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Nomenclature 

0u  Average wind speed. 
u  Wind speed value with disturbance. 

kA  Magnitude of the eigenswing k. 

k  Eigenfrequency of the eigenswing k. 

ttP  Mechanical power of the turbine. 
  Air density. 

R  Radius of the area covered by the blades.  

pc  Power coefficient. 

t  Rotor angular speed at the wind turbine. 
  Pitch angle of the rotor blades. 

  Tip speed ratio. 

tP  Mechanical power of the wind turbine disturbed by the mechanical eigenswings. 

m  Order of the harmonic of a eigenswing. 

kmg  Distribution of the m-order harmonic in the eigenswing k. 

kma  Normalized magnitude of kmg . 

kh  Modulation of eigenswing k. 

km  Phase of the m-order harmonic in the eigenswing k. 

tJ  Moment of inertia for the rotor of the wind turbine. 

tT  Mechanical torque. 

dtT  Resistant torque in the wind turbine bearing. 

atT  Resistant torque in the hub and blades due to the viscosity of the airflow. 

tsT   Torsional stiffness torque. 

g   Rotor angular speed at the generator. 

gJ   Moment of inertia for the rotor of the generator. 

dgT   Resistant torque in the generator bearing. 

agT   Resistant torque due to the viscosity of the airflow in the generator. 

gT   Electric torque. 

fi   Equivalent rotor current. 

M   Mutual inductance. 
p   Number of pairs of poles. 

di , qi   Stator currents. 

dL , qL   Stator inductances. 

dR , qR   Stator resistances. 

du , qu   Stator voltages. 
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1. Introduction 

The future growth of electrical power generation needs to be a mix of technologies including fossil 

fuels and hydro, nuclear, wind, and solar power [1]. In recent years there has been continuous growth 

of power generation from non-conventional energy sources [2]. Concerning these energy sources, 

wind power is becoming a priority in several countries, as nowadays occurs in Portugal. 

In Portugal, the wind power goal foreseen for 2010 was established earlier by the government as 

3750 MW, representing about 25% of the total installed capacity by 2010 [3]. But, this wind power 

goal has now been raised to 5100 MW. Hence, Portugal has one of the most ambitious goals in terms 

of wind power, and in 2006 was the second country in Europe with the highest wind power growth. 

As the penetration level of wind power increases into the power systems, the overall performance 

of the electric grid will increasingly be affected by the characteristics of wind turbines. One of the 

major concerns related to the high penetration level of the wind turbines is the impact on power 

system stability [4]. Also, network operators have to ensure that consumer power quality is not 

deteriorated. Hence, the total harmonic distortion (THD) should be kept as low as possible, improving 

the quality of the energy injected into the electric grid [5].  

Power-electronic converters have been developed for integrating wind power with the electric 

grid. The use of power-electronic converters allows not only for variable-speed operation of a wind 

turbine, but also for enhancement on power extraction [6]. In a recent overview of different wind 

generator systems [7], it is shown that variable speed conceptions equipped with power-electronic 

converts will continue to dominate and be very promising technologies for large wind farms.  

In a variable-speed wind turbine with full-power converter, the wind turbine is directly connected 

to the generator and the generator is completely decoupled from the electric grid. Of all the generators 

used in wind turbines, the permanent magnet synchronous generator (PMSG) is the one with a 

significant advantage: it is stable and secure under normal operating conditions; and comparing with a 

wound synchronous generator, it is smaller and does not need a direct current power source for field 

excitation. 
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Non-fundamental harmonic emissions are recognized as a power quality disadvantage for modern 

variable-speed wind turbines. Understanding the harmonic behavior of variable-speed wind turbines is 

essential in order to analyze their effect on the electric grids where they are connected [8]. 

Variable-speed wind turbines usually employ active pitch control, where blade pitch angle 

increases reduce the captured of wind energy by reducing the angle of attack [9]. The pitch control 

may have an effect on the dynamical behavior of wind turbines, and research should be carried out in 

order to foresee its implications during different abnormal operating conditions. However, previous 

papers were mainly focused on the transient stability of variable-speed wind turbines at external grid 

faults [10, 11]. Grid code specifications in European countries require that wind turbines must be able 

to ride though grid disturbances that bring voltages down to very low levels [12]. Accordingly, great 

effort has been made to develop variable-speed wind turbines capable of supporting voltage/frequency 

and remain connected to the system during external grid faults [13, 14], but little attention has been 

given to the possibility of internal abnormal operating conditions, such as a pitch control malfunction. 

