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Abstract—During the recent years, much interest has been 

devoted to fractional order control that has appeared as a very eligible 
control approach for the systems experiencing parametric uncertainty 
and outer disturbances. The main purpose of this paper is to design 
and evaluate the performance of a fractional order proportional 
integral (FOPI) controller applied to control prototype variable speed 
wind generation system (WGS) that uses a doubly fed induction 
generator (DFIG). In this paper, the DFIG-machine is controlled 
according to the stator field-oriented control (FOC) strategy, which 
makes it possible to regulate separately the reactive and active 
powers exchanged between the WGS and the grid. The considered 
system is modeled and simulated using MATLAB-Simulink, and the 
performance of FOPI controller applied to the back-to-back power 
converter control of DFIG based grid connected variable speed wind 
turbine are evaluated and compared to the ones obtained with a 
conventional PI controller. 
 

Keywords—Design, fractional order PI controller, wind 
generation system, doubly fed induction generator, wind turbine, 
field-oriented control. 

I. INTRODUCTION 

HE wind energy conversion into electricity is a very 
promising operation, knowing that the source is clean, 

free and abundant in several regions. At the present time, 
DFIG based variable speed WGS has become the most 
popular wind turbine type. The choice of such systems is due 
to several factors, such as the variable speed operation around 
the synchronism speed imposed by connection grid with 
reduced mechanical stress, full generated power control 
capacity and the back-to-back power converters are sized to 
transit just a fraction of the rated power (about 25% to 30%) 
which is an economical interest in minimizing cost and 
reducing power losses [1]-[4]. 

Development of control strategies for the variable speed 
wind turbines based on DFIG-generator to achieve high 
performance is an important task. Literally, three approaches 
are used in controlling this type of WGS, namely the direct 
power control (DPC), direct torque control (DTC) and vector 
control (VC) [5]. This last method is the most appropriate 
control method as it makes it possible to regulate separately 
the reactive and active powers exchanged between the WGS 
and the electrical grid [1]. In most studies, the researchers 
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focus their studies based on VC approach with the classical 
proportional integrator (PI) controller effectively control the 
active and reactive powers generated by DFIG-machine as 
presented in [6]-[9]. The VC approach using classical PI 
controller is a very attractive solution for controlling the 
variable speed wind turbines because it has simple practical 
implementation and is frequently used in the wind turbine 
industry; and it presents very acceptable performance. 
However, this approach has some drawbacks that can degrade 
its performance. Indeed, this control approach has some 
drawbacks that can degrade its performance. Indeed, in case of 
unknown disturbances or when the DFIG-machine parameters 
change during the time, the response of the closed-loop system 
back may deviate from the desired response [10], [11]. 
Therefore, sufficient performance covering the total range of 
disturbances is not easy to reach with a classical PI controller. 

In the current paper, a fractional order PI controller is 
developed as an alternative robust control approach to the 
classical PI controller in order to achieve the control 
objectives. FOPI controllers have been introduced as an 
extended form of integer PI controllers with integrator of real 
order ‘δ’. Such controllers gained considerable attention 
recently thanks to the flexibility of fractional integral order 
[12], [13]. Indeed, the fractional order PI controller, with the 
supplementary parameter  which is the fractional order of the 
integration action, has an ability to increase system robustness 
and therefore, improve the system performance [14]. Several 
design procedures for the FOPI have been suggested in the 
literature [19]-[21] where the main objective is that such 
controllers would lead to more precise and robust control 
performances.  

In this study, the design of FOPI is founded on extending 
the analytical procedure developed in [15], so that the 
parameters of FOPID controller are tuned based on some 
frequency-domain design specifications. The designed 
fractional-order PI controller is destined for power control of 
DFIG-generator based on variable speed wind turbine 
connected in power grid.  

