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 
Abstract—In an electric power grid connected wind generation 

system, dynamic control strategy is essential to use the wind energy 
efficiently as well as for an energy optimization. The present study 
has focused on decoupled power regulation of doubly fed induction 
generator, operating in wind turbine, in accordance with the vector 
control approach by applying fractional order proportional integral 
(FOPI) controller. The FOPI controller is designed based on a simple 
method; up such that the response of closed loop process is similar to 
the response of a specified fractional model whose transfer function 
is Bode’s ideal function. In this tuning operation, the parameters of 
the proposed fractional controller are established analytically using 
the impulse closed-loop response of the controlled process. To show 
the superior action of the developed FOPI controller in comparison 
with standard PI controller in different function conditions, the study 
is validated through simulation using the software 
MATLAB/Simulink.  
 

Keywords—Wind generation system, DFIG, vector control 
approach, fractional order PI controller, Bode’s ideal transfer 
function, impulse response. 

I. INTRODUCTION 

UE to the increasing concern about climate change, the 
necessity to produce pollution-free power is the need of 

the hour. The wind generation system is one of the best green 
energy sources available to meet out the energy crisis. Wind  
turbines  exploit the  kinetic  power  of  the  wind, in fact  it  is  
one  of  the cleanest  natural  energy source. Doubly fed 
induction generators (DFIG) are specially used in high power 
wind generation systems (WGSs) which is an important 
element of the fluctuating speed wind turbines by dint of many 
advantages it offers, such as the operation under variable 
speed, the lower converters cost, the torque control, the lower 
power losses, and the flexibility for active and reactive direct 
power control [1]-[3]. Electric grid-connected variable speed 
WGS considered in this study is based on a DFIG, where the 
stator circuit is directly connected to the electric power grid 
whereas the rotor circuit is connected to the electric power 
grid through two static power converters, which are connected 
back-to-back via the DC link capacitor, namely the rotor side 
converter (RSC) and grid side converter (GSC) [1]. During the 
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latter few years, the development of control strategies for best 
operation of DFIG-generator has been the subject of intense 
research. The main objectives of DFIG control are to extract 
maximum power from the wind energy source (allows the 
Maximum Power Point Tracking: MPPT) protecting the 
different elements of the wind system and the power quality 
improvement which is injected into power grid [4], [5]. The 
modern generations of wind turbines function in variable 
speed mode, whose benefits include the maximum power 
extraction in addition, the mechanical stress mitigation [5]. 
Indeed, an appropriated control of back-to-back converter 
allows wind turbines based on DFIG-generator to operate in 
variable speed mode [6]. 

Several control approaches have been proposed in literature 
with promising results for studying the behavior of DFIG 
during operation in WGS. Mostly control schemes for DFIG 
are generally based on vector control concept associated with 
integer order proportional-integral (IOPI) controllers [7]-[10]. 
This approach is a very attractive solution for devices using 
DFIG as wind energy conversion systems; because, it is a 
simple practical implementation, commonly applied in the 
wind turbine industry and it presents very acceptable 
performance [11]-[14]. However, this control approach has 
certain limitations and has several causes. As example, its 
performance mainly counts on the IOPI controller design 
mode and the exactitude in DFIG-generator parameters and 
the connected electric power grid voltage conditions [15]. One 
of the main objectives in any realist control process is its 
robustness with respect to variations of its parameters and 
perturbations. In this context, as to weaken parametric 
dependence and disturbance rejection, researchers have 
developed different control techniques for DFIG- generator. 
For example, [16], [17] presented sliding mode control for the 
reduced parametric dependence and the disturbance rejection 
based on active and reactive power loops for the RSC and 
GSC. Indeed, the sliding mode control (SMC) strategy is 
rebutted against the uncertainty parameter and the external 
disturbance with the known upper limitations; however, the 
major bounds of this strategy include the unsuitability from 
the achievement point of view and the negative effect on 
power quality caused by high frequency chattering [16]. On 
the other hand, the artificial intelligence (AI) methods such as 
fuzzy and neural networks find numerous applications in the 
modern control theory.  Both the fuzzy systems and artificial 
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neural networks model are very strong schemes for the 
reduced parametric dependence and the disturbance rejection. 
They have the potential to approximate the unknown 
nonlinearities.  Thus, both of these algorithms turn out to be a 
fine alternative for the control of DFIG based wind turbine 
system. The authors [18]-[22] developed AI algorithm 
established on robust control schemes for RSC control and the 
performance of the developed control scheme have been 
confirmed and the results are compared with IOPI. From the 
comparative study it was found that the intelligent algorithms 
based on controllers are more rebutted against parameter 
variation. In addition, these control algorithms achieve fast 
and robust dynamic response. However, very often they 
generate high frequency control signal which may augment 
the harmonic distortion and increase the losses in electrical 
winding, they produce negative effects of the quality of power 
supplied to electric grid.  

In spite of the swift progress in control theory area, the 
extensively known proportional-integral-derivative (PID) 
controllers are very often used in the industrial application 
control due to the design simplicity, the practicality and the 
agreeable performances. As we mentioned previously, the 
IOPI controller has been illustrated to regulate the DFIG based 
on the wind turbine systems in many works. However, they 
suffer from the performance restrictions in cases where the 
process experiences the parameter uncertainty or as external 
disturbances. Accordingly, there is yet a lot of scope for 
improvement in this field. 

Non-integer calculus is an extension of regular integer 
calculus to fractional case [23]. Recently, several researchers 
indicate the great interest to integrate non-integer calculus in 
the scheme of classical feedback control systems to obtain 
better performance. The concept of fractional PID controller 
(FOPID) was presented in 1999  by Podlubny, which proposed 
a generalized 𝑃𝐼ఊ𝐷 controller whose transfer function in the 
Laplace domain is of the form 𝐹ሺ𝑝ሻ ൌ 𝑘௣ ൅ 𝑘௜/𝑝ఊ ൅ 𝑘ௗ𝑝, 
where  𝛾 and  are integrator order and differentiator order 
respectively [24], [25]. The remarkable characteristic of 
applying fractional order PID instead of integer order PID 
controller is due to the two supplementary parameters through 
tuning 𝛾 and  in the range [0–2] [26]. As a result, the 
fractional order 𝑃𝐼ఊ𝐷  controller is qualified to provide better 
closed-loop performances. One of the special FOPID 
controllers is the FOPI controller, where 𝑘ௗ ൌ 0[27]. 

Based on previously cited works, this paper formulates a 
fractional order PIஓ controller for the loops control of DFIG-
generator driven by the wind turbine. The design method uses 
the impulse response of closed loop system and requires no 
approximation of the installation by any mathematical model, 
and it is founded on a recent method proposed by [28] for 
design of IOPI controller, the proposed procedure uses the 
Taylor-Maclaurin series of development. The three parameters 
of the fractional 𝑃𝐼ఊ controller are tuned in a way that the 
closed loop system is equivalent to a specified fractional 
model whose closed-loop transfer function is Bode’s ideal 
function 𝐺ௗሺ𝑝ሻ ൌ 1/ሺ1 ൅ ሺ𝑝/𝜔௨ሻఈሻ [29]. This type of fractional 
order system model is widely used in the fractional order 

control field, in fact it has is a very important robustness [30]-
[34]. The developed controller is applied, in accordance with 
the stator flux oriented control approach, in the rotor side 
static converter to control the exchange of different forms of 
energy between the electric power grid and WGS. Indeed, the 
control loops of RSC are created to regulate the stator active 
power, such that the WGS operates at the optimal operating 
point with use of MPPT control strategy during the variation 
in environmental conditions; while  the stator reactive power 
is controlled so as to reduce the DFIG-windings Joule losses. 
With the designed FOPI controller in this paper, the servo and 
regulatory responses through simulations for normal operating 
conditions as well as where the process experiences as 
external disturbances are obtained and analyzed. The proposed 
controllers realize the fastest dynamic and assist us in 
incorporating a higher level of robustness without stressing the 
static converters or deteriorating the power quality injected in 
to electric power grid.  

