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1. Introduction 

 
Considering the increasing need of human to electrical energy, humans are trying to find 

new ways by which they can achieve solutions to the important problems. So far, Humans 
have benefited from all the energy that came into their minds to produce electricity. Of 
these forms of energy can be referred to fossil fuels, oil, solar energy, wind energy, the 
energy contained in sea waves, geothermal energy (geo-thermal), etc. Nowadays wind 
energy has become an international economic activity. Currently, Electricity production 
costs are equivalent to the cost of producing electricity from the new coal-fired and gas-
fired power plants. If the environmental and social costs of producing electricity be 
considered in the calculations, wind power is cheaper than other technologies. In wind 
farms, the imposed costs resulting from natural disasters such as strong wind, storm, and 
lightning are very high, which will be disturbed the balance of turbine production 
completely. One of the common problems of wind turbines is in conditions of strong winds, 
which will increase the speed of the turbine blades. Considering the increased demand of 
wind energy, the current trend of production is towards the increasing the high order wind 
turbines, which could lead to increased stability of input to the grid and flexibility of 
turbines [1]-[2]. Despite these challenges and the new emerging wind turbines, it is 
necessary to find solutions to deal with seasonal and periodic problems of wind diversity. 
For this reason, to the innovative control strategies are needed to limit the generated power 
to the rating value and standard level. In the optimization of control systems, using fuzzy 
logic rules to track the maximum power point and using the second order sliding mode 
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controller are compared that has shown improved results in terms of speed and power 
control [1]. Due to the long distance and difficult access to the isolated areas, power 
generation systems should be reliable and the reliability of the system, especially inverters 
for AC voltage regulation, is one of the main problems in the turbine system [3]. Linear 
system in wind turbine allows the behavior analysis and obtaining the discrete- time control 
model be continuous [4]. In order to achieve the maximum power point tracking (MPPT) 
with mechanical sensors, it is possible to create problems when analyzing the relationship 
between DC voltage and DC current in desirable spots. So, the use of optimal curve IL and 
VDC which does not exist in any other model could be an interesting solution [5]. Sliding 
mode control strategy to ensure the stability in every operational region of turbine despite 
the uncertainty model is a controlling solution with an ideal feedback. Also sliding mode 
control strategy has interesting features such as strength in front parametric uncertainties of 
turbine and generator as well as in power grid disturbances [6]. In sites with strong power 
to increase the power production and thus the efficiency of the MCT, the nonlinear control 
is used [7]. Using the PI parameters can be achieved the global optimal performance of 
wind turbines under the changing wind speed, but by controlling the N-PI can be achieved 
dynamic and better performance of power regulators, load reducing stress and the use of 
stimulants in comparison with conventional PI controller [8]. The use of a two- mass model 
and need to deal with flexible modes resulting from shaft stiffness and the low speed of 
performance to reach the main objective that is optimizing the power quality and restricting 
the transient loads for the turbine is necessary [9]. The behavior of a wind turbine with a 
variable speed, by using conformity controllers (resonance), despite the unbalanced loads 
and sudden changes will be guaranteed the stability of a three-phase source [10]. WTE is a 
special multi-purpose system, which is designed for development and testing new control 
strategies of wind energy. WTE is a processor module that has shown his interesting ability 
in DC motor control separately [11]. Classic control and slow dynamism is more resistant 
in compared with mechanical dynamism in commercial wind turbines. In the dynamic 
control can be achieve adjustment faster. In theory, dynamism is higher than non-classical 
control which leads to better efficiency of the system [12]. In the improved maximum 
power point tracking can be used a control loop without modified speed sensor with 
algorithm. Also in typical stages of reference speed can be used a fixed slope ramp signal, 
whereby a soft dynamic response in torque and speed wind turbine is achieved [13]. In [14], 
the generator - side converter is used to achieve to maximum power point tracking (MPPT) 
and the grid - side converter is used to actively control of feeding power generation. In 
addition, harmonic supply and reactive power is done by non-linear load in PCC. Maximum 
power point tracking (MPPT) is the extract maximum power obtained from the wind 
turbine and take the good rating from wind speed, and in this method, using search 
algorithms has a large rehabilitation [17]. Pulse width modulation by the space vector 
modulation associated with sliding mode is used to control the power converters. As well as 
the power factor control has important role in output power converters with performance, 
two levels and multi levels matrices of conversion topology [19]. The objective of many 
methods is the production of sinusoidal mode at input and output of both sides. In [20]-[21] 
control strategy has a significant impact on MC input filter resonance. In [22] provide non-
conventional power interface electronics (UPEI) to reduce the total harmonic distortion 
(THD) and power quality increase during the disturbances. The suggestion of (SVHCC) to 
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control active and reactive power by the Double-fed induction machine (DFIM) through the 
rotor current control is a good way to control the neutral point voltage [23]-[24]. In [25] a 
new control algorithm for VFC is based on a low-pass filter (LPF) for estimation of 
reference source currents. The main purpose of the controller is wind energy absorption 
optimization while avoiding strong transients in the turbine components and particularly in 
the drive train [26]. By observing the reaction response of control systems compared with 
the control ADRC, many researchers believe that it is possible the engineering control be 
ready to break and find its way to new era of controllers of the classic PID [27]. DFIG has 
been already is intended for similar applications especially wind turbine systems using the 
mainly PI controllers [28]. Design of nonlinear adaptive controller (NAC) [29] does not 
need to details of complete system model, because this area has the adaptability ability to 
cope with the uncertainty of system parameters, system dynamic and external disturbances. 
In [30] provide a nonlinear adaptive controller (NAC) for single-input single-output 
feedback linearizable nonlinear systems.  