The remainder of this paper is organized as follows: After 
the introduction, Section II presents the dynamics of the 
variable speed WGS based on DFIG-machine. It also presents 
the maximum power point tracking (MPPT) control strategy. 
The VC approach for powers control of DFIG-machine is 
introduced in Section III. In Section IV, details of the 
designing and applying FOPI controllers for power control of 
DFIG-machine are discussed precisely. Section V presents the 
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analysis and robust performance evaluation of the proposed 
FOPI controller in comparison with the classical PI controller 
by means of real time simulations. Finally the conclusion is 
made in Section VI. 

II.  DESCRIPTION AND MODELING OF DFIG BASED WGS 

For years, the doubly fed induction machine has been used 
for variable speed drives [16]. The grid connected 
configuration for the variable speed WGS with the reduced 
capacity power converters is the DFIG-machine based wind 
turbine system, as shown in Fig. 1. In this figure, the stator 
winding is directly connected to the grid, while the rotor 
windings are connected to the electrical grid by means of 
power converters block which formed two bidirectional power 
converters connected back to back; namely the rotor side 
converter (RSC) and grid side converter (GSC). These two 
power converters are separated through the existence of a DC-
link capacitor filter between the two, which operate as energy 
storage in order to keep the DC-link voltage ripple very small. 

 

 

Fig. 1 Configuration of DFIG based wind turbine system 

A. Modeling of the Wind Turbine  

The aerodynamic power extracted from the wind is 
expressed in function of the air density  [kg/m2], the blade 
radius R [m], the wind speed v [m/s] and the power coefficient 
Cp according to (1): 

 
𝑃 0.5𝜌𝑆𝑉 𝐶 , 𝛽                                                    (1) 

 

where  the air density ( ρ 1.225 kg/m at atmospheric 
pressure), S the surface swept by turbine blades m , V is 
wind speed m/s , C  is power coefficient,  is tip speed 
ratio, β the pitch angle deg , R the blade length m . 

The power coefficient is a nonlinear function of the pitch 
angle β and tip speed ratio. The tip speed ratio is defined as, 

                                                                                                                                                                                                                        

  .
                                                                           (2)    

                                                                                                                                                      

 where Ωtur is the wind turbine angular shaft speed. 

As in [6], the expression of the power coefficient  Cp as a 
function of  and  is given by: 

 

𝐶 , 𝛽 0.5176  


0.4𝛽 5 exp  


 0.0068  (3)                                                                      

        
with:    

  .

.
  

Once the pitch angle  is maintained fixed at 0°, as shown 
in Fig. 2, the optimum value of p p_maxC =C =0.48  (where 

power extracted is maximal) is reached when optλ=λ =8.1. 

The mechanical dynamic of the system can be modeled as: 
 

𝐽  𝐶 𝐶 𝑓                                            (4)  

 
where J represents the system total inertia, fv is the coefficient 
of friction, is the electromagnetic torque of DFIG generator, 
mec (=G. tur) is the mechanical speed of DFIG and C  is the 
turbine developed torque (  m aerC = C /G  where aerC  is the 

aerodynamic torque). 
 

 

Fig. 2 Power coefficient as a function of  at  = 0° 

B. MPPT Control Strategy 

The MPPT control strategy aims to adjust continuously the 
rotational speed of the DFIG which assures the variable speed 
operation that maximizes the output power for a wide range of 
wind speeds. The optimal generator speed corresponds has 
opt and  = 0°. At this value, the power coefficient Cp is 
equal to its maximum value. Thus the electromagnetic torque 
reference determined by MPPT control strategy is expressed 
by (5) [17]: 

 

C K   K   𝑑𝑡                 (5) 
 
The MPPT control scheme is shown in Fig. 3. 

 

C. DFIG-Machine Model 

The DFIG model in the synchronous (d-q) reference frame 
can be summarized as follows [4]: 

The voltage equations of the stator and rotor windings are 
defined as: 

 

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝑉 𝑅 𝐼 𝜔 𝜑

𝑉 𝑅 𝐼 𝜔 𝜑

𝑉 𝑅 𝐼 𝜔 𝜔 𝜑

𝑉 𝑅 𝐼 𝜔 𝜔 𝜑

                                 (6) 
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where =p. mec is the electrical speed. 
 

