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Abstract - In this study, we present a comprehensive comparative analysis of Proportional-Integral (PI) control 
and Backstepping control (BCS-Control) strategies applied to a Doubly Fed Induction Generator (DFIG) for 
variable-speed wind energy conversion systems (WECS). The objective is to decouple the active and reactive 
power generated by a DFIG, which is widely employed in modern wind turbines due to its enhanced efficiency 
and controllability. Simulation results on a 1.5 MW DFIG system are provided to demonstrate the effectiveness 
and robustness of the proposed control strategy during variations in active and reactive power, rotor speed, and 
machine parameters. 
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I. INTRODUCTION 

Renewable energy sources are in increasing 
demand due to their environmentally friendly 
energy production and their potential to mitigate 
issues related to conventional energy sources 
such as environmental pollution and global 
warming [1]. Over the years, numerous 
technologies have been proposed. In this 
research, we specifically focus on grid-
connected, variable-speed wind turbines 
equipped with a DFIG. The DFIG features a 
wound rotor induction generator configuration, 
where the stator windings are directly connected 
to the electrical grid. In contrast, the rotor 
windings are linked through two converters: the 
Rotor-Side Converter RSC and the Grid-Side 
Converter GSC. These converters are separated 
by a DC-link capacitor, which serves as an 
energy storage component [2-4].  

PI controllers are extensively employed in 
linear control applications to attain desired 
system responses by modifying the control output 

in response to the error. Their purpose is to offer 
both rapid responses to system changes and a 
mechanism for eradicating long-term errors, thus 
guaranteeing system stability and precise 
attainment of the desired setpoint. Nevertheless, 
these methods encounter several limitations, 
particularly concerning variations in machine 
parameters [3]. Research [5-7] has indicated that 
substituting the PI controller with a nonlinear 
control approach can address these issues more 
effectively. 
     The choice of a nonlinear control method 
depends on the specific characteristics of the 
system and the control objectives. One such 
approach, the Backstepping technique, has been 
developed by Kokotovic [8] and is relatively 
recent in the field of controlling nonlinear 
systems [5,9]. This method is particularly notable 
for its ability to decompose complex nonlinear 
control problems into simpler, smaller problems 
[6-10]. The fundamental concept behind 
Backstepping involves computing a control law 
in multiple stages to establish a Lyapunov 
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function that remains positive with its derivative 
consistently negative, thereby ensuring the 
overall stability of the system [9]. 
     The primary objective of this study is to 
perform a comparative analysis between the PI-
Control and BCS-Control strategies as they are 
applied to WECS based a DFIG operating under 
variable wind speeds. To achieve this, the studied 
system and the proposed control have been tested 
under MATLAB/Simulink environment. 

II. MODEL OF TURBINE 

The mechanical power and torque of the wind 
turbine are [2]: 

𝑃௔௘௥௢ =
1

2
. 𝜌. 𝜋. 𝑅ଶ. 𝑣ଷ. 𝐶௣(𝜆; 𝛽)   (1) 

𝑇௔௘௥௢ =
𝐶௣(𝜆; 𝛽). 𝜌. 𝜋. 𝑅ଶ. 𝑣ଷ

2 ⋅ 𝛺௧௨௥௕௜௡௘

 (2) 

 
With the relative speed λ provided by this 

equation:   

𝜆 =
Ω௧ . 𝑅

𝑉
 

The power coefficient 𝐶௣ can be described as: 
𝐶௣(𝛽, 𝜆) = ൫0.5 − 0.0167. (𝛽 − 2)൯. 

sin ቈ
𝜋. (𝜆 + 0.1)

18.5 − 0.3. (𝛽 − 2)
቉ 

−0.00184. (𝜆 − 3). (𝛽 − 2) 

(3) 

III. SIMPLIFIED MODEL OF THE DFIG 

The mathematical model of the DFIG in the 
d-q frame is giving by [2,11]: 
 The stator voltages: 

