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Abstract — In our daily lives, the world's economy is based on two different forms of energy: non-renewable 
energy such as oil and nuclear power, and renewable energy such as photovoltaic and wind power. Non-
renewable energy has many negative impacts on mankind and the environment, which is why researchers have 
found another energy source for the world's economy. However, renewable energies offer many advantages for 
mankind. One of the best-known sources is wind power. Wind energy transforms wind energy into mechanical 
or electrical energy. This work presents the description and modeling of wind energy production systems based 
on a doubly-fed generator. The work highlights a maximum power point tracking technique with speed control to 
achieve the objective of optimal operation and better utilization of the wind turbine. Two different speed control 
methods are presented: a classical proportional-integral controller and an advanced backstepping controller. At 
the end of the modeling and simulation of the system in the MATLAB/Simulink environment, the analysis of the 
results shows good performance. 
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I. INTRODUCTION 

Non-renewable energies such as oil, nuclear 
power, natural gas, and coal have many 
drawbacks for mankind and the environment [1], 
and this has led researchers to find an alternative 
solution known as renewable energy [2]. 
Renewable energies are a natural alternative to 
conventional power generation. It is a clean, 
sustainable source of energy for power 
generation, and has received a great deal of 
attention in recent decades [3,4]. However, wind 
power is one of the most important sources of 
installed capacity worldwide [5,6].  Wind power 
is the most promising and the fastest-growing. 

In the industrial market, the wind energy 
system based on the doubly-fed generator 
induction generator (DFIG) is the best-known 
and most usable system, thanks to several 
advantages [7]. One of its advantages is that the 
power transited by the two converters, on the 
rotor and grid sides, represents 30% of the total 
power supplied by the DFIG stator [6]. The 
DFIG's rotor winding is linked to the grid via a 
variable frequency converter, consisting of an 

AC/DC converter situated on the rotor side (RS), 
a DC link capacitor, and a DC/AC converter 
situated on the grid side (GS). Direct grid 
connectivity exists between the DFIG's stator 
winding and grid [7]. The rotor speed can be 
adjusted in this setup to correspond with the wind 
speed [1-3].  

With variable speeds, wind turbines can 
capture the maximum amount of power for each 
wind speed and run over a larger range of wind 
speeds. DFIG inverters are designed to only let 
through 25% of the rated power, in contrast to 
some synchronous machines that use their entire 
rated power to flow through the inverter [4].  

Therefore, they are less cumbersome and 
more cost-effective [5,6]. It is difficult to extract 
the maximum power point for normal operation 
due to unstable environmental conditions and the 
non-linearity of the system caused by changes in 
wind speed [8]. To achieve this goal, maximum 
power point tracking and speed control 
techniques are used to increase the efficient use 
of wind turbines [9]. 
In the literature, there are different techniques for 
controlling energy systems, such as the 
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conventional controller and the advanced 
controller [5].  conventional controllers such as 
the proportional-integral (PI) are the most 
popular, but they have several drawbacks, 
because of their high damping, short response 
time, and lack of resilience against both internal 
and external disturbances, improved control 
techniques are becoming more and more 
important [10]. Intelligent control techniques 
including genetic algorithms, neural networks, 
and fuzzy logic are currently the focus of 
research, as well as non-linear control techniques 
like sliding mode and backstepping
led to some fascinating developments
of controlling renewable energy systems, 
particularly wind turbines and photovoltaic 
systems. The stability-based nonlinear control 
methods developed by Lyapunov, such as SMC
and backstepping,  continue to be a suitable 
middle ground that is reliable, simple to use, and 
provides high levels of satisfaction.
     In this paper, two controllers have been 
presented to perfectly regulate the active power 
of the DFIG stator while also following 
variations in the maximum power extracted by 
the turbine through the regulation of the rotor
side converter. We juxtaposed and examined the 
two control approaches' responses to changes in 
the DFIG internal parameters to verify their 
ability to adapt. Below is the structure of this 
paper: Section 2 explains the DFIG
generating system. The DFIG is modeled using 
field-oriented control in Section 3. Section 4 
covers the PI controller design and backstepping. 
Part 5 is dedicated to the presentation and 
discussion of the simulation results, with a 
summary of the study given in the last section.