The rest of the paper is arranged as follows: The dynamic 
models of the wind turbine system and DFIG-generator are 
formulated in Section II. Section III presents details of the 
DFIG based variable speed WGS control strategy. Section IV 
is a brief presenting of the basic of given fractional calculus. 
Section V describes details of the developed fractional order 
𝑃𝐼ఊ controller design technique. The fractional order 𝑃𝐼ఊ 
controller synthesis and implementation for control DFIG-
generator based WGS are given in Section VI. In Section VII, 
the variable speed WGS with the proposed controller is 
simulated via MATLAB/Simulink software and the 
performances of controller are evaluated under different 
operating conditions. Furthermore, the results obtained are 
analyzed and discussed in this section. Finally, the concluding 
statements of the paper are given in Section VIII. 

II. VARIABLE SPEED WGS MODEL  

Fig. 1 describes the topology under consideration in this 
work of electric power grid connected DFIG based variable 
speed WGS. The wind energy is captured by the turbine and 
transmitted through the latter to the three-phase DFIG and 
generated in electrical form. From the block diagram, it is 
noted that DFIG-generator is fundamentally a wound-rotor 
induction machine with stator windings is directly connected 
to the electric power grid, while the rotor windings is 
connected to the grid through a power stage consisting of two 
independent static converters connected to a common DC bus, 
namely GSC and GSC. 

A. Modeling of Wind Turbine  

The fraction of the extracted power from wind is expressed 
by [22]: 

 
𝑃௘௫௧௥௔௖௧௘ௗ ൌ 0.5𝜌௔௜௥𝑆𝐶௣ሺ, 𝛽ሻ𝑣ଷ                                       (1) 
 

where 𝜌௔௜௥ is the air density,  𝑆 is the turbine area, 𝐶௣ is the 
power coefficient which depends on the pitch angle 𝛽 and tip 
speed ratio (TSR)   and 𝑣 is the wind speed. 
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Fig. 1 Configuration of wind turbine based on DFIG 
 

 ൌ ௧𝑅/𝑣                                                                         (2) 
 

where ௧ the turbine angular shaft speed and 𝑅 is the turbine 
radius. 

The aerodynamic torque exerted on the slow shaft of the 
turbine is expressed as: 

 
𝐶௧ ൌ 𝑃௘௫௧௔௖௧௘ௗ ௧⁄ ൌ 0.5𝜌௔௜௥𝜋𝑅ଷ𝑣ଶ𝐶௣ሺ, 𝛽ሻ ⁄                (3) 
 
The gear box adapts the speed of the turbine to the speed of 

the generator; it is modeled by the following mathematical 
relations: 

 
𝐶௚ ൌ 𝐶௧ 𝐺⁄      And      ௧ ൌ ௠ 𝐺⁄                                     (4) 
 
The following equation models the fast shaft of the turbine: 
 

𝐽 ௗ೘

ௗ௧
ൌ 𝐶௠ ൌ 𝐶௚ െ 𝐶௘௠ െ 𝑓௩௜௦௠                                    (5) 

 
where 𝐽: Total  inertia  that  appears  on  the  shaft  of  the 
generator, 𝐶௠ : Total mechanical torque on the axis of the 
generator, 𝐶௚ : Torque from the Gear Box, 𝐶௘௠: Torque 
electromagnetic produced by the DFIG-generator, 𝑓௩௜௦: 
Viscous friction coefficient, ௠ : Mechanical  angular  speed 
of the generator. 

A generic expression of power coefficient C୮ሺ, βሻ is used 
in [35], [36], this typical characteristic of the turbine is given 
by: 

 

𝐶௣ሺ, 𝛽ሻ ൌ 0.5176 ቀ ଵଵ଺

೔
െ 0.4𝛽 െ 5ቁ exp ቀ ଶଵ

೔
 ቁ ൅ 0.0068(6)    

                                                                                
where ௜ is given by the following equality: 

 

    
ଵ

೔
ൌ

ଵ

ା଴.଴଼ఉ
െ

଴.଴ଷହ

ఉయାଵ
                                                   

                                                                            
Fig. 2 shows the amplitude of the power coefficient in 

function of the parameters  and β. This curve is characterized 
an optimum point: for the pitch angle β ൌ 0°, it has a unique 
maximum point of C୮୫ୟ୶ ൌ 0.48 at ୭୮୲ ൌ 8.1; this value 
represents the Betz limit, which is the point corresponding to 
the maximum power coefficient  C୮ and consequently, the 
most mechanical power can be extracted by the wind turbine. 
So as to conserve  at its optimum value and consequently, 
maximize the captured power, it is necessary to vary the 
rotation speed of the turbine in a linear manner with the wind 
speed pursuant to (2).  

 

 

Fig. 2 Power coefficient curve of a variable-pitch wind turbine 

B. MPPT Control Strategy 

If the pitch angle 𝛽 is a constant (such as zero degrees), an 
optimal TSR ሺ ௢௣௧ ൌ 8.1ሻ can be found that is corresponding 
to the maximum power coefficient ሺ𝐶௣_௠௔௫ ൌ 0.48ሻ. The 
aerodynamic power as a function of generator speed, for 
different wind speeds and blade pitch angle 𝛽 ൌ 0°, is 
illustrated in Fig. 3.  
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Fig. 3 Aerodynamic power characteristics (Pitch angle 𝛽 ൌ 0°) 
 

WGS principle can be considered as a relatively straight 
forward process. This process becomes much more involved 
when we apply a control in order to capture the maximum 
energy from the wind. By exploiting Fig. 3, it can be observed 
that the maximum point of the power curve occurs at a 
particular rotor speed for each wind speed. Therefore, a small 
deviation from the optimum rotor speed can lead a significant 
decrease in the output power of the wind turbine. Therefore, 
the turbine rotational speed must be adjusted with a view all 
the time to extract the maximum power of incident energy of it 
[36], [37]. The optimal mechanical turbine speed corresponds 
has  ௢௣௧ and 𝛽 ൌ 0°; and the corresponding rotor speed of 
DFIG generator is applied as the desired value for a 
proportional-integral controller. The output signal of the latter 
determines the control signal which is the electromagnetic 
torque that should be exercised to the machine to operate at its 
optimal speed. Thus, the torque determined by the controller is 
used as a reference torque of the turbine model, as shown in 
Fig. 4. From the relation  ൌ ୲. R/v, the mechanical power is 
maximal if the maximum value of coefficient C୮ is reached. 

 

 
 

Fig. 4 MPPT control strategy 
 

C. Dynamic Model of DFIG 

In this work, DFIG control is done out through the static 
RSC, which is connected with the GSC in back-to-back mode 
via the common DC bus  as shown in the synoptic diagram of 
the WGS based on the DFIG in Fig. 1. So as to efficiently 
control the DFIG, we present in preferred way the dynamics 
electrical model of the DFIG-generator in a synchronous 
reference frame (d, q) rotating at an angular speed of 𝜔௦ . 
According to [38]-[40], the basic equations used to model the 
DFIG-generators in the rotating d–q reference frame are 
written as: 
 

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝑉௦ௗ ൌ 𝑅௦𝐼௦ௗ ൅ ௗఝೞ೏

ௗ௧
െ 𝜔௦𝜑௦௤

𝑉௦௤ ൌ 𝑅௦𝐼௦௤ ൅
ௗఝೞ೜

ௗ௧
൅ 𝜔௦𝜑௦ௗ

𝑉௥ௗ ൌ 𝑅௥𝐼௥ௗ ൅ ௗఝೝ೏

ௗ௧
െ ሺ𝜔௦െ𝜔ሻ𝜑௥௤

𝑉௥௤ ൌ 𝑅௥𝐼௥௤ ൅
ௗఝೝ೜

ௗ௧
൅ ሺ𝜔௦െ𝜔ሻ𝜑௥ௗ

                                 (7) 

⎩
⎨

⎧
φୱୢ ൌ LୱIୱୢ ൅ L୫I୰ୢ
φୱ୯ ൌ LୱIୱ୯ ൅ L୫I୰୯

φ୰ୢ ൌ L୫Iୱୢ ൅ L୰I୰ୢ
φ୰୯ ൌ L୫Iୱ୯ ൅ L୰I୰୯

                                                       (8) 

 
𝜔 ൌ 𝑃௠                                                                           (9) 
 

with P: number of pole pairs of the DFIG; ൫𝑉௦,௥ௗ , 𝑉௦,௥௤൯ are the 
stator and rotor voltages in reference frame (d, q); 
൫𝐼௦,௥ௗ , 𝐼௦,௥௤൯ are direct and quadrature currents of the stator and 

rotor; ൫𝜑௦,௥ௗ , 𝜑௦,௥௤൯ are the stator and rotor flux in reference 
frame (d, q); 𝑅௦, 𝑅௥  are the stator and rotor resistances; 
𝐿௦, 𝐿௥, 𝐿௠  are stator inductance, rotor inductance, and mutual 
inductance; 𝜔௦ , 𝜔 are the stator and rotor angular velocities, 
respectively. 