In this paper, a multi-objective optimal control strategy for power quality of a wind 
turbine with doubly fed induction generator is proposed at the time of variable speed. The 
focus of the designed strategy is to control the speed of turbine or the same control of 
turbine blade angle using the design of accurate nonlinear controller and control rotor flux 
(active and reactive power) using the design of a high order sliding mode  to direct control 
of power.  

The rest of the paper is organized as follows. In section 2, the standard and basic models 
are provided for the turbine under power system. The proposed control strategy is presented 
in section 3. The simulation results are displayed in section 4. Finally, the conclusion is 
presented in section 5.  

The notation used throughout the paper is stated below. 
 
Indexes: 
r  air density, 

R 
l   
f  
J  
G  
S 
s  

rotor radius, 
tip – speed ratio, 
turbine total external damping, 
turbine total inertia, 
gearbox ratio, 
generator slip, 
leakage coefficient, 

Constants: 
wV  wind speed, [m-1] 

Tp CC ,  power and torque coefficient [ts]  
aP  aerodynamic power, [w] 
aT  aerodynamic torque, [N.m] 
tW  aerodynamic rotor speed, [rad/s] 
mW  generator speed, [rad/s] 
sW  synchronous generator speed, [rad/s] 

gt ff ,  DFIG external damping, [N.m/rad.s] 
gt JJ ,  DFIG inertia, [kg/m2]  

ss Q , P

qrd,j  active and reactive statoric powers, [w & var] 
rotor d-q frame flux, [wb] 
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qsd,j  

emT  

rs  , ww  

qsd,I  

qrd,I  

rs L , L  

stator d-q frame flux, [wb] 
DFIG torque, [N.m] 
synchronous speed and angular speed, [rad/s] 
stator d-q frame current, [A] 

stator d-q frame current, [A] 

stator and rotor inductances, [H] 
 
 

2. Description of the Study System 
 

 
Fig.1. The architecture of the study platform 

The study platform is simulated for a wind turbine with a doubly fed induction 
generator. The topology with the intended goals can be seen the topology in Figure 1. We 
see that in the configuration, stator is connected to the grid directly and converters and 
controllers are connected to the rotor. In this case, grid - side converter as a rectifier and 
rotor - side converter are embedded to apply controllers. 

