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Abstract. In this paper, our objective consists to optimize the energy produced by the wind turbines system (WTSs) equipped on Wonder rotor 
synchronous generator (WRSG) this machine practical in variables speed system. In the first place, we considered using vector control based on PI 
type regulator; this control resists less to parametric variations and external disturbances of the machine. To remediate this problem we passed to 
study and designed two driving systems the first is to give pulses to the PWM-Rectifier connected to the generator side by applied backstepping 
controller based in Lyapunov laws. And the second system is to give pulses to the PWM-Inverter connected to the grid side by applied a novel robust 
control approach know as on the Active Disturbance Rejection Controller (ADRC) founded on the supervisor of disturbance by using Extended State 
Observer(ESO). The simulation outcomes demonstrate the effectiveness of the proposed method, particularly in terms of the power quality delivered 
 
Streszczenie. W niniejszym artykule naszym celem jest optymalizacja energii wytwarzanej przez system turbin wiatrowych (WTS) wyposażonych w 
generator synchroniczny Wonder rotor (WRSG), który jest praktyczną maszyną w systemie zmiennej prędkości. W pierwszej kolejności 
rozważaliśmy zastosowanie sterowania wektorowego opartego na regulatorze typu PI; ta kontrola jest mniej odporna na zmiany parametryczne i 
zewnętrzne zakłócenia maszyny. Aby zaradzić temu problemowi, przeszliśmy do badań i zaprojektowaliśmy dwa układy napędowe. Pierwszym z 
nich jest podawanie impulsów do prostownika PWM podłączonego do strony generatora za pomocą zastosowanego regulatora krokowego opartego 
na prawach Lapunowa. Drugi system polega na przekazywaniu impulsów do falownika PWM podłączonego do sieci poprzez zastosowanie 
nowatorskiego, solidnego podejścia do sterowania, znanego jako Active Disturbance Rejection Controller (ADRC), opartego na nadzorcy zakłóceń 
za pomocą Extended State Observer (ESO).Wyniki symulacji pokazują skuteczność proponowanej metody, szczególnie w zakresie jakości 
dostarczanej energii (Solidny sterownik oparty na technologii Backstepping-ADRC dla turbin wiatrowych opartych na WRSG) 
 
Keywords: Wind-turbine, Maximum Power Point Tracking (MPPT), Wonder rotor synchronous generator (WRSG), back to back converter, 
Backstepping, active disturbance rejection control ADRC, phase-locked loop (PLL), Extended State Observer (EOS). 
Słowa kluczowe: Turbina wiatrowa, śledzenie punktu mocy maksymalnej (MPPT), generator synchroniczny Wonder rotor (WRSG), konwerter 
back-to-back, backstepping, aktywna kontrola odrzucania zakłóceń ADRC, pętla fazowa (PLL), Extended State Observer (EOS). 
 
 
Introduction 

Wind energy has gained attention worldwide due to its 
clean and environmentally friendly characteristics. In recent 
years, wind energy has shown strong competitiveness in all 
types of energy, so the installed capacity of wind turbines 
has been continuously increasing [1] in power generation 
systems, wound rotor synchronous generators (WRSG) are 
frequently utilized because of their many benefits, such as 
their suitability for high power generation, increased power 
factor, separate control of real and reactive power assets,. It 
is less sensitive to grid faults because it is electrically 
isolated from the grid and Gearbox unnecessary [2].  
 The total energy extracted from a WTS-VS system 
depends not only on the weather conditions, but also on the 
applied control. Generally, specialized control algorithms 
are required to guarantee, in one hand, the extraction of the 
maximum power and in the other hand the control of active 
and reactive powers injected into   grid [3]. 
 In this paper, the backstopping algorithm have been 
selected and utilized to extract the maximum power from 
the WTS-VS due to its robustness and fast tracking 
response. And for the grid side control, a new robust control 
strategy based on the Active Disturbance Rejection 
Controller (ADRC) have been proposed and used to 
regulate the DC link voltage as well as to control the 
injection of active and reactive powers into the grid. [4]. 

The system being studied, as shown in Figure 1, 
comprises of a horizontal-axis wind turbine with three 
blades that operates under various wind conditions to  
convert kinetic energy into mechanical energy. The 
mechanical energy is then converted into electrical energy 
by a 1500 KW WRSG. The system also includes two 
converters (Machine side and Grid side Converters) 
connected via a DC bus to allow power exchange, and a 
three-phase RL filter that connects the converters to the 
electrical grid and reduces the total harmonics distortion of 
the current.  

