:
	 ||uc4,k|| ≥ u04, then  is applied for the rotor d current.
	 ||uc5,k|| ≥ u05, then  is used for the rotor q current.

For this case, the equivalent control is selected by imposing S3,k−Xref,k+Xk = 0, with . Then, 
the equivalent control is obtained as

	 	 (50)

with  The sliding surface is given by

	 �

Using the Lyapunov function candidate  then, its difference is calculated as

	 �

Assume that the control law Uk may vary within the domain ||Uk|| ≤ U0 [30]; considering (50) and ||∆|| ≤ γ, then 
||fk + ∆|| ≤ σ with σ < ||U0||, so

	 � (51)

if ||fk + ∆|| ≤ ||U0|| ≤ (2||S3,k|| + ||fk + ∆||) holds then ∆V ≤ 0 [25]. Hence, the sliding manifold ||S3,k|| and the equivalent 
control ||Ueq,k|| decrease monotonically. Therefore, it exists a time k1 such that the equivalent control is within the 
domain ||Ueq,k|| ≤ ||U0|| for k ≥ k1. At that time, the control laws uc4 and uc5 are used, yielding that the solution of system 
(49) is ultimately bounded.� 

It is important to note that v4,k and v5,k are independent, and the convergence proof is validate for each control 
axis separately.

A similar analysis is valid for the Grid Side Controller, using the same procedure.
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