In the process of work, two different modes of the injection of wind speed variations to 
turbine blades along with the performance of designed controllers can be seen to stabilize 
the output power quality of wind turbine. 
Basic models for the wind turbine are provided as follows:  

2.1. Turbine Model  
 
The considered power aerodynamic for the wind turbine is as follows [20], 
 

(1)����������������������������������������������������������������������������������������),(VR0.5  P 3
w

2
a blrp pC= 

In the above equation, the CP coefficient is of a nonlinear function and is as follows: 
 

(2)������������������������������������������������������5
5

4
4

3
3

2
210P a  a  )( C llllll aaaa +++++==� �



-��.�	�
������(��
	��  12-3 (2016): ������� �
 

 595 

(3)�������������������������������������������������������������������������������������������������������                                      
w

t

V
RW

=l 

Considering the previous relations, the aerodynamic torque turbine is as follows: 
 

 (4)                                                                                    ),(VR0.5 3
w

3 blrp T
t

a
a C

P
T =

W
=  

That  
 

                                 (5) 
 
According to [8] the simple and functional model is considered to air flow rate as 

follows: 
 

(6)  �������������������������������������������������������������������                                  ������������������������
4595

))(45(
V V ntride -

--
+= ntst VVc� �

According to the relationship of coefficient Cp with the blades angle and changing of the 
received power,  the blades angle changing of  turbine is based on the following  equation 
[25], 

 
(7) ����������������������������������������������������������                            ������������

��refrefmrefem jfTT wwwaw �+--+= )(_
� �

In order to achieve the maximum power at any speed using the values in Table 3 and the 
search table that in this simulation is expressed as an algebraic equation, the relationship 
between the maximum amounts Cp with air flow rate is provided. 

 
2.2. DFIG Model 

The information of DFIG model according to the table 3 and the D-Q model for the 

turbine generator is considered as follows [24]: 

(8)                                                                                                        
s

s j
dt

d
wf

j
++= sss IR V  

��
�(9)����������������������������������������������������������������������������������������������������� �

 

 Stator and rotor flux is given as below: 
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Separate parts of both the stator and rotor are marked referring to Reference Frame Park. 
In this method, separate control for active and reactive power of the stator is considered. 
Assuming that the stator winding resistance (RS) is ignored and with referring to the 
framework of the reference frame, voltage selection and flux equations of the stator 
winding is normally considered as follows: 

 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
Which according to (12), we the following for the stator currents: 

 
��
����(15)������������������������������������������������� �

                                                 
 
 

Finally, active and reactive powers for DFIG are defined as follow: 
 

    (16)                                                                                                 )( s sqsqsdsd IVIVP += 

    (17)                                                                                                )( sqsdsdsqS IVIVQ +=  

With replacing of the stator current from the equation (15), the values of the stator power 
can be written as follows: 
 

     (18)                                                                                                          
sqsqIVP

s

m
s L

L
- =  

   (19)                                                                                              )( rd
m

s

s

m
sqS I

LL
L

VQ -=
f  

Given the constant stator voltage can be controlled the active and reactive powers of stator 
with using the currents rdI  and rqI . 
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2.3. Nonlinear model for input turbine blades 
 
The configuration of the two simplified models of wind turbines and nonlinear power 

factor CP are shown in following Figure [9].  
 

 
(a) 

 

 
(b) 

Fig.2. (a) Tow – mass wind turbine model and (b) variable speed and non – linear power 
coefficient Cp [9]. 

The above model is presented here as a fully non – linear model [9]: 
 

 
  

 (20) 
 
 
 

Vector mentioned in the previous relation is as follows: 
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Where rotor speed isrw , generator speed isgw  , angle of twist is d  and Pitch angle isb . 
Time constant of angle actuator is � � , the pitch angle control isrb , the torque generator is 

gT and damping constant issk .  
The purpose of this section is to control a non-linear angle for wind turbines at the error 

times through controlling the rotor speed and power output. 
 
3. The modeling of the proposed strategies 

 
3.1. The control structure 
 

Time response of the inside systems of a wind turbine is much faster than WECS 
systems and this provides the possibility of the designing the generator control systems and 
aerodynamic parts. 

In general, the objective of the performed are as follows:  
·  The output power control of the generator subsystem through the converters 
·  The speed control of turbine blades related to the aerodynamic parts 
Therefore, according to the design, two mentioned objectives is performed separately 

and is shown in the following figure: 
 

 

Fig.3. The schematic of the system controller. 