 

Fig. 3 MPPT based on generator speed control 
 

 

Fig. 4 Schematic diagram of the global control applied to RSC of the DFIG 
 

The stator and rotor flux components in the d-q reference 
can be written as: 

 

⎩
⎨

⎧
𝜑 𝐿 𝐼 𝐿 𝐼
𝜑 𝐿 𝐼 𝐿 𝐼
𝜑 𝐿 𝐼 𝐿 𝐼
𝜑 𝐿 𝐼 𝐿 𝐼

                                                      (7) 

 
The expression of electromagnetic torque 𝐶   in a function 

of components of rotor current and stator flux as:  
 

𝐶 𝑃 𝐼 𝜑 𝐼 𝜑                                         (8) 

 
The active and reactive powers are given as follows: 
 
𝑃 𝑉 𝐼 𝑉 𝐼
𝑄 𝑉 𝐼 𝑉 𝐼                                                      (9) 

III. DFIG BASED WIND TURBINE CONTROL STRATEGY 

In this section, we present the philosophy of VC strategy for 

power control of DFIG based wind turbine. For example, 
based on the VC strategy, the active and reactive powers, 
exchanged between the DFIG-generator and grid, are 
independently controlled in the d and q axes [1]. The idea is to 
present the model of DFIG in synchronous d-q reference 
frame. 

Aligning the d-axis of reference frame to the stator flux 
vector and if assuming that the per-phase stator resistance is 
neglected (𝑅 0 𝑜ℎ𝑚), the voltage and the flux equations of 
the stator windings can be simplified as [4]: 

 
𝜑 𝜑
𝜑 0                                                                          (10) 

 
𝑉 0

𝑉 𝜔 𝜑                                                                     (11)    

 
Using (10) and (11) in (6)-(9) the electromagnetic torque, 

the rotor voltages and the stator active and reactive power can 
be expressed in function the rotor currents as follows: 
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𝐶 𝑃 𝐼 𝜑                                                     (12)      

 

V R I σL gσω L I

V R I σL gσω L I g
              (13) 

                

     
𝑃 𝐼

𝑄 𝐼
                                                  (14) 

  
where σ 1 𝐿 /𝐿 𝐿 and 𝑔 𝜔 𝜔 /𝜔   is the generator 
slip.  

At this stage, we obtained a model of DFIG in synchronous 
d-q reference frame and stator flux orientation shows that the 
active and reactive powers injected in to the grid can be 
controlled independently. Indeed, the direct component I  of 
the rotor current controls the reactive power while the 
quadrature component I  controls the active power.  

The reference rotor currents I∗  and I∗  are given by:  
     

𝐼∗ 𝑄∗

𝐼∗ 𝑃∗
                                                     (15) 

 
In the form of two separate loops, the active and reactive 

powers generated are controlled in the d and q axes. The 
proposed control system of DFIG-generator based on one 
FOPI controller for each control loop is shown in Fig. 4. 

IV. DESIGN OF FOPI CONTROLLER 

In 1999, Podlubny developed the fractional order 𝑃𝐼 𝐷  
controller as a generalization of the PID controller using the 
fractional calculus theory [18], its transfer function is as 
follows: 𝐾 𝐾 𝑠⁄ 𝐾 𝑠  . One of the specialized FOPID 
controllers is FOPI, where 𝐾 0 [12], which generalizes in 
turn the classical PI controller. In the last years, the design 
procedure of fractional order 𝑃𝐼  attracts considerable 
attentions. In this paper, the tuning procedure is based on 
satisfying a set of the frequency-domain design specifications 
to achieve the system stability and robustness requirement. If 
we consider P(s) as the model of the process controlled, then 
the objective is to get a controller C (s), such that the open 
loop system G (s) = P(s).C(s) would meet the next design 
specifications: 
 Specification n°1: Gain margin at crossover frequency 

𝜔  condition. 
 

|𝐺 𝑗𝜔 | |𝐶 𝑗𝜔 𝑃 𝑗𝜔 | 1 
 

 Specification 𝑛° 2: The phase margin specification is 
mathematically expressed as: 

 
𝐴𝑟𝑔 𝐺 𝑗𝜔 𝐴𝑟𝑔 𝐶 𝑗𝜔 𝑃 𝑗𝜔 𝜑 𝜋 

 
 Specification 𝑛° 3: Robustness to gain variations of the 

process plant. 
 