This paper focuses on the analysis of the transient stability of wind turbines with PMSG and full-

power converters, considering: (i) two different topologies for power-electronic converters, 

respectively two-level and multilevel converters, (ii) a novel fractional-order control strategy, which is 

compared with a classical integer-order control strategy, (iii) a pitch control malfunction. Simulation 

results for the pitch control malfunction ascertain the performance of wind turbines equipped with 

PMSG and two different topologies for the power-electronic converters, showing that the novel 

fractional-order control strategy improves the quality of the energy injected into the electric grid in 

what regards the THD.  

2. Modeling 

2.1. Wind Speed 

The wind speed usually varies considerably and has a stochastic character. The wind speed 

variation can be modeled as a sum of harmonics with frequency range 0.1–10 Hz [15]: 

 











 

k
kk tAuu )(sin10   (1)  

Hence, the physical wind turbine model is subjected to the disturbance given by the wind speed 

variation model [16]. 
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2.2. Wind Turbine 

The mechanical power of the turbine is given by: 

 ptt cuRP 32

2
1   (2)  

The computation of the power coefficient requires the use of blade element theory and the 

knowledge of blade geometry. In this paper, the numerical approximation developed in [17] is 

followed, where the power coefficient is given by: 
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The global maximum for the power coefficient is at null pitch angle and it is equal to: 

 4412.0)0),0((max optpc   (5)  

corresponding to an optimal tip ratio speed at null pitch angle equal to: 

 057.7)0( opt  (6)  

Also, in order to achieve maximum power, the tip speed ratio at each pitch angle should be kept at the 

value corresponding to the global maximum for the power coefficient. Hence, the rotor angular speed 

at the wind turbine is as a function of the maximum mechanical power maxttP , given by: 
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The maximum power point tracking (MPPT) algorithm is one of the key technologies of the power 

conversion system for effectively using the wind energy [18]. Nevertheless, gusts generated impact on 

the drive train and contribute significantly to fatigue loading due to rapid shaft torsional torque 

variations. Hence, a trade-off between operating at the optimum power coefficient and avowing rapid 

shaft torsional torque variations is important in practical implementations for reducing fatigue stresses 

[19]. This work is concerned with a transient analysis for wind turbines equipped with PMSG during a 

malfunction; to avoid excessive modeling only MPPT is used as in [6]. 

When regulating the wind system under the specification of maximum power, it must be taken into 

account that turbine power must never be higher than generator value for the rated power. Once 

generator rated power is reached at rated wind speed it must be limited. For variable-speed wind 
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turbines, a mechanical actuator is usually employed to change the pitch angle of the blades in order to 

reduce power coefficient and maintain the power at its rated value. When rated turbine speed is 

reached, control strategy must be changed so that a higher wind velocity no longer increases turbine 

speed but increases generated power until generator rated power; increases in rotor speed of about 

10% are allowed during transients because of the slow pitch control response [20]. 

In order to model a pitch control malfunction, we consider that the pitch angle control of the 

blades imposes during a small time interval the position of wind gust on the blades, i.e., the blades go 

to the maximum pitch angle. 

The maximum pitch angle º55max   is given for the minimum power coefficient, given by: 

 0025.0min pc  (8)  

corresponding to a tip speed ratio equal to: 

 475.3min   (9)  

The conversion of wind energy into mechanical energy over the rotor of a wind turbine is 

influenced by various forces acting on the blades and on the tower of the wind turbine (e.g. 

centrifugal, gravity and varying aerodynamic forces acting on blades, gyroscopic forces acting on the 

tower), introducing mechanical effects influencing the energy conversion. Those mechanical effects 

have been modeled by eigenswings mainly due to the following phenomena: asymmetry in the turbine, 

vortex tower interaction, and eigenswing in the blades. The mechanical power over the rotor of the 

wind turbine has been modeled, using the mechanical eigenswings, as a set of harmonic terms 

multiplied by the power associated with the energy capture from the wind by the blades, given by: 
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The frequency range of the wind turbine model with mechanical eigenswings is from 0.1 to 10 Hz. 