-��.�	�
������(��
	��  12-3 (2016): ������� �
 

 599 

3.2. Control systems related to the wind 
 

Of the possible modes, we consider two normal modes:  
·   The first mode: Wind tracking mode at different periods to estimate the constant 

output of the wind turbine until reaching the synchronous speed that is the same 
equilibrium state. 

·   The second mode: Setting the use of the wind turbine at speeds (8 m s-1) and above, 
so that it does not exceed the nominal modes and values. 

 
3.2.1.   Power control input to the wind system 
 

In the previous section (the second mode), power control and limiting the speed of 
blades during strong winds, stability of the operation should not exceed the nominal power 
factor of  1.1, until the wind control system is returned to the normal mode. For this reason, 
a circuit is designed for tracking maximum power with the FNLC system that has a quite 
direct relationship with power output of the system. This means that if output power and 
nominal power (PN) is increased, the blades speed should be reduced to the reference value 
and its nominal value (Figure 4). Also for fuzzy logic controller in this control system, we 
follow the Table 1. 
 

 

Fig.4. Schematic of input power in wind control system 

Table 1 
Prescription Fuzzy logic 

mDW           aPD  

     BN       MN        SN         Z         SP          MP        BP 
BN             BP         BP         MP       Z         MN         BN        BN  
MN            BP         MP         SP        Z         SN          MN       BN 
SP              MP        SP          SP        Z          SN         SN         MN 
Z                BN        MN        SN        Z          SP          MP        BP 
SP              MN        SN         SN       Z          SP          SP         MP 
MP             BN        MN        SN        Z          SP          MP        BP 
BP              BN        BN         MN      Z          MP         BP         BP 
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3.2.2.  The linear input and output system 
 

In this system, we have special relations to develop relationship between input and 
output, the rotor speed, 1xy =  is considered as the input of the system and ru b= is 
considered as angle control twist and using distinctive output, we can obtained the control 
of the system input. Of relations (23-22-21-20), dynamic speed of the rotor is as follows 
[8]: 

r
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With the second order derivative of the above equation, we have: 
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Here v�  is the derivative of wind speed. By identifying and obtaining the non - 
linear )(xL f , )(xLg and the derivative of wind speed can be obtained a feedback linear 

control (FLC) as follow:  
 

(28) ������������������������������������������������������                    �������������))((
)(

1
xLV

xL
u f

g

-= 

Which 0)( =xLg  will be considered for all operational areas and V is a control of the 

second order linear systems, and then we have: 

(29) ��������������������������������������������������������������������������������������������������������������������������V
dt

xd
=

2
1

2

 

The designed PI which is performed in this paper is easily comparable with any the other 
PI and GSPI controller. With assuming the uncertainty of all non-linear responses of 

)( xL f
and )( xL g

 functions, a disturbance definition is considered for all non-linear 
system as follow: 

 
�(30) ����������������������������������������������������������������������������������uboxLxLx gf ))(()()( -+=y 

)( 0xLbo g=  is a nominal control constant which can be selected an average value from 
)(xLg  . The equation (25) is written as follow. 
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3.2.3.  The pitch control blade angle based on nonlinear control 
 
Initially, we consider the integration of wind disturbances and definitions as follows [9]: 

We consider the definition of 11 xz = , 12 xz �=  and an additional state variable 

),(3 zxz Y= and continuous and developed relationship is obtained as follow: 
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Which if in the iẑ , i=1, 2, 3 and 1
~z  , an error of 1z is considered, as well as ik0  is a 

parametric coefficient, we have: 
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That 0a  is the Observer of bandwidth and is the only parameter that is configurable and 
adjustable. 

Therefore, similarly and based on following relationships can be designed a nonlinear 
ESPO controller to estimate the wind speed [27]: 
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Where x  is input error of the nonlinear function, s  is the accuracy of index in the 
range of (0-1) and h is width of the linear region from the non-linear function. 

