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ABSTRACT 
In this paper, the design and analysis of a wind power plant control system has been studied in order to 

obtain optimum electrical power and the proper functioning of wind power components (permanent 

magnet synchronous generator (PMSG). The control system consists of two parts, the generator part and 

the grid part that the controller of generator part has the duty to control the torque of the turbine and 

generator, rotor speed and pitch angle of the turbine, and the grid controller has the duty to control the 

output active and reactive power of the plant and capacitor voltage of DC link. In this paper, space vector 

control and hysteresis control have been used to design the control system controllers. Finally, after the 

simulation and verification of the performance of the model, the simulation results have been analyzed. 

The results show that the applied control system is able to hold output power generator at an optimum 

level in different working situations.  
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INTRODUCTION 

In recent years and decades, increasing energy demand and limited fossil resources, increasing 

environmental pollution caused by burning these sources, the effects of global warming and the 

greenhouse effect have caused the attention to renewable energy sources, especially wind power 

increases. Wind power desirable features, including the lack of environmental pollution and low cost of 

generation of electrical energy have attracted attention in the power generation industry. Perhaps the 

increase of the installed capacity of wind power plants from 7500 MW in 1997 to 250,000 MW in 2012 is 

the evidence of this fact (Mohammadnia et al., 2013). With respect to expanding the use of clean energy, 

the research, development and investment in manufacturing and installation technology of wind turbine-

generator has become one of the priorities of the development of countries including Iran.  

With the development of electronic technology, the power and possibility of manufacturing high power 

converters at the level of mega watt and high-voltage at the level of several dozen kilovolts have provided 

the manufacturing of wind turbine-generators with fully electronic converter that this has led we are able 

to use generators such as squirrel cage induction generator, double-feed generator and permanent magnet 

synchronous generators to generate electrical energy in wind power plants (Zhang et al., 2014). Another 

advantage of wind turbines with connected power electronic circuit is the possibility of using special 

synchronous machines with several numbers of poles that provide the possibility of working in low speed 

with high torque. Using this type of machines, the likelihood of elimination of gearbox that is the main 

part of current turbine-generators is provided (Bayhan et al., 2013). Today, the frequency converters are 

commonly used in distributed generation systems (including wind turbines). In these systems, the two 

convertors of grid side and generator side are separated by a DC link to provide the separate control of 

two converters. The used generator in this state is permanent magnet synchronous generator, which 

between these two, the permanent magnet generators have been more considered due to their high 

efficiency and reliability, no need for external stimulation, lightweight and small size and easier control.  

Implementation of vector control technique for both the grid side converter and the generator side of a 

direct drive wind turbine has been presented in several Master’s Thesis (Mohammadnia et al., 2013; 

Zhang et al., 2014; Bayhan et al., 2013; Krause et al., 2011; Fan, 2012; Kazmierkowski et al., 2002). Wu 
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et al., (2013) introduced the permanent magnet generators for direct drive wind turbine. Li et al., (2012) 

studied the generator-side converter as a dc-dc converter and diode rectifier. Bunjongjit (2014) describes 

the characteristics of different methods for the generation of electricity at wind power plants, types of 

used machinery and control structures in this type of power plants. Also in the reference, vector control 

techniques such as space vector modulation have been fully described. Cimpoeru (2010) studied 

hysteresis control technique for the grid-side convertor. Kim et al., (2010) and Shuhui et al., (2010) also 

studied the traditional methods of PMSG control. 

Modeling Wind Turbine-Generator 

Components of the Wind Turbine-Generator 

The general structure of wind PMSG turbine is shown in Figure (1). Wind turbine generates a torque 

through wind power that the produced torque is transmitted to generator rotor by generator shaft, which 

this issue results in the production of electric torque in the generator. The generator is connected to a 

three-phase inverter that rectifies generator current to recharge DC link capacitor. DC link feeds the 

second three-phase inverter that is connected to the grid through transformer. Also there is a control 

system in wind turbine-generator that receives all information about the wind speed, the angle of the 

blade, the rotor speed and the inverters’ output to compare them with the grid information and after 

processing the information it is applied to control the various components of the unit. 