 𝐴𝑟𝑔  𝐺 𝑗𝜔 | 0  

 

where 𝜔𝑐 and 𝜑𝑚 are respectively the specific chosen 
crossover frequency and phase margin for the process plant. 

The transfer function of the proposed controller can be 
described as follows: 

 

C s k 1                                           (16) 

 
As shown in Fig. 5, two identical control loops are 

obtained, one for the direct rotor current 𝑖  , another for the 
quadrate rotor current 𝑖 . 

 

 

Fig. 5 Loop control of rotor current  𝑖   𝑖  
 

The open-loop transfer function with the FOPI controller 
for the current loop is 
 

𝐺 𝑠 𝐶 𝑠 𝑃 𝑠 𝑘 1                     (17) 

 
where 𝑘 1 𝑅⁄ , 𝜏 𝜎𝐿 𝑅⁄  and 𝑠 𝑗𝜔 is the Laplace 
transform variable. 

The open-loop frequency response 𝐺 𝑗𝜔 is that, 
 

𝐺 𝑗𝜔 𝑘 1                          (18) 

 
According to the specification n° 1, the gain of 𝐺 𝑗𝜔  at 

𝜔  is written by (19): 
 
|𝐺 𝑗𝜔 | |𝐶 𝑗𝜔 ||𝑃 𝑗𝜔 | 1 ⟹  

|𝐺 𝑗𝜔 | 𝑘 1 𝑘  𝑗 𝜔 1 ⟹  

𝑘𝑘 1 𝐾 𝜔 𝑐𝑜𝑠 𝛿𝜋 2⁄ 𝐾 𝜔 𝑠𝑖𝑛 𝛿𝜋 2⁄

1 𝜏𝜔 1                                                          (19) 
 
Considering the specification 𝑛° 2, the phase of 𝐺 𝑗𝜔  at 

crossover frequency 𝜔  can be expressed as, 
 

𝐴𝑟𝑔 𝐺 𝑗𝜔 𝐴𝑟𝑔 𝐶 𝑗𝜔 𝐴𝑟𝑔 𝑃 𝑗𝜔  ⟹ 

𝑎𝑟𝑐𝑡𝑎𝑛
⁄

⁄
arctan 𝜏𝜔 𝜑 𝜋       20  

 
From (20), we can express 𝐾  in function to fractional 

integral order 𝛿 as, 
 

   𝑘
 

⁄
                                                     21  

 
where 𝛼 𝜔 cos 𝛿𝜋 2⁄ 𝑡𝑎𝑛 𝑎𝑟𝑐𝑡𝑎𝑛 𝜏𝜔 𝜑  
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According to specification n°3 concerning the robustness to 
gain changes in the plant, we can establish an equation about 
𝐾  in the following form: 

 

 𝐴𝑟𝑔  𝐺 𝑗𝜔 | 0  
⁄

⁄
                                   (22) 

 
From (22), we can establish another equation regarding the 

integral gain k  in the following form: 
 

𝐴𝜔 𝑘 𝐵𝑘 ℋ 0                                                  (23) 
 

where 𝐴  and 𝐵 2𝐴𝜔 𝑐𝑜𝑠 𝛿𝜋 2⁄

𝛿 𝜔 sin 𝛿𝜋 2⁄ . Solving (23) gives, 
 

𝑘                                                        (24) 

 
Design specifications have been finalized, so a system of 

three equations of the three variables is obtained. Equations 
(19) and (21) are from the basic specifications from gain and 
phase at crossover frequency and the third one (24) is formed 
to prove the robustness of the controller against the gain 
variations around c. These three equations are solved 
simultaneously in order to get three parameters 𝑘 , 𝑘  and 𝛿, 
which are defining the FOPI controller. To proceed for the 
tuning the parameters defining of the FOPI controller, the gain 
crossover frequency and the phase margin are considered as: 
c=500 rad/s, m= 45 degrees. 