The active and reactive power expressions of stator and 
rotor of the DFIG are written as follows [20], [35], [41]: 
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⎩
⎪
⎨

⎪
⎧ 𝑃௦ ൌ ሺ𝑉௦ௗ𝐼௦ௗ ൅ 𝑉௦௤𝐼௦௤ሻ

𝑄௦ ൌ ൫𝑉௦௤𝐼௦ௗ െ 𝑉௦ௗ𝐼௦௤൯
𝑃௥ ൌ ሺ𝑉௥ௗ𝐼௥ௗ ൅ 𝑉௥௤𝐼௥௤ሻ
𝑄௥ ൌ ሺ𝑉௥௤𝐼௥ௗ െ 𝑉௥ௗ𝐼௥௤ሻ

                                                     (10)   

III. WGS CONTROL STRATEGY  

The doubly excited machines are intrinsically qualified of 
hyper-synchronous speed operating. To assure operation in the 
±30% speed range around the synchronism speed, the secret 
lies the power converters technology. In the hyper-
synchronous operating mode ሺ𝜔 ൐ 𝜔௦ሻ, the power flows from 
the rotor circuit to electric power grid through the static 
converters, while the power flows from electric power grid to 
rotor circuit when the generator operates in hypo-synchronous 
mode ሺ𝜔 ൏ 𝜔௦ሻ. Accordingly, the cascade back to back static 
converters allow bidirectional transfer of rotor power. The 
active and reactive power generated by generator can be 
controlled independently because of the static converters 
connected to the electric circuit of the rotor. Indeed, the 
control loops of RSC controls the generated active power so 
that the WGS operates at the optimum operating point using 
MPPT control during varying environmental conditions; the 
same converter controls the stator reactive power whose 
objective is to reduce the Joule losses in the DFIG- generator. 
 

The purpose of this section is to present the control 
mechanism of control loops RSC whose the main task is to 
control DFIG generated active and reactive power. Indeed, we 
propose a control scheme whose architecture composed the 
outer-loop to power control and the inner-loop to current 
control for each axis d and q, as depicted in Fig. 5. The loops-
control of the RSC is prepared according to the vector control 
approach [38] for hypothetical perpendicular d and q axes.  

Based on vector control approach, the active and reactive 
power injected in to electric power grid can be separately 
controlled. If the stator flux is oriented along to the d-axis of 
the d-q reference frame, we have: 

 
𝜑௦ௗ ൌ 𝜑 ௦ 𝑎𝑛𝑑 𝜑௦௤ ൌ 0                                                   (11) 
 
If the per phase stator resistance is neglected, which is a 

realistic and acceptable approximation for medium power 
machines, the direct and quadrature stator voltages become: 

 

൜   
𝑉௦ௗ ൌ 0

𝑉௦௤ ൌ 𝑉௦ ൌ 𝜔௦𝜑௦                                                           (12) 

 
Using (11) and (12) in (7) and (10) the rotor voltages, the 

stator currents and the stator active and reactive power can be 
expressed according to the rotor currents as follows: 

  

 ቐ
𝑉௥ௗ ൌ 𝑅௦𝐼௥ௗ ൅ 𝜎𝐿௥

ௗூೝ೏

ௗ௧
െ 𝜎𝐿௥𝑔𝜔௦𝐼௥௤

𝑉௥௤ ൌ 𝑅௦𝐼௥௤ ൅ 𝜎𝐿௥
ௗூೝ೜

ௗ௧
൅ 𝜎𝐿௥𝑔𝜔௦𝐼௥ௗ ൅ 𝑔 ௅೘௏ೞ

௅ೞ

            (13)  

 

ቐ
𝐼௦ௗ ൌ െ

௅೘

௅ೞ
𝐼௥ௗ ൅

ఝೞ

௅ೞ

𝐼௦௤ ൌ െ ௅೘

௅ೞ
𝐼௥௤

                                                        (14)      

 

ቐ
𝑃௦ ൌ െ ௏ೞ௅೘

௅ೞ
𝐼௥௤

𝑄௦ ൌ െ ௏ೞ௅೘

௅ೞ
𝐼௥ௗ ൅ ௏ೞఝೞ

௅ೞ

                                                   (15) 

   

 With 𝜎 ൌ 1 െ ௅೘
మ

௅ೞ௅ೝ
: the dispersion coefficient of the DFIG;   

𝑔 ൌ
ఠೞିఠ

ఠೞ
:   the slip rang.  

 
It is well known that MPPT control strategy improved 

energy efficiency of WGS and consequently improved active 
power generated. In this paper, we propose another 
improvement possible concerning this time the reactive power 
control. Indeed, the stator reactive power is controlled to 
protect windings against the aging phenomenon, that is to say 
it is controlled to reduce of generator copper losses.  

Generator copper losses can be expressed as: 
 

𝑃஼௨ ൌ ൫𝐼௦ௗ
ଶ ൅ 𝐼௦௤

ଶ ൯𝑅௦ ൅ ൫𝐼௥ௗ
ଶ ൅ 𝐼௥௤

ଶ ൯𝑅௥                              (16)   
 
Substituting the expressions of  𝐼௦ௗ 𝑎𝑛𝑑 𝐼௦௤ in (16), we get: 
 

𝑃஼௨ ൌ ቀ𝑅௥ ൅ ௅೘
మ

௅ೞ
మ 𝑅௦ቁ 𝐼௥ௗ

ଶ ൅ ఝೞ
మ

௅ೞ
మ 𝑅௦ െ ଶ௅೘ఝೞோೞ

௅ೞ
మ 𝐼௥ௗ ൅ ቀ𝑅௥ ൅ ௅೘

మ

௅ೞ
మ 𝑅௦ቁ 𝐼௥௤

ଶ  

(17)  
 
In (15), 𝐼௥௤ has been used to control stator active power, and 

𝜑௦ remains approximately constant as described above, then 
the generator copper loss is a function of direct rotor current 
 𝐼௥ௗ. For the copper loss to be minimal, it is necessary that: 

 

𝐼௥ௗ ൌ ௅೘ఝೞோೞ

௅ೞ
మோೝା௅೘

మ ோೞ
                                                                (18) 

  
By substituting the expression of direct rotor current  𝐼௥ௗ in 

(15), we get the expression of reactive power optimal 
exchanged between the stator of DFIG-generator and grid as:  

 

𝑄௦ି௢௣௧ ൌ 𝑄௦
௥௘௙ ൌ െ ௏ೞ௅೘

௅ೞ
ቀ ௅೘ఝೞோೞ

௅ೞ
మோೝା௅೘

మ ோೞ
 ቁ ൅ ௏ೞఝೞ

௅ೞ
                  (19)  

 
As we explained in Section II B, the power captured 

through turbine from the wind is maximized if the machine 
speed is adapted such that the power coefficient is maximum 
(𝐶௣ ൌ 𝐶௣_௠௔௫ ), which occurs for a determined tip speed ratio 
(  ௢௣௧ ). The DFIG control aims to keep the machine speed in 
its optimum value and hence, to maximize the produced power 
in a vast range of wind speeds, according to the following 
expression: 

 

୫
୰ୣ୤ ൌ 𝐺

  ౥౦౪ ୚

ୖ
                                                                (20) 

 
Therefore, the stator active power reference injected to the 

electric power grid can be obtained as: 
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𝑃௦
௥௘௙ ൌ 𝑃௢௣௧ ൌ

଴.ହ ఘೌ೔ೝ గோఱ஼೛ష೘ೌೣ 

೚೛೟
య ୫

ଷ                                (21)   

                                                                                         
where 𝑃௢௣௧  is the optimal power that can be captured from the 

wind. 
Based on the control strategy discussed above, Fig. 5 shows 

an implementation of the control of the RSC. 