 
Table 2 
Parameters of FLC and non – linear controller 
Parameters                                                                  Value 
FNLC/N-PI Proportional gain (1/s2), kp                       6.3  
FNLC/N-PI Integral gain (1/s), ki                                0.26  
ESPO equivalent input gain (°s3 /rad), b0                     0.04  
ESPO nonlinear coefficient (rad/s), h                           0.001  
ESPO observer bandwidth, � 0                                      40  
ESPO estimation gain (1/s), k �  1                                  1.2  × 102  
ESPO estimation gain (1/s2), k �  2                                4.8  × 103  
ESPO estimation gain (1/s3), k �  3                                6.4  × 104 
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In comparison with the linear ESPO, NESPO can be reduced the problems of stability 
analysis in closed loop by accelerating the estimation of the non-linear speed. However, 
other types of ESPO, such as the sliding mode, have a similar performance in control 
systems [30]. 

Considering the intended calculations and the use of real-time results of the disturbances 
of )(ˆ xY , the third-order ESPO for compensate actual disorder, input control U is obtained 
as follow: 

(37)�����������������������������������������������������������������������������������������������������������))(ˆ(
1

0

xv
b

u Y-= 

    Where v  is a part of second order linear control that is actually a classic PI control. By 
considering the error between the rotor speed and reference speed, which in this case is the 

output of the system; that is 1x  we have: 
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Finally, non-linear control of pitch control can be expressed as follow: 
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Fig.5.  The proposed non-linear PI controller (N-PI) 

Schematic of a non-linear PI controller (N-PI) is shown in Figure 5 and taking into 
consideration the values in the Table 2, this controller is not result from a one – system 
operation but it is designed as a consequence of several purposeful planning that will 
consider the compensation of all disturbances and perturbation of the nonlinear system. 
 
3.3. Power subsystem control 
 

Using the linearization method is one of the useful solutions to the DFIG control 
problems [13]-[17]. However, despite the uncertainty problems of the wind turbine 
systems, using control methods does not strengthen the weak performance and reliability 
[29]. Applying the nonlinear models and robust control is interesting solution for potential 
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problems. For this reason, the use and development of sliding mode method in control 
systems is desired. 

 
3.3.1.  Designing a  high order sliding mode controller 
 

The first order sliding mode controller is an effective method for robust control mode. 
However, in the practical application is created of several problems such as the effects of 
chattering and mechanical stresses. 

In the case of second order sliding mode control, the problems such as combined 
algorithms and discontinuous controllers cause to create derivatives, continuous and 
indiscriminate controls. So reducing the chattering problems and very strong mechanical 
stress has significant benefits in the case of first order sliding mode [6]. 

To obtain the symmetry in the active and reactive power in stator, values of DQ 
reference current related to the stator power is considered as follow: 
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     In this system, for obtaining acceptable power factor in wind turbines, the amount of 
reactive power will be equal to zero 0_ =refsQ , while we consider optimal amount of 

active power in the stator as optorefs PP __ » . 

    The proposed sliding mode control system for wind turbines is shown in the following 
figure [28]: 

 
The relations used in this control section are considered as follow: 
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Fig.6. Schematics of the proposed sliding mode in the control system 
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The used relations in this control section are presented as follow. 
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Then we have: 
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If we consider the following function: 
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So considering the above equation we have: 
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In this system, the proposed control algorithm is designed based on the algorithm (ST) 
[17] that has a two- sectional control: 
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And for the above relation we have: 
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Also 
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And for the above relation we have: 
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In this control method in order to ensure the compliance of the control elements in the 
limit times, we consider the following fixed functions: 
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(50)                                                                                        
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4. Simulation results 

 
In this simulation, control systems has been trying to control the quality and stability of 

the output power in unstable condition of wind speed, which thus unbalanced conditions 
may happen due to climate changes. The simulation results of this research are performed 
and illustrated in MATLAB / Simulink, under the average speed (12 m/s/). In Figure 7 is 
shown the considered wind speed and wind power coefficient obtained from it.  

In figure 9 is shown that under the given speed, the MPPT controller has managed the 
maximum power amount with maintaining the maximum power factor Cp=0.56. In 
addition, you can see that the output of the system in the event of decreasing wind's 
velocity leads to the power loss. 
 