𝑉௦ௗ =  𝑅௦ 𝐼௦ௗ +
𝑑 ∅௦ௗ

𝑑𝑡
−  𝜔௦ ∅௦௤  

𝑉௦௤ =  𝑅௦ 𝐼௦௤ +
𝑑 ∅௦௤

𝑑𝑡
+ 𝜔௦ ∅௦ௗ 

(4) 

 The rotor voltages: 

𝑉௦௤ =  𝑅௦ 𝐼௦௤ +
𝑑 ∅௦௤

𝑑𝑡
+ 𝜔௦ ∅௦ௗ 

𝑉௥௤ =  𝑅௥ 𝐼௥௤ +
𝑑 ∅௥௤

𝑑𝑡
+ 𝜔௥ ∅௥ௗ  

(5) 

 The magnetic flux: 

∅௦ௗ =  𝐿௦ 𝐼௦ௗ + 𝐿௠  𝐼௥ௗ  
∅௦௤ =  𝐿௦ 𝐼௦௤ + 𝐿௠ 𝐼௥௤  

∅௥ௗ =  𝐿௥ 𝐼௥ௗ + 𝐿௠  𝐼௦ௗ 
∅௥௤ =  𝐿௥  𝐼௥௤ + 𝐿௠  𝐼௦௤  

(6) 

 

 The stator active / reactive powers: 

𝑃௦ = (3/2)[𝑉௦ௗ  𝐼௦ௗ + 𝑉௦௤  𝐼௦௤] 

𝑄௦ = (3/2)[𝑉௦௤  𝐼௦ௗ − 𝑉௦ௗ  𝐼௦௤] 
(7) 

IV. INDIRECT VECTOR CONTROL OF DFIG  

In this work, we demonstrate the application 
of Field-Oriented Control (FOC) to the RSC. 
Below is the design for this control. 

The RSC is controlled in a synchronously 
rotating d-q axis frame, with the d-axis oriented 
along the stator flux vector position. The effect of 
the stator resistance can be neglected, and the 
stator flux can be held constant as the stator is 
connected to the grid. Consequently [3]: 

∅௦௤ = 0 ,    ∅௦ௗ = ∅௦ (8) 

If the resistances of the phases are neglected, 
we can express the stator voltage as illustrated in 
Equation 9. Figure 1 describes this concept in 
detail. 

𝑉௦ௗ = 0 ;  𝑉௦௤ = 𝑉௦ = 𝜔௦∅௦ (9) 

 

Fig. 1. Axes orientation of DFIG. 

 
After applying the conditions found in 

equation (8), we obtain the rotor flux and stator 
current equations as follows. 

∅௦ௗ = ∅௦ = 𝐿௦ ∗ 𝐼௦ௗ + 𝐿௠ ∗ 𝐼௥ௗ  

∅௦௤ = 0 = 𝐿௦ ∗ 𝐼௦௤ + 𝐿௠ ∗ 𝐼௥௤  
(10) 

𝐼௦௤ = −
L୫

Lୱ

∗ I୰୯ 

𝐼௦௤ = −
L୫

Lୱ

∗ I୰୯ 
(11) 

The rotor voltages can be expressed according 
to the rotor currents as follows: 

𝑉௥ௗ = 𝑅௥𝐼௥ௗ − 𝑔𝜔௦ ቈ𝐿௥ −
𝐿௠

ଶ

𝐿௦

቉ 𝐼௥௤ 
(12) 
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𝑉௥௤ = 𝑅௥𝐼௥௤ + 𝑔𝜔௦ ቈ𝐿௥ −
𝐿௠

ଶ

𝐿௦

቉ 𝐼௥ௗ +

Based on the equations provided above, we 
can create a simplified schematic diagram of 
FOC strategy for DFIG, as illustrated in Figure 2.