 

 

Fig. 5 Implementation of RSC control system 
 

IV. ESSENTIAL DEFINITIONS FOR FRACTIONAL CALCULUS 

Non-integer order derivatives and integrals are 
generalizations of the integer order ones. Fractional order 
basic operators are frequently represented as  ௔𝐷௧

௠ where 𝑎 
and 𝑡 are the boundaries and 𝑚 ሺ𝑚 ∈ ሻ the operation order. 
The continuous differential-integral operator is described as 
[33], [42]:   

 

 ௔𝐷௧
௠ ൌ ൞

ௗ೘

ௗ௧೘               𝑚 ൐ 0

1                    𝑚 ൌ 0
׬ ሺ𝑑𝜏ሻ௠      𝑚 ൐ 0

௧
௔

                                           (22)  

 
The researches in such an imprecise subject drove 

mathematicians to numerous separate definitions of this 
operator. Riemann Liouville's definition is one of the most 
popular fractional integer-differential operator definitions for 
fractional calculus; the fractional order Riemann–Liouville 
integration and derivative of a function 𝑓ሺ𝑡ሻ with 𝑡 respect to 
is expressed by [32], [42]-[44]: 

    

 ௔𝐷௧
ି௠𝑓ሺ𝑡ሻ ൌ ଵ

 ሺି୫ሻ
ௗ೙

ௗ௧೙ ׬ ሺ𝑡 െ 𝜏ሻି௠ିଵ௧
௔ 𝑓ሺ𝜏ሻ𝑑𝜏                (23)  

  

 ௔𝐷௧
௠𝑓ሺ𝑡ሻ ൌ ଵ

 ሺ୬ି୫ሻ
ௗ೙

ௗ௧೙ ׬ ሺ𝑡 െ 𝜏ሻି௠ା௡ିଵ௧
௔ 𝑓ሺ𝜏ሻ𝑑𝜏         (24)  

 

In (24)   n ∈ N , n െ 1 ൏ m ൏ n  and  ሺ. ሻ denotes the 
Euler’s Gamma function which is expressed as: 

 

ሺ𝑧ሻ ൌ ׬ 𝑒ି௧ାஶ
଴ 𝑡௭ିଵ𝑑𝑡        𝑧 ൐ 0                                   (25)  

  
The Laplace transform of the Riemann–Liouville non-

integer operator for the 𝑚 ሺ0 ൏ 𝑚 ൏ 1ሻ and under null initial 
conditions is determined by [44]:   

 

𝐿൛ ௔𝐷௧
േ௠𝑓ሺ𝑡ሻൟ ൌ 𝑠േ௠𝐹ሺ𝑠ሻ                                              (26)  

 
So as to implement this FOPI controller, we are employing 

the singularity function approximation of the non-integer order 
system developed in 1992 by [45].  

In Laplace domain, the transfer function of non-integer 
order integral operator is described to the next irrational 
function: 

 

𝐻ሺ𝑠ሻ ൌ ଵ

௦೘           𝑚 ∈ ሾ0, 1ሿ                                            (27) 
   
This fractional order operator, in a given frequency interval, 

can be represented through a fractional power pole (FPP) as: 
 

𝐻ሺ𝑠ሻ ൎ ሺଵ/ఠ೎ሻ೘

ሺଵାఠ/ఠ೎ሻ೘                                                            (28) 
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In accordance with Charef et al., [45] in a given frequency 
band ሾ𝜔௕, 𝜔௛ሿ, (28) becomes: 

 

𝐻ሺ𝑠ሻ ൌ ሺ1/𝜔௖ሻ௠ ൈ
∏ ሺଵା

ೞ
೥೔

ሻಿషభ
೔సబ

∏ ሺଵା
ೞ

೛೔
ሻಿ

೔సబ
                                         (29)  

 

𝜔௖ ൌ 𝜔௕
ට10ቀ

೤
భబ೘

ିଵቁ                                                        (30)  
  

𝑦 : The maximum difference allowed between the slopes of 
the FPP of (28) and the frequency response of the operator of 
(27). On the other hand, the zeros and poles of the singularity 
function can be expressed as: 

 

𝑝௜ ൌ 𝑝଴ሺ𝑎𝑏ሻ௜   for    𝑖 ൌ 0,1,2,3, … , 𝑁 
𝑧௜ ൌ 𝑧଴ሺ𝑎𝑏ሻ௜   for    𝑖 ൌ 0,1,2,3, … , 𝑁 െ 1 

𝑝଴ ൌ 𝜔௖𝑏ଵ/ଶ , 𝑧଴ ൌ 𝑎𝑝଴ , 𝑎 ൌ 10
ቀ

೤
భబሺభష೘ሻቁ

 , 𝑏 ൌ 10ቀ
೤

భబ೘ቁ   
 
The number of approximation poles N is: 
 

𝑁 ൌ 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 ቊ
୪୭୥ ቀ

ഘ೘ೌೣ
೛బ

ቁ

௟௢௚ሺ௔௕ሻ
ቋ                                                (31)   

V. DESIGN OF PROPOSED FRACTIONAL ORDER PI୻ 

CONTROLLER 

In this section, a simple method is presented for designing 
the fractional order 𝑃𝐼ఊ controller in order to apply it in 
control loops RSC. The considered design method is drawn up 
in a way that the closed loop process is equivalent to a specific 
fractional order model whose transfer function is Bode’s ideal 
function. In this method, the characteristic parameters of the 
designed 𝑃𝐼ఊ controller are established analytically using the 
impulse response of the process and without needs its model. 

The simplified control scheme of control loops of rotor side 
static converter is shown in Fig. 6, where 𝐺௣ሺ𝑠ሻ represents the 
open-loop transfer function of controlled process, C(s) 
represents the 𝑃𝐼ఊ controller, and the set-point, the measured 
output, the control signal at time t and the error signal are 
denoted as Y∗ሺtሻ, Yሺtሻ, 𝑢ሺ𝑡ሻand εሺtሻ, respectively. The 
controller 𝐶ሺ𝑠ሻ is a fractional order 𝑃𝐼ఊcontroller whose 
transfer function is described as follows: 

 

𝐶ሺ𝑠ሻ ൌ 𝑘௣ ൅ ௞೔

௦ം                                                                (32) 

 
where 𝑘௣ is the proportional action, 𝑘௜ is the integral action 
and 𝛾 is the fractional order. Design the 𝑃𝐼ఊ controller consists 
of determining its three characteristic parameters 𝑘௣,  𝑘௜ and 𝛾. 
We consider the diagram of the feedback control process 
shown in Fig. 6, the corresponding closed-loop transfer 
function is given by: 

 

𝐺௖ሺ𝑠ሻ ൌ ௒

௒∗ ൌ
஼ሺ௦ሻீ೛ሺ௦ሻ

ଵା஼ሺ௦ሻீ೛ሺ௦ሻ
                                                  (33)   

 

 

Fig. 6 Feedback control loop with FOPI controller 
 

 

Fig. 7 Functional diagram making of Bode’s ideal function loop 
 

The idea is to design a 𝑃𝐼ఊ controller such that the closed 
loop process is similar to a specified fractional order system, 
as represented in Fig. 7, whose transfer function is Bede’s 
ideal function which is given by: 

 