 
 

 
Fig.7.  The waveforms of the proposed system: (a) wind speed 12 (m/s) and (b) power 

coefficient (Cp) obtained from the wind speed 
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Fig.8. The waveforms of the proposed dq system: (a) q axis flux of the rotor, (b) d axis 
flux of the rotor (The controlled produced fluxes of turbine blades), (c) the produced flux of 

q axis in the stator – side and (d) the flux of d axis in the stator - side. 

 
Fig.9. The waveform of the proposed system: Electromagnetic torque of the turbine at the 

time unbalance. 
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Fig.10. The waveforms of the proposed system: (a) Function of the blade's                

Pitch angle in the absence of power controller and (b) Function of                                   
Pitch angel control in the general case. 

In the Figure.10, in the part (a) we see system performance of the pitch angle control that 
has  timely reaction in the system in the time of any unbalanced, but in (b) we can see the 
performance of the proposed system which is includes both the designed controller. In this 
simulation, the maximum power tracking operation is done in two ways: First, through the 
proposed power control system, which contains power loop and sliding mode and second 
way, through non-linear control of blade angle that in fact, both approaches have the 
objective of maximum power tracking. Because the dynamic response of the first method is 
faster than the blade angle controller, it causes the faster tracking of the maximum power. 
Therefore, the blades angle in Figure (b) remains unchanged after reaching the maximum 
power. 
 

 
 



-��.�	�
������(��
	��  12-3 (2016): ������� �
 

 609 

 
Fig.11. The waveforms of the proposed system: (a) measured and reference active 

power at stator side of the turbine and (b) measured and reference reactive                   
power at stator side of the turbine 

In the Figure 11 is shown the active and reactive power of stator - side in the DFIG that 
is obtained from the performance of the higher order sliding mode and power loops with 
non-linear controller of turbine's blade angle. In these diagrams is shown clearly that the 
values of the measured powers track the reference values in the any situation with great 
accuracy and this indicates that the proposed controller design to provide stability and high 
quality of power output track always the maximum points without any chattering problem 
and mechanical stresses. 
 

5. Conclusion 
 

Nowadays, the use of DFIG turbines is a good choice and high efficiency to take 
advantage of wind energy.  One reason for the choice is the ability of DFIG at variable 
wind speeds compared to PMSG wind turbines which have the better advantages, such as 
fewer losses and fewer costs.   

The proposed system for this article is a complete system for DFIG wind turbine. In the 
designed power system, which is contains two loop, one of the loops is the for active and 
reactive power control through rotor flux and using the high-order sliding mode. Another 
loop is for tracking the maximum power, which is derived from the theory fuzzy logic. 
Pitch angle control system from a nonlinear system is designed to adjust the speed of 
turbine blades. In the non-linear system, a disturbance observer embedded to identify and 
control the internal and external time-varying disorders. In general, nonlinear control is 
used at the time of need to a coordinated and accurate system model in linear control 
feedbacks. The obtained results of the simulations show that the proposed system perfectly 
and without any mutation has tracked the maximum tracking mode, stabilization and power 
quality accurately and the proposed systems coordinated with each other without creating 
any disturbance such as chattering problems and mechanical stresses. 
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Appendix A  
Parameters of DFIG and turbine models 
Parameters                                                     Value 
A.DFIG data 
Rated power                                                    7.5 (kw) 
Rated line voltage                                           220 (V) 
Grid frequency                                                50 (Hz)  
Rs                                                                    0.455 (X)  
Rr                                                                    0.62 (X)  
Ls                                                                    0.084 (H)  
Lr (refer to stator)                                           0.081 (H)  
Lm (refer to rotor)                                          0.078 (H)  
Moment of inertia, J                                       0.3125 (kg /m2)  
Friction coefficient, f                                      6.73.103 (N.m/s2)  
Number of poles                                             4  
B. Wind turbine data  
Rated power PaN                                           7.8 (kw)  
� 0                                                                    0.001  
� 1 �                                                                    6.38  102  
� 2 �                                                                    9.40  102  
� 3             �                                                       9.86  103  
� 4 �                                                                    17.375  104  
� 5 �                                                                    7.956  105  
R                                                                     3.80 (m)  
Rated wind speed                                          12 (m/s1)  
Cut-in speed                                                   5 (m/s1) 
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