The values used on (10) and (11) for the calculation of tP , taken from [16], are given in Table 1. 

"See Table 1 at the end of the manuscript". 
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2.3. Drive Train Model 

A comparative study of wind turbine generator system using different drive train models [21] has 

shown that the two-mass model is suitable for transient stability analysis. Hence, a two-mass model 

for the drive train is considered in this paper. The configuration of the drive train model is shown in 

Figure 1. 

"See Figure 1 at the end of the manuscript". 

The equations for the two-mass model are based on the torsional version of the second law of 

Newton, deriving the state equation for the rotor angular speed at the wind turbine and for the rotor 

angular speed at the generator, respectively given by: 

  tsatdtt
t

t TTTT
Jdt

d


1  (12) 

  gagdgts
g

g TTTT
Jdt

d


1
 (13)  

2.4. PMSG 

The model for the PMSG is the usual one, where the state equations for modeling the PMSG stator 

currents, using motor machine convention, are given by: 

  ddqqgd
d

d iRiLpu
Ldt

di
 

1  (14) 

   qqfddgq
q

q iRiMiLpu
Ldt

di
 

1  (15) 

In order to avoid demagnetization of permanent magnet in the PMSG, a null stator current 0di  

is imposed [22]. The electric power is given by: 

 T
fqdfqdg iiiuuuP ][][  (16) 

2.5. Two-Level Converter 

The two-level converter is an AC/DC/AC converter, with six unidirectional commanded insulated 

gate bipolar transistors (IGBTs) used as a rectifier, and with the same number of unidirectional 

commanded IGBTs used as an inverter. Each IGBT is indicated by its switching state ijS . The index i  

with }2,1{i  identifies the IGBT. A group of two IGBTs linked to the same phase constitute a leg j  

of the converter. The index j  with }3,2,1{j  identifies a leg for the rectifier and }6,5,4{j  identifies 
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the inverter one. The rectifier is connected between the PMSG and a capacitor bank. The inverter is 

connected between this capacitor bank and a second order filter, which in turn is connected to an 

electric grid. A three-phase active symmetrical circuit in series models the electric grid [23]. The 

phase currents injected in the electrical grid are modeled by the state equation given by: 

 )(
1

jfjcfj
c

fj uiRu
Ldt

di
             }6,5,4{j  (17) 

The configuration of the wind power system with two-level converter is shown in Figure 2. 

"See Figure 2 at the end of the manuscript". 

A switching variable j  of each leg j   is used to identify the state of the IGBT i  in the leg j  of 

the converter. The switching variable of each leg j  [24] is given by: 
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Hence, each switching variable depends on the conducting and blocking states of the IGBTs. The 

voltage dcv  is modeled by the state equation given by: 
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2.6. Multilevel Converter 

The multilevel converter is an AC/DC/AC converter, with twelve unidirectional commanded 

IGBTs ijS  used as a rectifier, and with the same number of unidirectional commanded IGBTs used as 

an inverter. A group of four IGBTs linked to the same phase constitute a leg j  of the converter. The 

rectifier is connected between the PMSG and a capacitor bank. The inverter is connected between this 

capacitor bank and a second order filter, which in turn is connected to an electric grid. Again, a three-

phase active symmetrical circuit in series models the electric grid [25]. The phase currents injected in 

the electric grid are modeled by the state equation (17). 

The configuration of the wind power system with multilevel converter is shown in Figure 3. 

"See Figure 3 at the end of the manuscript". 

The switching variable j  of each leg j   is a function of the states ijS of the converter. The index 

i  with }4,3,2,1{i  identifies the IGBT. The index j  with }3,2,1{j  identifies the leg for the rectifier 
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and }6,5,4{j  identifies the inverter one. The three valid conditions [26] for the switching variable of 

each leg j  are given by: 

 






















0)or(and1)and(,1

0)or(and1)and(,0

0)or(and1)and(,1

2143

4132

4321

jjjj

jjjj

jjjj

j

SSSS

SSSS

SSSS

                 }6,...,1{j  (20)  

A switching variable j1  is associated with the two upper IGBTs in each leg j  ( jS1 and jS 2 ), and 

also a switching variable j2  is associated with the two lower IGBTs ( jS3 and jS 4 ), respectively 

given by: 
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Hence, each switching variable depends only on the conducting and blocking states of the IGBTs. 