 
Figure 1: Components of a wind turbine-generator 

 

Modeling Turbine 

Mechanical power extracted from the turbine is obtained from equation (1):  

   
 

 
           

           (1) 

        parameter is related to the other two variables. One is the pitch angle (β) and the other is tip-

speed ratio (shown briefly with TSR). With the change of (β) from zero to 90 degrees, we can change the 

extractable mechanical power from maximum to minimum (through changing the resistance of turbine 

blades against the wind), but TSR parameter is defined as follows:  

  
   

  
           (2) 

Where, R is the radius of the turbine blades and   is the rotor mechanical speed. By changing (β) we can 

change the curve in Figure (2), and by changing TSR we can change         parameter by moving over 

the corresponding curve. The curve of changes of         parameter has been shown below in terms of 

TSR and for different values of β. 
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Figure 2: Turbine efficiency curve based on TSR 

 

For a certain value of  and  , we can obtain        parameter using the available analysis functions that 

define the behavior of this parameter.  

A general equation for expressing        is stated as follows:  

           
  

  
         

 
  

             (3) 

Where, the values of c1 to c6coefficients are as presented in Table 1. 

 

Table 1: The values of cp coefficients 

c6 c5 c4 c3 c2 c1 

0.0068 21 5 0.4 116 0.5176 

 

  is also obtained from the equation (4):  
 

  
 

 

       
 

     

    
          (4) 

In accordance with the above analytical equations, for   equal to zero and        , we have      
 

     and for turbine performance under normal conditions the value of   is considered between 0.09 to 

0.17. 

Generator Model 

When the rotor is driven by a primary mover, the flux from the permanent magnet intersects stator coils 

and induces voltage and causes the fluidity of the current. Voltage induced in the rotor has two 

components: one is the voltage resulted from the rotor flux linkage (cross flow) and another is the stator 

flux linkage that if we model the former as a voltage source and the other as a predecessor and also 

according to the replacement of the rotor and its permanent magnet with a coil, the equivalent circuit of 

this generator can be shown as Figure 3. 

 
Figure 2: The equivalent circuit of the synchronous generator phase 
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According to the above equivalent circuit we can write:  

            
      

  
 

  

  
        (5) 

Where,  is the mutual linkage flux.  

To calculate the voltage equations, a three-phase synchronous generator and two poles are considered as 

shown in Figure (3).  

 

 
Figure 3: Three-phase synchronous machine 

 

That in this Figure,    isthe rotor mechanical angle, but in equations the electrical angle of the rotor must 

be used that by having the number of pairs of poles, it is calculated according to equation (6):  

              (6) 

Now, with regard to the three-phase machine, the entire system equation can be written as equation (7).  

              
     

  
         (7) 

Where,  is the flux linkage in terms of Weber-rotation, and is obtained from equation (8): 

                         (8) 

Where,  is the flux resulted from the permanent magnet, and provided that the stator windings have been 

distributed as sinusoidal in its slots, it is obtained from equation (9):  

     

        

        
  

 
 

        
  

 
 

          (9) 

Where,  is the amplitude of permanent magnet flux and is considered as constant number.  

Now, using Park conversion, the equation (8) in the synchronous reference will be converted to equations 

(10) and (11).  

                
   

  
         (10) 

                
   

  
         (11) 

To calculate the torque equation, the power equation can be used. We know that in a three-phase system, 

the real power relationship is calculated as follows:  

                            (12) 

Where,   and    are effective values of voltage and the sinusoidal current. Also, by calculating the 

following multiplication, we have: 

       
  
  
  

 

 
                        (13) 

That by equating the two equations (12) and (13) the following result is obtained.  

    
 

 
                     (14) 
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Using the relations (10) and (11) and replacing them in the above equation and considering that    

    , we can obtain the general equation of power regardless of the structure of the permanent magnet 

rotor.  

     
 

 
    

    
   

 

 
     

   
  

     
   
  

   

 

 
                            (15) 

In equation (15), the first term is ohm losses of the stator windings, the second term is the energy stored 

in the magnetic field of the rotor and the third term is the electrical power converted to mechanical power. 

If we assume that the machine is in permanent sinusoidal state and also neglect ohm losses, the general 

equation of the torque can be written as equation (16). 

   
 

 
                           (16) 

Given the two basic assumptions that initially considered we can say that, because the structure of the 

rotor is cylindrical and without a salient pole, we can use the approximation of       and summarize 

the equation (17) as follows.  

   
 

 
                           (17) 

As seen in equation (17), the torque is only dependent to the component of    of the stator current and 

therefore it is easier to control. This point is set as a base for the vector control technique to control the 

generator-side converter.  

Designing and Analyzing the Controllers of Wind Turbine-Generator 

The main objective of this paper is to analyze and simulate the grid side and the generator side control 

converters using two techniques of the vector control and hysteresis control. To control the power and 

torque applied to the wind turbine, the pitch angle control has been used. In the implemented vector 

control for the generator-side converter (for torque control and generator speed), after transmission of 

three-phase parameters to rotor reference and calculation of reference values using space vector 

modulation technique, the necessary pulses are produced to be applied to the converter. In the grid side 

convertor (to control the active and reactive power injected to or received from the grid) the hysteresis 

method with sampling from the grid current has been used.  