𝐺ௗሺ𝑠ሻ ൌ ீሺ௦ሻ

ଵାீሺ௦ሻ
ൌ ଵ

ଵାሺ
ೞ

ഘೠ
ሻഀ                                                (34) 

 
where, 𝜔௨ is a positive real number and 𝛼 is a real number 
such that 0 ൏ 𝛼 ൏ 2, and they are chosen such that the 
specified fractional order model 𝐺ௗሺ𝑠ሻ system meets the 
dynamic performance requirements of the projected feedback 
control system. Indeed, the performance requirements of the 
projected feedback control system can be given in terms of the 
unity gain crossover pulsation 𝜔௖ and the phase margin ∅௠, 
parameters 𝛼 and 𝜔௨ which characterise the Bede’s ideal 
function are defined as:   
  𝜔௨ ൌ 𝜔௖ (𝜔௖ is the pulsation  corresponding to unity gain 

of projected feedback control system) 
 𝛼 ൌ 2ሺ1 െ ሺ∅௠/𝜋ሻሻ (∅௠ is the phase margin of projected 

feedback control system). 
In order to design the fractional-order controllers 𝑃𝐼ఊ for 

controlling the DFIG-generator, we have extended the simple 
method developed by Ramasamy et al. in [28] for the tuning 
of the parameters of classical PID controller based on the 
condition 𝐺௖ሺ𝑠ሻ ≅ 𝐺ௗሺ𝑠ሻ in a given pulsation band around the 
𝜔௨ corresponding to unity gain. 

The Taylor-Maclaurin series development of both transfer 
functions 𝐺௖ሺ𝑠ሻ and 𝐺ௗሺ𝑠ሻ at the 𝜔௨ pulsation corresponding 
to unity gain is presented as: 

 

𝐺௖ሺ𝑠ሻ ൌ 𝐺௖ሺ𝜔௨ሻ ൅ ሺ𝑠 െ 𝜔௨ሻ𝐺௖
ሺଵሻሺ𝜔௨ሻ ൅

ሺ௦ିఠೠሻమ

ଶ!
𝐺௖

ሺଶሻሺ𝜔௨ሻ ൅ ⋯ ൅
ሺ௦ିఠೠሻೖ

௞!
𝐺௖

ሺ௞ሻሺ𝜔௨ሻ ൅ ⋯                                                  (35)   
  

𝐺ௗሺ𝑠ሻ ൌ 𝐺ௗሺ𝜔௨ሻ ൅ ሺ𝑠 െ 𝜔௨ሻ𝐺ௗ
ሺଵሻሺ𝜔௨ሻ ൅

ሺ௦ିఠೠሻమ

ଶ!
𝐺ௗ

ሺଶሻሺ𝜔௨ሻ ൅ ⋯ ൅
ሺ௦ିఠೠሻೖ

௞!
𝐺ௗ

ሺ௞ሻሺ𝜔௨ሻ ൅ ⋯                                                          (36)     
 

where the subscript ሺ𝑘ሻ indicates the derivative of order "𝑘" 
with respect to variable  𝑠. The development of Taylor-
Maclaurin series to the third order term is sufficient to 
configure three independent equations to determine the 
parameters 𝐾௣, 𝐾௜ 𝑎𝑛𝑑 𝛾. Therefore, in accordance with (35) 
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and (36) we have: 
 

൞

𝐺௖ሺ𝜔௨ሻ ൌ 𝐺ௗሺ𝜔௨ሻ

𝐺௖
ሺଵሻሺ𝜔௨ሻ ൌ 𝐺ௗ

ሺଵሻሺ𝜔௨ሻ

𝐺௖
ሺଶሻሺ𝜔௨ሻ ൌ 𝐺ௗ

ሺଶሻሺ𝜔௨ሻ

                                                   (37)  

 
Consequently, the parameters 𝐾௣, 𝐾௜ 𝑎𝑛𝑑 𝛾 are to be tuned 

to according to the system of equations (37). 
Let 𝐺ௗ

ሺ௞ሻሺ𝜔௨ሻ ൌ 𝜃௞, for 0 ൑ 𝑘 ൑ 2 , so according to (37) and 
the desired reference model function of (34), we get: 

 

⎩
⎪
⎨

⎪
⎧ 𝐺ௗሺ𝜔௨ሻ ൌ 𝜃଴ ൌ ଵ

ଶ

𝐺ௗ
ሺଵሻሺ𝜔௨ሻ ൌ 𝜃ଵ ൌ െ

ఈ

ସఠೠ

𝐺ௗ
ሺଶሻሺ𝜔௨ሻ ൌ 𝜃ଶ ൌ ఈ

ସఠೠ
మ

                                                (38)   

 

Let 𝐶ሺ௞ሻሺ𝜔௨ሻ ൌ 𝛿௞ for 0 ൑ 𝑘 ൑ 2, the ith derivatives of the 
transfer function 𝐶ሺ𝑠ሻ of fractional order 𝑃𝐼ఊ controller at the 
𝑠 ൌ 𝜔௨ pulsation corresponding to unity gain.  

 

⎩
⎪
⎨

⎪
⎧ 𝐶ሺ𝜔௨ሻ ൌ 𝛿଴ ൌ 𝐾௣ ൅ ௄೔

ሺఠೠሻം

𝐶ሺଵሻሺ𝜔௨ሻ ൌ 𝛿ଵ ൌ
ିఊ௄೔

ሺఠೠሻംశభ

𝐶ሺଶሻሺ𝜔௨ሻ ൌ 𝛿ଶ ൌ ିఊሺఊାଵሻ௄೔

ሺఠೠሻംశమ

                                           (39)   

 
The coefficients 𝛿௞ ሺ0 ൑ 𝑘 ൑ 2ሻ are expressed in function of 

the coefficients K୮, K୧ and γ. Therefore, it is sufficient to 
calculate these three coefficients 𝛿௞ሺ𝑘 ൌ 0,1,2ሻ to obtain the 
parameters of fractional order controller.  

The feedback control system open loop transfer function 
𝐺௢ሺ𝑠ሻ can be obtained from the closed loop transfer function 
𝐺௖ሺ𝑠ሻ of (32) as: 

 

𝐺௢ሺ𝑝ሻ ൌ 𝐶ሺ𝑝ሻ𝐺௣ሺ𝑝ሻ ൌ ீ೎ሺ௣ሻ

ଵିீ೎ሺ௣ሻ
                                         (40)  

 

We denote the derivatives 𝐺௣
ሺ௞ሻሺ𝜔௨ሻ, for 0 ൑ 𝑘 ൑ 2, of the 

function 𝐺௣ሺ𝑠ሻ with respect to the variable 𝑠 at the point 
𝑠 ൌ 𝜔௨  by: 

 

൞

𝐺௣ሺ𝜔௨ሻ ൌ 𝜇଴

𝐺௣
ሺଵሻሺ𝜔௨ሻ ൌ 𝜇ଵ

𝐺௣
ሺଶሻሺ𝜔௨ሻ ൌ 𝜇ଶ

                                                               (41)    

      
Using the equations system (37)-(39), the derivatives 

𝐺௢
ሺ௞ሻሺ𝜔௨ሻ, for 0 ൑ 𝑘 ൑ 2, of the function 𝐺௢ሺ𝑠ሻ with respect to 

the variable 𝑠 at the point 𝑠 ൌ 𝜔௨ are calculated as: 
 

⎩
⎪
⎨

⎪
⎧ 𝐺௢ሺ𝜔௨ሻ ൌ 𝛿଴𝜇଴ ൌ

ఏబ

ଵିఏబ

𝐺௢
ሺଵሻሺ𝜔௨ሻ ൌ 𝛿ଵ𝜇଴ ൅ 𝛿଴𝜇ଵ ൌ ఏభ

ሺଵିఏబሻమ

𝐺௢
ሺଶሻሺ𝜔௨ሻ ൌ 𝛿ଶ𝜇଴ ൅ 2𝛿ଵ𝜇ଵ ൅ 𝛿଴𝜇ଶ ൌ ఏమ

ሺଵିఏబሻమ ൅ ఏభ
మ

ሺଵିఏబሻయ

      (42)   