The voltage dcv  is the sum of the voltages 1Cv  and 2Cv  in the capacitor banks 1C  and 2C , modeled 

by the state equation given by: 
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3. Control Strategy 

3.1. Fractional-Order Controller 

A novel control strategy based on fractional-order PI  controllers is studied for the  

variable-speed operation of wind turbines with PMSG and full-power converters. Fractional-order 

controllers are based on fractional calculus theory, which is a generalization of ordinary differentiation 

and integration to arbitrary (non-integer) order [27]. 

The fractional-order differentiator can be denoted by a general operator 
ta D  [28], given by: 
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The mathematical definition of fractional derivatives and integrals has been the subject of several 

descriptions. The most frequently encountered one is called Riemann–Liouville definition, in which 

the fractional-order integral is given by: 

   
t

ata dfttfD 


 )()(
)(Γ

1)( 1  (24)  

while the definition of fractional-order derivatives is: 
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where: 

 



0

1)(Γ dyeyx yx  (26)  

is the Gamma function, a  and t  are the limits of the operation, and   is the number identifying the 

fractional order. In this paper,   is assumed as a real number that satisfies the restrictions 10  . 

Also, it is assumed that 0a . The following convention is used:    tt0 DD . 

The differential equation of the fractional-order PI  controller, 10   , is given by: 

 )()()( teDKteKtu tip
  (27) 

where pK  is a proportional constant and iK  is an integration constant. In this paper, 5.0  and 

7.0  are assumed. Taking 1  in (27), a classical PI  controller is obtained. Hence, using Laplace 

transforms the transfer function of the fractional-order PI  and proportional integral PI controllers 

are respectively given by: 

   sKKsG ip)(  (28) 

 sKKsG ip )(  (29) 

3.2. Converters Control 

Power converters are variable structure systems, because of the on/off switching of their IGBTs. 

As mentioned previously, the controllers used in the converters are respectively proportional integral 

and fractional-order PI  controllers. Pulse width modulation (PWM) by space vector modulation 

(SVM) associated with sliding mode is used for controlling the converters. 
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The sliding mode control strategy presents attractive features such as robustness to parametric 

uncertainties of the wind turbine and the generator as well as to electric grid disturbances [29]. 

Sliding mode controllers are particularly interesting in systems with variable structure, such as 

switching power converters, guaranteeing the choice of the most appropriate space vectors. Their aim 

is to let the system slide along a predefined sliding surface by changing the system structure. 

The power semiconductors present physical limitations that have to be considered during design 

phase and during simulation study. Particularly, they cannot switch at infinite frequency. Also, for a 

finite value of the switching frequency, an error e  will exist between the reference value and the 

control value. In order to guarantee that the system slides along the sliding surface ),( teS  , it has 

been proven that it is necessary to ensure that the state trajectory near the surfaces verifies the stability 

conditions [30] given by: 

 0
),(

),( 
dt

tedS
teS 

  (30) 

in practice a small error 0  for ),( teS   is allowed, due to power semiconductors switching only at 

finite frequency. Consequently, a switching strategy has to be considered, given by: 

    ),( teS  (31) 

A practical implementation of the switching strategy considered in (31) could be accomplished by 

using hysteresis comparators.  

The outputs of the hysteresis comparators are the integer variables ),(    . For the two-

level converter,   and   assume values in the set   given by: 

  1,0,1  (32) 

The appropriate vector selection in order to ensure stability for the two-level converter is shown in 

Table 2. 

"See Table 2 at the end of the manuscript". 

For the multilevel converter,   and   assume values in the set   given by: 

  2,1,0,1,2   (33) 
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In this control strategy, only when 21 CC vv   a new vector is selected. The appropriate vector 

selection in order to ensure stability for the multilevel converter is shown in Table 3, for 21 CC vv  , and 

in Table 4, for 21 CC vv  . 