Out of graphical method, the phase margin specification 
equation and the equation obtained to confirm the robustness 
specification are plotted on the same graph and the intersection 
of the two curves gives the optimal values of 𝑘  and 𝛿, Fig. 6. 
The value of coefficient of the proportional term 𝑘  is obtained 
from the third equation (19). Hence, the designed FOPI 
Controller is,  

 

 𝐶 𝑠 0.055 1 .                                                  (25) 

 

 

Fig. 6 Relationship curves between k  and δ. 

V.  SIMULATION & PERFORMANCE EVALUATION 

To evaluate the performance of the proposed robust FOPI 
controller in comparison with integer order PI controller 
which is designed according to the two specifications n°1 and 
n°2, the DFIG-based variable speed WGS is modeled and 
simulated under software MATLAB/Simulink. The WGS 
system standard parameters considered in the simulations are 
listed in appendix. Fig. 7 describes the wind speed profile 
applied to the wind turbine during the simulation. The active 
power reference value is calculated according to the MPPT 
strategy presented in Fig. 3, while we chose the reactive power 
reference value of 0 VAR in order to operate at unity power 
factor. Furthermore, in order to observe the superiority in 
terms robustness of the FOPI controller compared to the 
conventional PI controller, a disturbance of random output 
noise of 5% of the reference signal amplitude is applied on the 
output of the rotor currents at t = 20 . 

 

 

Fig. 7 Wind speed profile 
 

 

Fig. 8 Power coefficient 
 

 

Fig. 9 Generator speed and its optimum reference 
 

Figs. 7-9 expose the time evolution of wind speed, power 
coefficient and generator speed, respectively. According to 
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these figures, the MPPT control strategy is valid because the 
power coefficient remains constant at its maximum value Cp-

max = 0.48 despite the wind speed variations.  
 

 

 

Fig. 10 Active power 
 

 

 

Fig. 11 Reactive power 
 

Figs. 10 and 11 show the active power and reactive power 
for both controllers, which shows that the proposed FOPI 
controller has a good tracking performance and also shows its 
superiority in terms of robustness against disturbances. 
Therefore, the WGS with the designed FOPI controller has a 
superior dynamic performance in terms of the tracking 

reference and the disturbance rejection. 

VI. CONCLUSION  

In this paper, a FOPI controller has been designed for 
power control of DFIG based on variable speed WGS in grid 
connected. The details of designing and applying FOPI 
controller for powers control of DFIG-generator are discussed 
accurately. Indeed, the FOPI controller offers additional 
tuning flexibility through dint of the additional differentiation 
order authorizing the improvement of control performance and 
robustness. Afterwards, the performance of the presented 
FOPI has been evaluated in terms of reference tracking and 
robustness against disturbances and it has been compared to 
the classical PI controller. The simulation results obtained 
shown that the FOPI controller proposed is more effective in 
terms of tracking precision, time response and robustness than 
the integer order PI controller, while it conserves its clarity 
and simplicity of application.  

APPENDIX 
TABLE I 

WIND TURBINE PARAMETERS 

Symbol Quantity Value 

R Blade radius 35.25 m 

G Gearbox ratio 90 

J Moment of inertia 1000 kg. m  

F  Viscous friction coefficient 0.0024 N. M. S  

V  Cut-in wind speed 4 m/s 

V  Cut-out wind speed 25 m/s 

V  Nominal wind speed 16 m/s 

 
TABLE II 

DFIG PARAMETERS  

Symbol Quantity Value 

P  Rated power 1.5 MW 

I  Rated current 1900 A 

U  Rated DC-Link voltage 1200V 

f Stator rated frequency 50Hz 

L  Stator inductance 0.0137 H 

L  Rotor inductance 0.0136 H 

L  Mutual inductance 0.0135 H 

R  Stator resistance 0.012 Ω 

R  Rotor resistance 0.021 Ω 

p Number of pair poles 2 
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