 
As indicated before, the design of FOPI controller is based 

on the impulse response of the process controlled; and it does 

not require any approximation of the process by a model. In 

this design method, the expression of the functions 𝐺௣
ሺ௞ሻሺ𝜔௨ሻ, 

for 0 ൑ 𝑘 ൑ 2, are determined in function of its impulse 
response. The transfer function 𝐺௣ሺ𝑠ሻ of the process can be 
obtained from its impulse response noted 𝑔௣ሺ𝑡ሻ as: 

 

𝐺௣ሺ𝑠ሻ ൌ ׬ 𝑔௣
ାஶ

଴ ሺ𝑡ሻ𝑒ି௦௧𝑑𝑡                                              (43)  
 
As we can apply Taylor–Maclaurin series expansion at 

𝑠 ൌ 𝜔௨ for the function 𝑒ି௦௧, the expression of 𝐺௣ሺ𝑠ሻ 
becomes: 

 

𝐺௣ሺ𝑠ሻ ൌ ׬ 𝑔௣ሺ𝑡ሻ ቀ𝑒ିఠೠ௧ െ ሺ𝑠 െ 𝜔௨ሻሺ𝑡𝑒ିఠೠ௧ሻ ൅
ାஶ

଴
ሺ௦ିఠೠሻమ

ଶ!
ሺ𝑡ଶ𝑒ିఠೠ௧ሻ ൅ ⋯ ቁ 𝑑𝑡                                                 (44)   

   

𝐺௣ሺ𝑠ሻ ൌ ׬ ሺ𝑔௣ሺ𝑡ሻ𝑒ିఠೠ௧ሻ𝑑𝑡 ൅ ሺ𝑠 െ 𝜔௨ሻ
ାஶ

଴ ׬ ሺെ𝑡𝑒ିఠೠ௧ሻ𝑑𝑡
ାஶ

଴ ൅
ሺ௦ିఠೠሻమ

ଶ!
׬ ሺ𝑡ଶ𝑒ିఠೠ௧ሻ𝑑𝑡 ൅

ାஶ
଴ …                                              (45) 

  
On the other hand, the Taylor-Maclaurin series expansion 

of the function 𝐺௣ሺ𝑠ሻ at the 𝜔௨ pulsation corresponding to 
unity gain is given as: 

 

𝐺௣ሺ𝑠ሻ ൌ 𝐺௣ሺ𝜔௨ሻ ൅ ሺ𝑠 െ 𝜔௨ሻ𝐺௣
ሺଵሻሺ𝜔௨ሻ ൅

ሺ௦ିఠೠሻమ

ଶ!
𝐺௣

ሺଶሻሺ𝜔௨ሻ ൅ ⋯ ൅
ሺ௦ିఠೠሻೖ

௞!
𝐺௣

ሺ௞ሻሺ𝜔௨ሻ ൅ ⋯                                                          (46) 
      
So, by identification technique for (45) and (46) we get: 
 

⎩
⎨

⎧ 𝜇଴ୀ𝐺௣ሺ𝜔௨ሻ ൌ ׬ 𝑔௣ሺ𝑡ሻ𝑒ିఠೠ௧𝑑𝑡
ାஶ

଴

𝜇ଵ ൌ 𝐺௣
ሺଵሻሺ𝜔௨ሻ ൌ െ ׬ 𝑡𝑒ିఠೠ௧𝑑𝑡

ାஶ
଴

𝜇ଶ ൌ 𝐺௣
ଶሺ𝜔௨ሻ ൌ ׬ 𝑡ଶ𝑒ିఠೠ௧𝑑𝑡

ାஶ
଴

                               (47)   

   
Since the frequency corresponding to unity gain 𝜔௨ is 

positive and the integer 𝑛 ൒ 0, we have lim௧→ஶ 𝑡௡ 𝑒ିఠೠ௧ ൌ 0, 
then the integrals 𝜇௞, for 0 ൑ 𝑘 ൑ 2, of (46) converge and can 
be determined numerically employing following formulas: 

 

൞

𝜇଴ୀ𝐺௣ሺ𝜔௨ሻ ൌ ∑ 𝑔௣ሺ𝑙𝑇ሻ𝑒ି௟்ఠೠ௡
௟ୀ଴

𝜇ଵ ൌ 𝐺௣
ሺଵሻሺ𝜔௨ሻ ൌ െ ∑  ሺ𝑙𝑇ሻ𝑔௣ሺ𝑙𝑇ሻ𝑒ି௟்ఠೠ௡

௟ୀ଴

𝜇ଶ ൌ 𝐺௣
ଶሺ𝜔௨ሻ ൌ ∑  ሺ𝑙𝑇ሻଶ𝑔௣ሺ𝑙𝑇ሻ𝑒ି௟்ఠೠ௡

௟ୀ଴

               (48) 

     
where 𝑇 ൌ 1/𝑓௦௔௠ and 𝑓௦௔௠ are the frequency of the impulse 
response 𝑔௣ሺ𝑡ሻ of the process and the number of samples 
𝑛 ൌinteger part of ሼ𝑇௔௖/𝑇ሽ, with 𝑇௔௖ being the weather of 
acquisition of the impulse response.  Like that the numerical 
values of the coefficients 𝜇௞, for 0 ൑ 𝑘 ൑ 2, are calculated 
from the obtained numerical values of the step response 𝑔௣ሺ𝑡ሻ 
of the process and the unity gain crossover pulsation 𝜔௨. The 
coefficients 𝜇௞can also be obtained directly from the transfer 
function of the process if it is available. Consequently, 
according to (42) and (48) we can determine the values of 𝛿଴, 
𝛿ଵ and 𝛿ଶ as: 
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⎩
⎪
⎨

⎪
⎧ 𝛿଴ ൌ ఏబ

ఓబሺଵିఏబሻ

𝛿ଵ ൌ ఏభ

ఓబሺଵିఏబሻమ െ ఋబఓభ

ఓబ

𝛿ଶ ൌ
ఏమ

ఓబሺଵିఏబሻమ ൅
ଶఏభ

మ

ఓబሺଵିఏబሻయ െ
ଶఋభఓభାఋబఓమ

ఓబ

                       (49)  

   
Once the coefficients 𝛿௞, for 0 ൑ 𝑘 ൑ 2, are obtained, the 

design arrives the final step and the parameters 𝐾௣, 𝐾௜ and 𝛾 
can be calculated.  

 

⎩
⎪
⎨

⎪
⎧ 𝛾 ൌ െ

ఠೠఋమ

ఋభ
െ 1

𝐾௜ ൌ െ
ఋభఠೠ

ሺംశభሻ

ఊ

𝐾௣ ൌ 𝛿଴ െ 𝐾௜𝜔௨
ିఊ

                                                          (50)     

VI. FOPI DESIGN FOR CONTROL DFIG-GENERATOR 

After presenting the simple analytical method for tuning the 
parameters 𝛾, 𝐾௜ and 𝐾௣ of the fractional order controller; this 
design method is applied for the inner and outer control loops 
of the RSC in the next subsections.  

Fig. 8 showed the proposed control diagram of the RSC 
control using FOPI controllers in the 𝑞 axis according to 
vector control approach. In this figure, the term 𝐶ௗ→௤ ൌ
𝑔𝜔௦𝜎𝐿௥𝐼௥ௗ  represented the cross coupling between 𝑑 and 𝑞 
axis and 𝐹௤ ൌ 𝑔𝐿௠𝑉௦/𝐿௦ is the disturbance term. These two 
terms depend strongly on DFIG slip; but, in the majority of 
operating cases, DFIG-generator operates around synchronous 
speed; accordingly, these terms do not have significant effect 
in the steady state working mode and could be compensated 
by adding feed-forward terms, as shown in Fig. 8. 