II. WIND ENERGY CONVERSION 

DESCRIPTION 

A DFIG-based wind energy conversion 
system is shown in Figure 1. The wind energy 
system, which is transforms wind kinetic energy 
into mechanical energy and subsequently into
electrical energy [11]. The mechanical part 
includes the turbine and gearbox, the electrical 
part consists of DFIG, and the control part uses 
two different types of controllers [12]. 
bidirectional AC-DC and DC-AC converters link 
the DFIG's rotor and stator to the grid, 
respectively, while two windings connect the 
stator directly to the grid. The main purpose of 
these converters is to change the frequency 
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system, which is transforms wind kinetic energy 
into mechanical energy and subsequently into 
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, and the control part uses 
two different types of controllers [12]. Two 

AC converters link 
tator to the grid, 

respectively, while two windings connect the 
The main purpose of 

these converters is to change the frequency 

between the grid and the generator rotor, 
enabling variable-speed operation of a wind 
turbine.  

 
Fig.1.  Wind energy conversion system based on DFIG.

 

III. MODELING OF WIND E

Wind power is defined by Eq.1 [13]:

𝑃௔௘௥ =
ଵ

ଶ
𝐶௣(𝜆, 𝛽)𝜌𝜋𝑅ଶ𝑉ଷ              

𝜆 =
Ω೟ோ

௩
                                                          

The aerodynamic torque 𝑇
[14,15]: 

𝑇௔௘௥ =
௉ೌ ೐ೝ

Ω೟
                                         

The following two equations very simply 
model the multiplier:  

𝑇௚ =
ଵ

௄
𝑇௔௘௥                                                        

Ω௠௘௖ = 𝐾Ω௧                                                     

The total inertia J is given by Eq.6:

𝐽 = 𝐽௚ା𝐽௧𝐾ଶ                                             

The mechanical torque applied to the generator 
rotor is given by Eq.7:  

𝑇௠௘௖ = 𝐽
ௗΩ೘೐೎

ௗ௧
                                                

The DFIG is modeled using the following 
assumptions: the air gap is constant, 
ferromagnetic losses are negligible, the  influence 
of the skin effect and heating is not taken into 
account, and the notch effect is neglected [15,16]:

The rotor and stator voltage can be 
represented in the d-q rotating reference frame as 
shown in Eq.8: 
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                                        (3)  

The following two equations very simply 

                                                        (4) 

                                                 (5) 

The total inertia J is given by Eq.6: 

                                                       (6) 

The mechanical torque applied to the generator 

                                                  (7)  

The DFIG is modeled using the following 
assumptions: the air gap is constant, 

gligible, the  influence 
of the skin effect and heating is not taken into 
account, and the notch effect is neglected [15,16]: 

The rotor and stator voltage can be 
q rotating reference frame as 
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⎩
⎪
⎨

⎪
⎧

𝑉ௗ௦ = 0                                   
 𝑉௤௦ = 𝑉௦ = 𝜔௔   𝜙௤௦                  

𝑉ௗ௥ = 𝑅௥ . 𝑖ௗ௥ +
ୢφ౨ౚ

ୢ୲
− 𝜔௥  𝜙௥௤

𝑉௤௥ = 𝑅௥ . 𝑖௤௥ +
ୢφ౨౧

ୢ୲
+ 𝜔௥  𝜙௥ௗ

                      (8) 

The stator current can be represented in the d-
q rotating reference frame as shown in Eq.9: 

൜
iୱୢ = Φୱ/Lୱ + 𝑖ௗ௥ . M/Lୱ

iୱ୯ = −𝑖௤௥. M/Lୱ              
                                  (9) 

The stator flux can be represented in the d-q 
rotating reference frame as shown in Eq.10: 

൜
𝜙ௗ௦ = φs
𝜙௤௦ = 0

                                                         (10) 

Stator reactive and active power can be 
represented as shown in Eq.11: 

ቐ
Ps = −Vୱ

୑

୐౩
 𝐼௤௥            

Qs =  −Vୱ
୑

୐౩
Iୢ୰ +

୚౩
మ

୐౩ω౩

                                  (11) 

IV.  REACTIVE AND ACTIVE POWER CONTROL 

In this study, the reactive and active power of 
the DFIG were regulated using two distinct 
regulators: proportional-integral controller (PI), 
and backstepping Controller (BAC). 
   
A) Proportional integral Controller 

PI corrector schematic diagram is shown in 
Figure 2.  The transfer function of the 
conventional PI controller with the pole 
placement method is defined by Eq.12 : 

𝑇ி(𝑝) =

಼೛

ು
൬௉ା

಼೔
಼೛

൰

௃௉మା൫ிା௄೛൯௉ା௄೔
                            (12) 

 
Fig. 2. PI corrector schematic diagram. 