Fig. 2. Schematic diagram of FOC strategy

V. BACKSTEPPING CONTROL OF 

The main idea of BCS-Control is to compute a 
control law in several stages to ensure a 
Lyapunov function that is always 
derivative is always negative, which guarantees 
the overall stability of the system [6
modeling of BCS-Control is as follows:

 The power error: 

𝑒ଵ = 𝑃௦
∗ − 𝑃௦ ,     𝑒ଶ = 𝑄௦

∗ − 𝑄௦ 
 The Lyapunov function: 

𝑉ଵ =
ଵ

ଶ
 𝑒ଵ

ଶ ,     𝑉ଶ =
ଵ

ଶ
 𝑒ଶ

ଶ 

The derivative of the Lyapunov function is 
calculated as follows: 

𝑉ଵ̇ = 𝑒௥ଵ ∗ 𝑒ଵ̇ ,      𝑉ଶ̇ = 𝑒ଶ ∗ 𝑒ଶ̇ 
Where: 

𝑒ଵ̇ = 𝑃̇௦
∗ − 𝑃௦̇ = 𝑃̇௦

∗ +
3

2
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∗ +
3

2
൤
𝑉௦ ∗ 𝐿௠

𝐿௦

 
𝑑𝑖

𝑑𝑡

By substituting the expressions of the current 
derivatives    and  into the voltage equation, we 
obtain: 

𝑒ଵ̇ = 𝑃̇௦
∗ +

3

2

𝑉௦ ∗ 𝐿௠

𝐿௦

൬−𝑔𝑤௦ ∗ 𝑖௥ௗ −

+
1

𝜎𝐿௦

∗ 𝑣௥௤ − 𝑔
𝜎

 

𝑔
𝐿௠𝑉௦
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Based on the equations provided above, we 
can create a simplified schematic diagram of the 
FOC strategy for DFIG, as illustrated in Figure 2. 

 

Schematic diagram of FOC strategy. 

OF DFIG 

Control is to compute a 
control law in several stages to ensure a 
Lyapunov function that is always positive and its 
derivative is always negative, which guarantees 
the overall stability of the system [6, 12]. The 

Control is as follows: 

(13) 

(14) 

The derivative of the Lyapunov function is 

(15) 
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expressions of the current 
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(17) 
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3
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𝜎𝐿௦𝐿௥
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Where: 𝜎 = 1 − (𝐿௠ 𝐿௦⁄

factor, and g is slip the induction machine.

Finally [12]: 
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Where: 

  𝑋 =
௏ೞ௅೘

௅ೞ
 , 𝑌 = 𝜎𝐿௥ 

𝑉ଵ̇ = −𝑘ଵ ∗ 𝑒ଵ
ଶ < 0 ;    𝑉ଶ̇

When gains K1>0 and K2>0 

becomes stable [6, 12]. 

VI. SIMULATION RESULTS 

In this research paper, simulation results 
using MATLAB Simulink are presented to assess 
the performance of both BCS
Control in the grid-connected wind energy 
system based on DFIG. Tables 1 and 2 in the 
annex show the turbine and DFIG parameters, 
respectively. This section focuses on the 
following tests: 
      (1) References tracking test 

      (2) Robustness test 

A) References tracking test

The DFIG is used under rated conditions 
where wind turbines operate at random wind 
speeds as indicated in at the top of the figure 3. 
The main objective of this test is to make a 
comparison regarding the performance
Control and BCS-Control strategies in a WECS.

Through the simulation results shown in 
figure 4 the both strategies demonstrated precise 
tracking of the desired setpoint with minimal 
steady-state errors, as evident in curves of the 
stator active and reactive power. Notably, the 
BCS-Control exhibited a quicker settling time 
and reduced overshoot during transient responses 
compared to PI-Control. Stability assessments 

                                                    

∗ 𝑖௥ௗ − 𝜎𝐿௥𝑤௥

𝐿௥) is the leakage 
factor, and g is slip the induction machine. 
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𝑅௥𝑖௥௤ + 𝑔𝑋
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̇ = −𝑘ଶ ∗ 𝑒ଶ
ଶ < 0 

>0 the control system 

 

In this research paper, simulation results 
using MATLAB Simulink are presented to assess 

BCS-Control and PI-
connected wind energy 

system based on DFIG. Tables 1 and 2 in the 
annex show the turbine and DFIG parameters, 
respectively. This section focuses on the 