    This paper has been  organized in fourth  sections  where   
where the first section   was for the paper   introduction, the 
second has focalized modelling of the wind energy 
conversion chain. The third section was devoted to the 
mathematical model of the backsteping and ADRC 
controllers. The simulation results of the wind energy 
conversion system are presented in fourth section. 
 

2.   WTS-VS MODELLING 
2.1 Wind turbine equivalent model  
The basic function of the wind turbine is to intercept and 
transform the wind’s energy into mechanical energy, the 
turbine power and aerodynamic torque developed are given 
by the following relation: [5] [6]. 
 
(1)   
 
 
(2)       
 
Where ρ is the air density; s is the the surface swept by the 

blades of the turbine of radius R; v is the wind speed Ωt is 
the turbine angular speed. 
With:CP is the power coefficient 'is depends on the turbine 
characteristics (speed ratio λ and pitch angle β). Its 
expression is given by equation (3) [5-7]. 
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Fig.1.  wind turbines system based (WRSG) 
 
The dynamic equation of the synchronous generator is 
given by  : [8] 
 

 
(6)     
  
Where : J represents  the turbine's inertia, Tem is the 
electromagnetic torque of the electric machine, f is the 
coefficient of friction 

Fig. 2 represents the power coefficient CP as a function 
of β and λ While Figure 3 represents the mechanical power 
as a function of the turbine rotor speed for different values 
of the wind speed [12] 
 
 
   
 
 
 
 
 

 
 
 
 

Fig.2.   The power coefficient characteristics 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3. the characteristics of the mechanical power as      
          Function of the turbine speed. 
 

2.2. WRSG generator modelling   
        The generator chosen for the conversion of wind 
energy is the synchronous generator [9, 10-11]. The 
dynamic model of synchronous generator in d-q frame can 
be   represented by the following equations: 
 

(7) 
 
 
 
 
 
 

The electromagnetic torque is given by: 
 
(8)   
 
Where RS is the stator resistance, Rf is the rotor resistance, 
Ld and Lq are the direct and quadrature inductances, Lff is 
the rotor inductance isd and isq are the stator currents, if  is 
the excitation current, and P is the pair poles. 
we is the WRSG speed and it is given by: 
 
(9)                    
 
2.3. Modelling of The Back to Back Converters 
The rectifier (MSC).  is used to regulates the generator 
torque and speed while the inverter (GSC) control the active 
and reactive power delivery to the grid by the wind energy 
system. They are both two-level controlled voltage sources 
converters (VSC) and bidirectional based on IGBT 
transistors and controlled with the use of the pulse width 
modulation(PWM). [13-14]. 
The dq frame voltages are  given by: 
 

(10)   
 
With: 
 
(11)          
 
2.4. DC Link and Filter Modelling 
DC-link capacitors store energy. Hence, decreasing DC-link 
capacitance reduces converter cost and volume. However, 
this reduction capacitance causes considerable voltage 
fluctuation, which destabilizes the system [15] 

The DC Link Voltage can be expressed by: 
 
(12)          
 

Alternatively, C is the DC link Capacitor. 
is the synchronous generator [9, 10-11]. The dynamic model 
of synchronous generator in d-q frame can be   represented 
by the following equations: 

 
 

(13)              
 
 
 
Where, vid , viq represents the inverter voltage, Ugq, Ugd  are 
the grid voltages and igq,igd are currents passing through the 
filter. 
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3.Control of the wind turbines system (WTSs) 
3.1. Control Maximum Power Point Tracking (MPPT) 
 In order to maximize the amount of power out of the 
wind turbine, the rotational speed has to be kept at the 
optimal value of the tip speed ratio, which is denoted by the 
notation . This causes the turbine to work at its most 
efficient [16]. The power output that should be optimally 
achieved from a wind turbine may be expressed as: 
 
(14)              
 

 
  

Where: 
           

 

(15)    
 
 
 
 
3.2. Conventionally Vector control: 
        The basic idea contributes to converting the 
mathematical model into a linear model by considering 
(isd_ref = 0 , isq=is) in which the q-axis loop is for wind turbine 
speed or torque control and the d-axis loop is for current 
generator control, The reference signal is obtained as 
follows from Eq. (8)    
 
 
 
(16)    
 
 
 
3.3 Backstepping Design for Machine Side Control 
The backstepping  controller is one of the most important 
nonlinear control methods [17]. The basic idea of this 
controller is to find the control equations based on 
Lyapumov's law of stability, where each step introduces a 
new reference variable for the next step, One of the most 
important advantages of this algorithm is that it is not 
affected by the change of parameters [18]. 
 