 
The gains of the correctors are presented in 

Eq.13: 

ቐ
𝐾௣ =

ఙ.௅ೝ௅ೞ.ଶఠ೙.కିோೝ.௅ೞ

ெೝೞ.௏ೞ

𝐾௜ =
ఙ.௅ೝ௅ೞ.ఠ೙

మ

ெೝೞ.௏ೞ

                              (13) 

B) backstepping Controller 

  First Step: Control of Reactive and Active power  

The reactive and active power error and their 
derivation are defined by Eqs. (14) and (15):  

൝
𝑒ଵ = 𝑃௦ି௥௘௙ − 𝑃ௌ

𝑒
˙

ଵ = 𝑃
˙

௦ି௥௘௙ − 𝑃
˙

௦

                                                    (14) 

൝
𝑒ଷ = 𝑄௦ି௥௘௙ − 𝑄ௌ

𝑒
˙

ଷ = 𝑄
˙

௦ି௥௘௙ − 𝑄
˙

௦

                                                   (15) 

The 1st Lyapunov candidate function is 
presented by Eq. (16): 

൝
𝑉ଵ =

ଵ

ଶ
𝑒ଵ

ଶ

𝑉ଷ =
ଵ

ଶ
𝑒ଷ

ଶ
                                                                (16) 

The derivative of the function (17) is given by 
Eq. (17): 

⎩
⎪
⎨

⎪
⎧

V
˙

ଵ = eଵe
˙

ଵ = eଵ ቐP
˙

ୱି୰ୣ − Vୱ
୑

ఈ୐౩
ቌ

V୰୯ + R୰I୰୯ + g𝜔ୱ ቀL୰ −
୑మ

୐౩
ቁ I୰ୢ

−g
୑୚

୐౩

ቍቑ

V
˙

ଷ = eଷe
˙

ଷ = eଷ ൜Q
˙

ୱି୰ୣ୤ − Vୱ
୑

ఈ୐౩
൫V୰ୢ + R୰I୰ୢ − g𝜔ୱ𝛼I୰୯൯ൠ

          

            (17)                                                                                                                         

The derivative of the power errors becomes as 
shown in Eq. (18): 

൞
൜𝑃

˙

ୱି୰ୣ୤ − Vୱ
୑

ఈ୐౩
ቀV୰୯ + R୰I୰୯ + g𝜔ୱ ቀL୰ −

୑మ

୐౩
ቁ I୰ୢ − g

୑୚

୐౩
ቁൠ = −Kଵeଵ

൜Q
˙

ୱି୰ୣ − Vୱ
୑

ఈ୐౩
൫V୰ୢ + R୰I୰ୢ − g𝜔ୱ𝛼I୰୯൯ൠ = −Kଷeଷ

                          

    (18)                          
The rotor currents references are expressed as 

shown in Eq. (19): 

൞
I୰୯ି୰ =

ఈ୐౩

୚౩୑ୖ౨ 

൤P
˙

୰ୣ୤ + kଵeଵ൨ +
ଵ

ୖ౨
ቀV୰୯ − g𝜔ୱ𝛼I୰ୢ − g

୑୚

୐౩
ቁ

I୰ୢି୰ୣ୤ =
ఈ୐౩

୚౩୑ୖ౨
൤Q

˙

ୱି୰ୣ୤ + kଷeଷ൨ −
ଵ

ୖ౨
൫V୰ୢ − g𝜔ୱ𝛼I୰୯൯

                          

                                                                                           
(19) 

  Second Step:  Control of Rotor currents  

The rotor currents errors and their derivation 
are given by Eq. (20):    

൝
eଶ = I୰୯ି୰ − I୰୯

e
˙

ଶ = I
˙

୰୯ି୰ − I
˙

୰୯

                                                           (20) 

ቊ
eସ = I୰ୢି୰ − I୰ୢ

e
˙

ସ = I
˙

୰ୢି୰ୣ୤ − I
˙

୰ୢ

                                                           (21) 
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The 2nd Lyapunov chosen function is defined 
by Eq. (22):  

𝑉ଶ =
ଵ

ଶ
(𝑒ଵ

ଶ − 𝑒ଶ
ଶ), 𝑉ସ =

ଵ

ଶ
(𝑒ଷ

ଶ − 𝑒ସ
ଶ)                             (22) 

The derivative of the function is given by Eq. 
(23): 