 

king test 

The DFIG is used under rated conditions 
where wind turbines operate at random wind 
speeds as indicated in at the top of the figure 3. 
The main objective of this test is to make a 
comparison regarding the performance of PI-

Control strategies in a WECS. 
Through the simulation results shown in 

figure 4 the both strategies demonstrated precise 
tracking of the desired setpoint with minimal 

state errors, as evident in curves of the 
reactive power. Notably, the 

Control exhibited a quicker settling time 
and reduced overshoot during transient responses 

Control. Stability assessments 
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affirmed the stability of both methods without 
any signs of oscillations or instability. Moreover, 
BCS-Control displayed superior tracking 
precision, closely adhering to the reference 
signal. While PI control required slightly less 
control effort. Furthermore, the rotor current 
direct  and quadrature   curves indicated that they 
vary in tandem with changes in reactive and 
active power respectively. When the power factor 
is equal to one (Fp=1), the reactive power is 
equal to zero (𝑄௦ = 0 ).   

B) Robustness test 

The objective of robustness testing is to 
determine the system's or process's ability to 
maintain functionality, accuracy, or stability even 
when faced with unexpected variations, 
disturbances, or uncertainties. 

In this test, we are altering the criteria of the 
DFIG model used by reducing the stator 
inductance Ls and rotor inductance Lr by 10% of 
their nominal values, in order to study the 
performance of DFIG. Figure 10 represents the 
simulation results of the BCS-Control applied to 
the WECS with varying parameters of DFIG. The 
simulation results of the PI-Control have not 
been presented because it is a non-linear control 
that does not yield the desired results, as 
indicated in reference [2]. 

 

 
 

 

 
 

 
 

 
 

 

Fig. 3. Simulation results of the both PI-Control and BCS-
control applied to the DFIG. 
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(b) 

Fig. 4. Simulation results for BCS-Control with variations in 
the parameter of DFIG: (a) Stator active and reactive power 

(b) Rotor current. 

Through the simulation results described in 
Figure 4, the both linear and non-linear controls, 
exhibit good dynamic and static performance, 
despite variations in the DFIG parameters, this 
analysis suggests that BCS-Control outperforms 
PI-Control in terms of transient response and 
tracking accuracy, making it a promising choice 
for this application. 

 The comparison between PI-Control and 
BCS-Control can be summarized in table 3: 
 

Table 3. Comparison Between PI-Control And BCS-Control 
 

Control Strategy PI-Control BCS-Control 
Approach Linear Nonlinear 
Complexity Low Moderate to High 
Adaptability Limited High 
Tracking Accuracy +++ ++++ 
Static error (%) 7.89 6.65 
Overrun (%) 0 0 
Disturbance Rejection Fair Excellent 
Stability Limited Improved 
Wind Variability Fair Very Good 
Response Time (ms) 3 ± 5% 1.8 ± 5% 
Robustness No +++++ 

 

VII. CONCLUSION 

This paper presents a comparative study 
between linear and nonlinear control strategies 
for DFIG-based wind energy conversion systems. 
The simulation results obtained using 
environment MATLAB Simulink emphasize the 
importance of selecting an appropriate control 
strategy based on specific wind conditions and 
system requirements. The results indicate that the 
BCS-Control unit provides significant robustness 
compared to the vector control, despite variations 
in the parameters of DFIG. Future research could 
delve deeper into hybrid control strategies that 

combine the advantages of both linear and 
nonlinear methods to further enhance the overall 
performance of variable-speed DFIG systems in 
wind turbines. 
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IX. APPENDIX 

Table 1. Wind Turbine Parameters 

Table 2. DFIG Parameters 
P୬ =1.5 MW Rated power 

V୰ =225V Rotor rated voltage 

Vୱ = 398 V Stator rated voltage 

I୬  =1900A Rated current 

f   =50Hz Stator rated frequency 

L୫ =13.5 mH Mutual inductance 

Lୱ = 13.7 mH Stator inductance 

L୰   = 13.6 mH Rotor inductance 

Rୱ  = 12 mΩ Stator resistance 

R୰  = 21 mΩ Rotor resistance 

P   = 2 Number of Pole pairs 
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