"See Table 3 at the end of the manuscript". 

"See Table 4 at the end of the manuscript". 

4. Simulation Results 

The wind power system considered has a rated electric power of 900 kW. Table 5 summarizes the 

wind power system data. 

"See Table 5 at the end of the manuscript". 

The time horizon considered in the simulation is 4 s. The air density is 1.225 kg/m³. The wind speed 

model considered in this paper is: 

 







 

k
kk tAtu )(sin115)(              40  t  (34) 

Figure 4 shows the profile of the wind speed.  

"See Figure 4 at the end of the manuscript". 

A pitch control malfunction is assumed to occur between 2 and 2.5 s, imposing a total cut-off on the 

capture of the energy from the wind by the blades. 

The transient analysis of wind power systems, coupling electrical and mechanical subsystems 

where the temporal variations have different time scales, respectively, running fast and running slow, 

must be properly considered. Some times this consideration requires multirate integration schemes, for 

instance, multirate partitioned Runge-Kutta schemes [31]. Also, other strategies are possible for time 

stepping strategy [32].The mathematical model for the wind power system with the two-level and 

multilevel converters were implemented in Matlab/Simulink. After some tuning, a 4th-order Runge-

Kutta with a step size of 0.01 ms was used. 

Figure 5 shows the mechanical power over the rotor of the wind turbine disturbed by the 

mechanical eigenswings, and the electric power of the generator.  

"See Figure 5 at the end of the manuscript". 
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The pitch angle behavior is shown in Figure 6. The pitch angle is at 55º during pitch control 

malfunction, corresponding to the position of wind gust on the blades. 

"See Figure 6 at the end of the manuscript". 

The power coefficient behavior is shown in Figure 7. The power coefficient is at zero value during 

pitch control malfunction. 

"See Figure 7 at the end of the manuscript". 

The voltage dcv  for the two-level converter with a classical PI  controller, fractional 5.0PI  and 

7.0PI  controllers are shown in Figure 8. The voltage dcv  for the multilevel converter with a classical 

PI  controller and fractional 5.0PI  and 7.0PI  controllers are shown in Figure 9. 

"See Figure 8 at the end of the manuscript". 

"See Figure 9 at the end of the manuscript". 

Figure 8 and Figure 9 show that the classical PI  controller responds with a larger drop on the DC 

voltage at the converter, during pitch control malfunction, in comparison with the fractional one. 

Nevertheless, the voltage drops are always inferior for the multilevel converter, in comparison with the 

ones for the two-level converter. A comparison between the maximum values for the DC voltage 

drops is shown in Table 6. 

"See Table 6 at the end of the manuscript". 

The voltage dcv  drops only 198.7 V during the pitch control malfunction with the multilevel converter 

and the fractional 7.0PI  controller. This is the best simulated case. While, the voltage dcv  drops almost 

560 V during the pitch control malfunction with a two-level converter and a classical PI  controller. 

This is the worst simulated case. 

The output current with the fractional-order controller for the two-level converter is shown in 

Figure 10 and the one for the multilevel converter is shown in Figure 11. 

"See Figure 10 at the end of the manuscript". 

"See Figure 11 at the end of the manuscript". 

A comparison between Figure 10 and Figure 11 shows that the output current ripple is lower with the 

multilevel converter than the one with the two-level converter. 
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The harmonic content of the current injected in the electric grid was evaluated using the THD, 

given by: 

 
F

H
H

X

X 2
50

2100(%)THD

  (35) 

where HX  is the root mean square (RMS) value of the non-fundamental harmonic component H, and 

FX  is the RMS value of the fundamental harmonic component. 

The THD of the current injected in the electric grid with the fractional-order controller and a two-

level converter is shown in Figure 12, while the one with the multilevel converter is shown in 

Figure 13. 

"See Figure 12 at the end of the manuscript". 

"See Figure 13 at the end of the manuscript". 

Table 7 summarizes a comparison between the control strategies in what regards the THD. 

"See Table 7 at the end of the manuscript". 

The novel control strategy, based on fractional-order controllers, improves the performance in 

comparison with the classical PI control strategy. Moreover, the quality of the energy injected into the 

electric grid is improved, keeping the THD at a lower level. Accordingly, a minimum value of 0.03% 

is attained for the THD, considering the proposed fractional-order controller and multilevel converter. 