 

 

Fig. 8 The proposed block diagram for applying FOPI controllers in the RSC 
 

A. Design of the Rotor Current Loop Controller 

The inner loop control is introduced to control the rotor 
current as described in the control scheme in Fig. 8, the 
transfer function of open loop ሺTFOLୡሻ including the 𝑃𝐼ఊ  
controller for internal loop of the rotor current control is 
expressed by (51): 

 

𝑇𝐹𝑂𝐿௖ ൌ ቀ𝐾௣௖ ൅ ௄೔೎

௦ം೎
ቁ ଵ

ோೝା൬௅ೝି
ಽ೘

మ

ಽೞ
൰௦

                                   (51)   

 
In accordance with the developed simple analytical method 

for designing the FOPI controller, we consider the dynamic 
performance requirements of the projected feedback control 
system as the unity gain frequency 𝜔௨ ൌ 500 𝑟𝑎𝑑/𝑠 and the 
phase margin ∅௠ ൌ 65°. Consequently, the parameter 𝛼  
which specifies Bede’s ideal function is calculated as follows: 

 

𝐺ௗሺ𝑠ሻ ൌ ீሺ௦ሻ

ଵାீሺ௦ሻ
ൌ ଵ

ଵାቀ
ೞ

ఱబబቁ
భ.మళఴ                                           (52) 

 
The values of 𝜇଴ ,  𝜇ଵ  𝑎𝑛𝑑 𝜇ଶ are calculated from the block 

diagram of Fig. 8 as:     
 

𝜇଴ ൌ ൥
ଵ

ோೝା൬௅ೝି
ಽ೘

మ

ಽೞ
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൩
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൰
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቎
ଶ൬௅ೝି

ಽ೘
మ

ಽೞ
൰

మ

൬ோೝା൬௅ೝି
ಽ೘

మ

ಽೞ
൰ఠ൰

య቏

ఠୀఠೠ

ൌ 5,92. 10ି଻        

 
From (52), the values of coefficients   𝜃଴,  𝜃ଵ 𝑎𝑛𝑑 𝜃ଶ are: 
 
𝜃଴ ൌ 0.5   ,  𝜃ଵ ൌ െ6,38. 10ିସ ,   𝜃ଶ ൌ 1,278. 10ି଺   
 
As a result, the transfer function of 𝑃𝐼ఊ೎ controller obtained 

by applying the developed design method, for the rotor current 
control loop, is given by:  

 

𝐶ሺ𝑠ሻ ൌ 𝑘௣௖ ൅
௄೔೎

௦ം೎
ൌ 0,263 ൅

଻଻,ହଽ

௦బ.మఴఱ                                  (53) 
 
The Bode magnitude and phase diagrams of open loop 

transfer functions for the projected feedback control system 
(the transfer function of rotor current control loop) and for the 
desired fractional model according to (52) are shown in Fig. 9. 
From this figure, the open loop transfer function of the 
feedback control system is quite overlapping with the open 
loop transfer function ሺ𝑠/500ሻିଵ,ଶ଻଼of the desired fractional 
order model in the frequency band of interest [~30 ; 2. 10ସ] 
rad/s. We also note in this frequency range that the transfer 
function of the projected feedback control system has the same 
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behavior as that of the reference model. It means that the unity 
gain crossover pulsation ω୳and the phase margin ∅୫ of the 
feedback control system is ω୳ ൌ 500 rad/s and ∅୫ ൌ 65°. 

We note also the flatness of the phase around the crossover 
pulsation ω୳.  

 

 

Fig. 9 Bode magnitude and phase diagrams of open loop transfer function of the rotor current control and open loop transfer function of desired 
model 

 
B. Design of the Power Loop Controller  

In this subsection we formulate a fractional order 𝑃𝐼ఊ to 
regulate the active power ሺ 𝑃௦ሻ. According to control scheme 
shown in Fig. 8, the open loop transfer function of the active 
power control loop with FOPI controller is expressed as: 

 

𝑇𝐹𝑂𝐿௣ ൌ ቀ𝐾௣௣ ൅
௄೔೛
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ୖ౨ା൬୐౨ା
ైౣ

మ

ై౩
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౩ಋౙቁ

                  (54) 

 
Similarly, for the power control loop we consider the 

dynamic performances requirements of the projected feedback 
control system as the unity gain pulsation 𝜔௨ ൌ 500 𝑟𝑎𝑑𝑠 and 
the phase margin ∅௠ ൌ 65°, and consequently the parameter 
𝛼 which specifies Bede’s ideal function is calculated as: 

𝛼 ൌ 2 ൬1 െ ቀ
∅೘

గ
ቁ൰ ൌ 1,278. 

As result, the performance requirements are satisfied by the 
reference model whose transfer function is described as: 

 

𝐺ௗሺ𝑠ሻ ൌ
ீሺ௦ሻ

ଵାீሺ௦ሻ
ൌ

ଵ

ଵାቀ
ೞ

ఱబబቁ
భ,మళఴ                                           (55) 

 
Pursuant to (55), the values of coefficients 𝜃଴,  𝜃ଵ 𝑎𝑛𝑑 𝜃ଶ 

are: 𝜃଴ ൌ 0.5,  𝜃ଵ ൌ െ6,38. 10ିସ,   𝜃ଶ ൌ 1,278. 10ି଺.  
The values of 𝜇଴ ,  𝜇ଵ  𝑎𝑛𝑑 𝜇ଶ are calculated as:     
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Accordingly, the transfer function 𝑃𝐼ఊ೛ controller for the 

active power control loop is given by:  
 

𝐶ሺ𝑠ሻ ൌ 𝐾௣௣ ൅
௄೔೛

௦ം೛ ൌ 1 ൅ ଶ,଼ .ଵ଴య

௦భ.మళఴ                                        (56) 
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The Bode magnitude and phase diagrams of transfer 
function of the active power control loop and the desired 
fractional model 𝐺ௗሺ𝑠ሻ are illustrated in Fig. 10. From this 
figure, the open loop transfer function of the feedback control 
system is quite overlapping with the open loop transfer 
function ሺs/500ሻିଵ.ଶ଻଼ of the desired fractional order model 

of (55) in the pulsation band of interest [~10ିଶ ;  3.10ଷ] rad/s. 
It means that the unity gain crossover pulsation and the phase 
margin of the feedback control system are ω୳ ൌ 500 rad/
s and ∅୫ ൌ 65°. We note also the flatness of the phase around 
the crossover pulsation ω୳ ൌ 500 rad/s, so we can say that 
we obtain a robust control.  

 

 

Fig. 10 Bode magnitude and phase diagrams of open loop transfer function of the active power control loop and open loop transfer function of 
desired model 

 
VII. PERFORMANCE EVALUATION & DISCUSSION 

In this section, simulation results are obtained beneath 
various operating conditions to evaluate performances of 
designed FOPI controller, and to validate the advantages of 
proposed 𝑃𝐼ఊ controller in comparison with the IOPI 
controller for the studied wind energy generation system based 
on a 1.5 MW DFIG prototype. In this work, the IOPI 
controllers used in the control loops of rotor side static 
converter are formulated by pole-cancelation method as 
applied in [46]. The complete WGS based on DFIG- generator 
was simulated by MATLAB/Simulink. The standard values of 
the parameters employed in the simulations are listed in Table 
I (see Appendix). The controller developed is applied in the 
RSC to control energy exchange between the DFIG and 
electric power grid. In regards to the DFIG, side converter is 
controlled to regulate the stator active power 𝑃௦, such that the 
WGS operates at the optimal operating point with use of 
MPPT control strategy; while the, the stator reactive power 
ሺ𝑄௦ሻ is controlled to minimize the generator Joule losses 
൫𝑄௦ି௥௘௙ ൌ 2. 10ହ 𝑉𝐴𝑅൯. On the other hand, the DC-link 
voltage reference is fixed at 𝑈ௗ௖ ൌ 1200 𝑉 and the electric 
grid frequency value is steady at 50 Hz. The wind speed 
profile applied to wind turbine is illustrated in Fig. 11. In 
response to this wind speed profile, the generator speed almost 
has the same image as the wind speed, as presented in Fig. 12 
(a). This figure shows also that the generator speed follows its 

optimal reference very well. Fig. 12 (b) illustrates the power 
coefficient which is maintained at its maximum value 
𝐶௣_௠௔௫ ൌ 0.48 over the entire range of wind speed. The TSR 
is conserved at its optimum  ௢௣௧ ൌ 8.1, as presented in Fig. 
12 (c). This means that the MPPT algorithm is working 
perfectly to extract the maximum power transported by the air 
masses. 