Step1: Backstepping speed controller 
The speed tracking error can be defined by: 
 
(17)    
 
The speed error dynamics is written as follows: 
 

(18) 

 

 The objective of this first step is to cancel the speed 
tracking error. We use the Lyapunov function defined by the 
relation 
 
 
(19)              
 
The Lyapunov function derivative is given as: 
 
(20)              

To ensure the system stability, a negative value for VΩ 

 must be chosen. Therefore, the currents i*_ds and i*_qs 
are considered as the virtual system inputs. Thus 
 
(21) 
 

 
Then 
 
(22) 
 
Step2: Backstepping current controller 
The second step of this algorithm resides on the control 
voltages calculation vqs and vqs which will be calculated 
based on the system virtual inputs. The stator currents isd  
and isq which are chosen as virtual inputs will have as 
errors: 
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Consider the following Lyapunov candidate function: 
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By taking the time derivative of Vq  and Vd, and by replacing 
the suitable terms, The time derivative is computed   as : 
 
(26) 
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In order to ensure a system stability one must choose the 
constants Kd and Kq of the positive constants. On the other 
hand, the Lyapunov function derivative will be negative if we 
impose as reference voltages: 
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Fig.4. Backstepping approach for MSC 
 
3.4. Control of the Grid Side Converter by LADRC 
       The GSC is connected to the grid by an intermediary 
line characterized by a resistance Rf and an inductance Lf. 
we present ADRC control strategies to stabilize the dc-link 
voltage and to adjust the active and reactive power delivery 
into the grid during weather variations to achieve unity 
power factor as shown in Fig 5 The phase locked loop (PLL) 
is used for the detection of the grid voltage magnitude the 
angle θg by orientation of the q-axis voltage to zero, this 
ensures the synchronization of the system with the 
electrical power grid [19]. 

 
 
 
 
 
 
 
    3.5.  
 
 
 
 
 
 
 
Fig.5. Grid side converter control by ADRC 
 
3.5. Mathematical Model of ADRC    
ADRC is robust control strategy proposed by Jingqing Han 
in 2009 [20]. Te main advantage of this control is to estimate 
and compensate in real time the various external and 
internal disturbances of the system, without having a 
detailed model of the system only utilizing the data about its 
inputs and outputs [21]. To ensure that, the controller 
contains three blocks: differentiator trackers (DT), feedback 
controller (FC), and extended state observer (ESO). It 
involves also an inner loop to reject the total disturbance 
and an outer one to deliver the desired signal the applied 
ADRC method design is shown in fig.6. 
 

 
 
 
 
 
 
 
 
 
Fig.6. Grid side converter control by ADRC 
 

where, v is the input signal, v1 is the input tracking 
signal; y is the system feedback signal; z1 is the estimated 
tracking signal; z2 is the total disturbances estimation; b0 is 
the compensation factor; z2=b0 is the internal and external 
disturbances compensation; u0 is the initial control object 
by NLSEF; u is the final control signal after disturbance 
compensate. 

For a first-order controlled object, its mathematical 
model of ADRC is set as [22] 
 
Step 1: defined   the mathematical model of the TD 
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Step 2: the model of ESO 
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Step 3: feedback FC block it is represented 
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Step 4: the total disturbance (internal and external) 
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where β01, β02 , 
β03 are output error factors, δ is the filtering factor to ESO 
and α is a nonlinear factor. 

the active and reactive powers are then given by 
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Is shows that the active and reactive powers will be 
controlled, respectively, by currents ifd and ifq. 
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3.6. DC Bus Voltage Control by L’ADRC 
The power flowed in the DC bus as shown in are thus 
expressed 
 
 
(34)                
 
 

When the losses in the RL filter, the capacitor and in the two 
power converters are neglected, the powers across the DC 
bus are expressed by  
 
(35)                
 

Where, Pdc is the power absorbed by the capacitor, the 
power delivered by the MSC, and PGSC the power absorbed 
by the GSC [23]. Negative values mean that the devices are 
generating power. 
By taking into account Eq.35-34 the DC bus voltage can be 
expressed by: 
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And we put: 
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So we obtain: 
 
 
 
 
(38) 
 
 
 
 
 
3.7. Control of Filter Currents by L’ADRC 
        The external voltage regulation loop makes it possible 
to maintain the voltage across the capacitor Udc and to 
generate the current reference i for the internal current loop. 
For the current ifq_ref, it is calculated by the desired delivery 
of reactive power: 
 
 

(39) 
 
The filter currents are given in canonical form of ADRC 
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For q-axis current: 
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4. Results and Discussion 

     The simulation was executed using MATLAB/Simulink 
software and the performances of the control strategies are 
studied and compared in this work. To exanimate the 
tracking effectiveness of the proposed control, a variable 
wind speed profile is applied as shown in Fig.6. The 
simulation. Parameters are given in Appendix. A 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig.7. The applied random wind speed profile 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8. WRIG rotational speed 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9. The captured mechanical power 
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Fig.10. The Power coefficient Cp 

 

As can be noticed in Fig. 9, the power coefficient has 
been maintained at its optimal value (Cp_max = 0:43) which 
shows the effectiveness of the MPPT strategy in terms of 
maximum power extraction. 