5. Conclusions 

The increased wind power penetration leads to new technical challenges, transient stability and power 

quality. In this paper, we present a model and a simulation study for variable speed wind turbines 

equipped with a PMSG and two different topologies for the power-electronic converters. The 

contributions of this paper are twofold: ascertaining the transient analysis at an internal fault, namely a 

pitch control malfunction, using two-level and multilevel converters; comparing a proportional 

integral strategy with a novel control strategy based on fractional-order controllers. The studied 

fractional-order controller for the variable speed operation of wind turbines equipped with a PMSG 

and multilevel converter improves the power quality, in comparison with a classical integer-order 

control strategy, in what regards the THD. 
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Figure captions 

 

 

 

 
 

Figure 1. Configuration of the drive train model. 

 
 
 
 
 
 
 
 

 
 

Figure 2. Wind power system with two-level converter. 
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Figure 3. Wind power system with multilevel converter. 

 

 

 

 

 

 

Figure 4. Profile of the wind speed. 
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Figure 5. Mechanical power over the rotor and electric power. 

 
 
 
 
 
 
 
 

 

Figure 6. Pitch angle variation. 
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Figure 7. Power coefficient variation. 

 

 

 

 

 

 
 
 

 

Figure 8. Voltage dcv  for the two-level converter, considering each controller. 
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Figure 9. Voltage dcv  for the multilevel converter, considering each controller. 

 

 

 

 

 
 
 

 

Figure 10. Output current of the two-level converter. 
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Figure 11. Output current of the multilevel converter. 

 

 

 

 

 
 
 

 

Figure 12. THD of the current injected in the electric grid with the two-level converter. 

 

 

 



24 

 

 

 

Figure 13. THD of the current injected in the electric grid with the multilevel converter. 
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Tables 

 
 
 

Table 1 
Mechanical eigenswings excited in the wind turbine 

k  Source kA  k [rad/s] hk m kma  km  

1 Asymmetry 0.01 ωt  
 1 

1 4/5 0 
2 1/5 π/2 

2 Vortex tower 
interaction 0.08 3 ωt 

 1 
1 1/2 0 
2 1/2 π/2 

3 Blades 0.15 9 π 1/2 (g11+g21) 1 1 0 

 

 

 

 

Table 2 
Output voltage vectors selection for the two-level converter 

  \  -1 0 1 

-1 4 4;5 5 
0 6 0;7 1 
1 2 3;2 3 

 

 

 

 

Table 3 
Output voltage vectors selection for the multilevel converter, for 21 CC vv   

  \  -2 -1 0 1 2 

-2 25 25 12 7 7 
-1 24 13 13;6 6 8 
0 19 18 1;14;27 5 9 
1 20 17 17;2 2 4 
2 21 21 16 3 3 
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Table 4 

Output voltage vectors selection for the multilevel converter, for 21 CC vv   

  \  -2 -1 0 1 2 

-2 25 25 12 7 7 
-1 24 26 26;11 11 8 
0 19 23 1;14;27 10 9 
1 20 22 22;15 15 4 
2 21 21 16 3 3 

 

 

Table 5 
Wind power system data 

Turbine moment of inertia 2500.10³ kgm² 
Turbine rotor diameter 49 m 

Tip speed 17.64-81.04 m/s 
Rotor speed  6.9-31.6 rpm 

Generator rated power 900 kW 
Generator moment of inertia 100.10³ kgm² 

 
 
 
 

Table 6 
Capacitor voltage drop during pitch control malfunction 

Controller 
dcv  (V) 

Wind power system with  
two-level converter 

Wind power system with  
multilevel converter 

Classical PI  559.1 320.4 

Fractional 5.0PI  513.7 258.8 

Fractional 7.0PI  395.5 198.7 

 

 

 
Table 7 

THD of the current injected in the electric grid  

Controller 
THD (%) 

Wind power system with  
two-level converter 

Wind power system with  
multilevel converter 

Classical PI  0.46 0.08 

Fractional 5.0PI  0.29 0.05 

Fractional 7.0PI  0.17 0.03 
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