 

 

Fig. 11 Wind speed profile 
 
In first test, we considered that the system operating under 

ideal condition without any faults, parametric uncertainty and 
no external disturbance. In this case the wind turbine is driven 
by the wind speed profile illustrated previously in Fig. 11 and 
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the WGS operates under MPPT strategy. Fig. 13 shows the 
performances of the 𝑃𝐼ఊcontroller proposed and the IOPI 
controller for trajectory tracking, respectively. 

In response to the wind speed sequence considered, the 
stator active power supplied to the electric power grid is 
proportional to cube of the wind speed, and it follows its 
reference brought from the MPPT control strategy in order to 
exploit well the wind energy source. 

 

 

 

 

Fig. 12 Rotational speed response in MPPT operating mode; (a): 
Rotational speed response; (b): Power coefficient; (c): Tip speed ratio 

 
The resulting stator reactive power, exchanged between 

DFIG stator and grid, follows its reference imposed in order to 
minimize the generator Joule losses. The reference signals of 
the direct- and quadrature-axis components of the rotor 

currents are obtained from the controllers outputs of the 
control loops of the reactive power and active power, 
respectively. 

The active and reactive powers waveforms are enlarged 
from 0.5 to 0.85 s and from 0.5 to 1s respectively in Fig. 14 
for better illustrations. The simulation results illustrated that 
the tracking performance of the proposed controller is better as 
compared to the IOPI controller. The responses of the closed-
loop system in case of FOPI controller highlight an obvious 
enhancement of the performances in transient regime 
(overshoot, transient time) and a reduction of the overshoot. 
Indeed, the designed FOPI controller exhibits the fastest 
convergence time. Moreover, the tracking performance with 
the proposed fractional control is more accurate. 

In order to be able to assess the quality of the signal 
provided by the DFIG, a Fast Fourier Transform (FFT) 
analysis of one phase stator current waveforms was carried out 
for 3 cycles of operation starting at 0.4 s and for a harmonic 
order of 30. The measured THD (total harmonic distortion) is 
presented in Fig. 15. The analysis showed that Fractional order 
𝑃𝐼ఊ controller provides a lower THD in comparison with the 
IOPI controller. Indeed, for phase (a) stator current with the 
IOPI controller, the THD rate is 2.08% while in the case of the 
FOPI controller, the THD rate is 1.47%. The efficiency of 
WGS is enhanced by introducing FOPI controller whose 
integral order is fractional. The increase in tuning parameters 
of Fractional order 𝑃𝐼ఊ controller, and the increases of the 
robustness of the system, provide optimal control and deliver 
better system response than IOPI controller.  

In second test, the performance of WGS is tested under 
external disturbance conditions and wind speed variation. 
Indeed, a disturbance of random output noise of 20% of the 
reference signal amplitude is applied from t = 0.5 s to t = 1.5 s 
on the output of rotor currents and the turbine is exposed to 
the wind speed sequence illustrated previously in Fig. 11. The 
obtained performance assessment results, when the system is 
operating under external disturbance, are shown in Figs. 16 
and 17 which allow us quantitatively evaluating the benefits 
achievable with fractional controllers. Fig. 16 presents the 
waveforms of stator active and reactive power, as well as their 
enlargement from 0.5 s to 0.95 s and from 0.75 s to 1.25 s 
respectively for better illustrations, under the described 
operating conditions. According to this figure, the stator active 
and reactive power tracks perfectly its reference for both 
controllers. But the external disturbance causes oscillations in 
the generated powers from DFIG mostly during periods of 
high wind power availability. We can see that in this figure the 
IOPI controller presents high ripples and the 𝑃𝐼ఊ controller 
provides a better response and less ripples. Despite oscillations 
visually present in the stator active and reactive power 
waveforms for FOPI controller, the aforementioned results 
reveal that the designed controller presented better 
performance compared with the IOPI controller. As result, 
with the Fractional order 𝑃𝐼ఊ controller the signals tracks their 
references faster, robustly and less responsive to the 
disturbances.  
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Fig. 13 Performance for trajectory tracking of the fractional order 𝑃𝐼ఊcontroller proposed and the IOPI controller 
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Fractional order 𝑃𝐼ఊ controller                                                                  IOPI controller 

Fig. 14 Enlarged active and reactive powers waveforms of fractional order PI and IOPI controllers 
 

Fractional order 𝑃𝐼ఊ controller                                                                 IOPI controller 

Fig. 15 Spectrum harmonic of phase (a) stator current 
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Fig. 16 Stator active and reactive power waveforms 
 
In order to illustrate the advantages of the FOPI controller 

concerning the energy quality delivered to electric power grid, 
a FFT analysis of stator currents in presence the external 
disturbance is shown in Fig. 17 for both controllers. The FFT 
analysis of phase stator current waveforms was carried out for 
3 cycles of operation starting at 0.75 s and for a harmonic 
order of 30. The analysis showed that the FOPI controller 

provides a lower THD in comparison with the IOPI controller. 
Indeed, for phase (a) stator current with the IOPI controller, 
the THD rate is 5.25% while in the case of the fractional 𝑃𝐼ఊ 
controller, the THD rate is 3.44%. Consequently, the 
significant improvement in THD reduction is attained by FOPI 
compared with the IOPI controller. 

 

 

Fractional order 𝑃𝐼ఊ controller 
 

 

IOPI controller 

Fig. 17 FFT analysis of phase (a) stator current 
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VIII. CONCLUSIONS 

In this paper, a fractional order 𝑃𝐼ఊ controller is proposed 
instead of the IOPI controller to improve the performance of 
the variable speed WGS based on the DFIG-generator. The 
designed FOPI controller is based on improving the efficiency 
of IOPI controller by using the fractional integrator of 
order " 𝛾", instead of the integer order integrator. The 
simulation has been performed in MATLAB/Simulink to 
compare the performance of WGS, controlled according to 
vector control approach using the designed fractional 𝑃𝐼ఊ 
controller instead of using the standard one. According to the 
results obtained, the main objectives were achieved. It 
becomes clear that the system dynamic performance using 
proposed FOPI controllers is much better than IOPI 
controllers, such as: the perfect tracking of the references, the 
fastest convergence of time and the more accurate tracking 
performance. Also the proposed controller increases the 
robustness of the system. Moreover, the spectrum THD of the 
stator currents showed a lower THD, which means an 
improvement of the quality of the power injected in to grid. 
Consequently, this feature of FOPI controller improves the 
system efficiency by reducing the losses caused by harmonics 
content of the courant. These results are attractive for wind 
power applications to ensure stability and quality of the 
created power. 

APPENDIX 
TABLE I 

VARIABLE SPEED WGS {WIND TURBINE +DFIG} PARAMETERS  

Parameter Value 

Blade Radius (R) 35.25 m 

Gear-box ratio (G) 90 

Moment of inertia (J) 1000 kg. mଶ 

Viscous friction (𝐟𝐯𝐢𝐬ሻ 0.0024 N. m. sିଵ 

Rated power (𝐏𝐧) 1.5 MW 

DC- Link capacitor (C) 30 mF 

DC-Link voltage (𝐔𝐃𝐂) 1200 V 

Electrical frequency (f) 50 Hz 

Stator inductance (𝐋𝐬) 13.7 mH 

Rotor inductance (𝐋𝐫) 13.6 mH 

Mutual inductance (𝐋𝐦) 13.5 m H 

Stator resistance (𝐑𝐬) 12 m 

Rotor resistance (𝐑𝐫) 21 m 
Poles (p) 

Grid filter resistance (𝐑𝐟) 
Grid filter inductance (𝐋𝐟) 

2 
0.04 
1 mH 
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