Figures 10-11 present the simulation results of the stator 
side converter, for the two control strategies (backstepping 
control and PI control). 

As it can be seen in Figures 10 and 11, where the direct 
axis current Id and quadrature current Iq the control by PI 
and the control by backstepping tracks their references, but 
the control by backstepping is faster. The generated 
currents are shown in Fig 12 

 

 

 

 

 

 

 

 

Fig.11. The control of the stator current Isd by backstepping and PI 

 

 

 

 

 

 

 

 

Fig.12. The control of the stator current Isq by backstepping and PI 

 

 

 

 

 

 
 
 
 
 
 
Fig.13. WRSG Stator Currents Isabc 

As illustrated in Figures 15, the Linear-ADRC approach 
offers a faster trackness characteristic while controlling the 
DC-Link Voltage compared to the conventional approach by 
PI, where the DC-Link Voltage is maintained at its reference 
without presenting an overshoot at the transition all regime 
with some fluctuations which are due to the stochastic 
nature of wind speed. Also, it can be noticed that the Linear-
ADRC regulates the grid currents to their references. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.14.  the control of the DC Bus Voltage Vdc by ADRC and PI 

 
 
 
 
 
 
 
 
 
 

Fig.15.  the control of the grid current Igq by ADRC and PI 

 
 
 
 
 
 
 
 
 
 
 

Fig.16. the control of the grid current Igd by ADRC and PI 

The regulation of both active and reactive powers is also 
performed. As can be seen in Figure 16, the power injected 
into the grid tracks its reference (the extracted power from 
the wind turbine minus joules and DC-Link losses). And the 
reactive power was set to zero to ensure a unit power 
factor. Hence the voltage and current of the grid are in 
phase as seen in Figure 16. 

 
 
 
 
 
 
 
 
 
 
 

Fig.17.  the injected active and reactive powers to the grid 
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Fig.18.  the injected active and reactive powers to the grid 
 
4.1. Simulation Results Under Parametric Variation  
          In order to test the robustness of the proposed control 
strategies, we have performed a change in the internal 
parameter of the WRSG, the stator inductance Ls by an 
increase of 50%, of their nominal value. The results 
obtained by LADRC are compared with the classical PI 
controller. The utilized wind speed profile is given in Fig 18.  

 

 

 

 

 

Fig.19.  Applied wind profile in robustness test 
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Fig.20. (a) (b) Active and Reactive power of PI whith ADRC 
 

 

 

 

 

 

 

 

 (a) Conventionnelle control   (PI) 

 

 

 

 

 

 
(b) ADRC control 
 

Fig.21. Grid current FFT analysis (a) Conventionnelle control   (PI) , 
(b) ADRC control. 

 
The results of the spectral analysis for the grid phase 

current shown in Figure 21 shows that the ADRC control 
guarantees a better waveform quality of the grid   current. 
 

5. Conclusion 
          In this study, we focus on the modelling and 
regulation of a wonder rotor synchronous generator-based 
wind energy conversion system. In order to   optimize the 
dynamical performance, robustness of the entire system 
against the intermittent nature of wind velocity and to 
extract the maximum power from the wind energy delivers it 
to utility power grid. We developed and presented a 
comparative study of the two strategies PI and combination 
between two controllers backstopping-ADRC The goal is to 
control the generator's electromagnetic torque (MPPT), 
Regulating the DC bus voltage and grid currents to their 
references controlled active and reactive powers. 
         The simulation results demonstrate that the suggested 
control strategy is efficient in terms of fast tracking and 
robustness to parameter sensitivity compared to the 
conventional PI controller. 
 
Appendix 
WRSM Wind Turbine Parameters   : 

• Radius: R = 24 m • Nominal wind speed: Vv = 12 mꞏs-1         
• Total inertia of the mechanical   transmission: JT = 
10kgꞏm2, 

• CP max = 0:48, • optimal = 8 ,1,                                       
• Stator resistance: Rs = 0.022 Ω • Stator inductance: Ld=12.18e-3 
mH  Lq=8.53e-3 mH • Pair poles: P = 30 • DC bus voltage: Vdc 

= 1500 V • DC bus Capacitor: C = 5000 ꞏ 10-6 F • Filter Resistance: 
Rf = 0.1 Ω • Filter Inductance:Lf = 2 10-3 H  
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