⎩
⎪
⎪
⎨

⎪
⎪
⎧V

˙

ଶ = eଵ ൜P
˙

ୱି୰ୣ୤ − Vୱ
୑

ఈ୐౩
ቀV୰୯ + R୰൫I୰୯ି୰ୣ୤ − eଶ൯ + g𝜔ୱ𝛼I୰ୢ − g

୑୚

୐౩
ቁൠ

+eଶ ൜I
˙

୰୯ି୰ୣ୤ −
ଵ

ఈ
ቀV୰୯ + R୰൫I୰୯ି୰ୣ୤ − eଶ൯ + g𝜔ୱ𝛼I୰ୢ − g

୑୚

୐౩
ቁൠ

V
˙

ସ = eଷ ൜Q
˙

ୱି୰ୣ୤ − Vୱ
୑

ఈ୐౩
൫V୰ୢ + R୰(I୰ୢି୰ୣ୤ − eଶ) − g𝜔ୱ𝛼I୰୯൯ൠ

+eସ ൜I
˙

୰ୢି୰ୣ୤ − Vୱ
୑

ఈ୐౩
൫V୰ୢ + R୰(I୰ୢି୰ୣ୤ − eଶ) − g𝜔ୱ𝛼I୰୯൯ൠ

 

  (23) 

with: 

𝛼 = L୰𝛿 = L୰ ቀ1 −
୑మ

୐౩୐౨
ቁ                                                  (24) 

Then the reference rotor voltages are given by 
Eq. (25): 

 ൞
V୰୯ିେ = ൬−kଶeଶ − I

˙

୰୯ି୰ୣ୤ −
୚౩୑ୖ౨ 

ఈ୐౩
eଵ൰ 𝛼 − ቀR୰I୰୯ + g𝜔ୱ𝛼I୰ୢ + g

୑୚

୐౩
ቁ

V୰ୢିେ = ൬−kସeସ − I
˙

୰ୢି୰ୣ୤ −
୚౩୑ୖ౨

ఈ୐౩
eଷ൰ 𝛼 − ൫R୰I୰୯ − g𝜔ୱ𝛼I୰ୢ൯

                   

  (25) 

V. SIMULATION RESULTS 

In this section, the comparison results 
between two regulators for active and reactive 
power control have been presented. We carried 
out a simulation using MATLAB/Simulink, to 
study the performance of the DFIG controlled by 
two controllers, the PI controller and 
Backstepping for power control. Figures 3 and 4 
show the results of simulating wind energy 
conversion with power control by the 
conventional PI controller and by Backstepping 
mode as follows: (Fig. 3. a) torque, (Fig. 3. b) 
active power and its reference, (Fig. 3. c) reactive 
power and its reference, (Fig.4.a) torque, (Fig. 
4.b) active power and its reference, (Fig. 4. c) 
reactive power and its reference. 

Figure 3. shows disturbances and fluctuations 
in the torque. According to Figure 3. b and 
Figure 3. c, active and reactive power follow 
their references perfectly, but the results contain 
the presence of abnormal fluctuations.  So, we 
can see that the stator's active and reactive 
powers perfectly reach their reference profile, but 
with an accepted error, and that the 
electromagnetic torque profile follows its 
reference, but with a strong disturbance.  

From Figure 4. a it is clear that torque takes 
the form of active power without disturbance. 

Figure 4.b and figure 4.c show that active and 
reactive power follow their references perfectly.   

So we can say that the stator's active and 
reactive powers follow their reference profile 
perfectly when injected into the network and are 
completely decoupled and that the result of the 
electromagnetic torque about its reference is 
perfect and takes the same waveform as the 
active power with zero error.  

Thus, we can say that the simulation results 
confirm that MPPT control with mechanical 
speed control by the advanced controller is more 
efficient and robust than the conventional 
controller since the maximum power obtained by 
backestepping without exceeding the instruction 
is tracked identically in transient and steady-state 
conditions compared to the proportional-integral 
controller. 

 
(a) 

 
 

(b) 
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(c) 
Fig. 3. MPPT command simulation with mechanical speed 

control using the PI controller. 

 
 

(a) 

 
(b) 

 
(c) 

Fig. 4. MPPT command simulation with mechanical speed 
control using the BAC controller. 

VI. CONCLUSION 

This work presents the modeling and control 
of a DFIG-based wind energy system using two 
different controllers under variable wind speed. 
Simulation results are synthesized and compared 
in the DFIG section, in terms of reference 
tracking and robustness, and have been presented 
in MATLAB/Simulink software.   The results of 
the backstepping controller simulation showed 
high system stability and very fast response, with 
very low total harmonic distortion of the reactive 
and active power injected into the power grid.  

The results show that the backstepping 
controller is more robust than the proportional-
integral controller. Furthermore, the above results 
validate the efficacy of this non-linear 
backstepping control. 
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