Designing the Generator Side Controller 

The main objective of this control structure is to control the torque, the speed of the generator and to 

attract the maximum power which is possible in each wind speed. In accordance with equation (18), the 

only parameters that can be controlled by control systems to achieve the desired reference speed are the 

torque on the wind-driven generator axis (  ) and electric torque generator (  ), which the former is 

possible through pitch angle control system and the later by closed-loop control operation.  
   

  
 

 

 
                     (18) 

a) Torque Controller 

A schematic view of the generator-side control system that has been implemented based on the idea of 

vector control can be expressed as Figure (4):  

 
Figure 4: Diagram block of torque controller 
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So far several techniques have been proposed for controlling PMSG each of which has advantages and 

disadvantages. Of these methods are constant torque angle control, maximum torque per ampere control, 

unity power factor method and constant stator flux control. Here, we have used constant torque angle 

control for controlling PMSG. In this method, stator current vector has been driven in the direction of the 

q-axis in order the amount of   becomes zero and torque angle becomes 90º. This method has been 

developed due to the simplicity of application. Note that this method is suitable only for SPMSG.  

To implement the controller, the first the reference speed is compared with the current value and is passed 

from a PI controller block in order to obtain the desired torque. Then, to calculate the current torque, a 

sample is taken from the generator current and using Park and Clark conversions,   is calculated and 

using equation (19) the optimum torque is obtained.  

   
 

 
               (19) 

Now, to obtain   voltage from the error of torque, the relationship between these two variables is 

calculated by substituting the equation in equation (11) that by this substitution, equation (20) is achieved.  
     

     
 

   

       
           (20) 

Torque controller factors can be calculated using this equation. By converting the above equation to a 

closed-loop control system form such that the   output and input is the torque reference value, the 

proportional and integral factors of the controller are obtained.  

Similarly, for other control path using equation (10) obtained for   , the relationship between   and    is 

obtained, which is expressed as equation (21). (It should be noted, for the use of linear techniques to 

design controller, the non-linear term of the system has been ignored). 
  

  
 

 

     
                                             (21) 

In accordance with the equations obtained for the   and   voltages, we can observe that these two 

voltages are dependent to two parameters simultaneously (i.e.,    or   , and   ). For this reason, there is 

no possibility of using linear methods for designing controllers. In this case, we can use a technique called 

feedback linearization, which is sometimes known as decoupling. The principle of this technique is such 

that at first we design a controller for the linear part of the system and then by adding the non-linear term 

to controller output, we obtain the optimum signal (Bayhan et al., 2013). Accordingly, as shown in Figure 

(4), two terms of CCT1 and CCT2 have been added to the output of linear controllers at two control paths 

that these two terms are as equations (22) and (23).  

                         (22) 

                   φ         (23) 

b) Speed Controller  

Designing speed controller is not as simple as designing torque controller. However, according to 

equation (18), we can obtain a converting function with    output and differential input of    and      But 

obtaining the value of    is not easily possible because several mechanical parameters must be 

considered.  

The solution is the use of trial and error method to calculate the controller factors. The speed controller 

output is the same optimal torque that must be held at a specified interval and should be tolerable for 

generator. Therefore, the maximum torque shall be calculated and considered as the saturation level for 

speed controller output (Bayhan et al., 2013).  For this purpose, at first we calculate the equation below 

the maximum value of    current and then it is substituted in equation (19).  

  
     

 

 

    

       
          (19) 

C) Pitch Angle Controller  

Control structure used in most wind turbine systems to produce reference pitch angle has been shown in 

Figure (5). This control structure is composed of two distinct paths. A feed forward path to produce 

 
 
 and a linear feedback path to produce  β. 
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Figure 5: Control structure generating reference pitch angle 

 

Feed forward path in the control structure shown in the figure above calculates  
 
 using information such 

as optimal output power, wind speed and turbine speed. An analytic function is expressed for calculation 

of   
 
as equation (24):  

 
 
  

 

     
       

      
     

  
         (24) 

The obtained 
 
using the above equation has been calculated by considering the ideal elements and the 

elimination of losses. For this reason, in linear feedback path to compensate for system losses, if the 

output power is less than the optimal power,  β is subtracted from  
 
 (otherwise, it will be added to it). 

The used PI controller is not adjustable with linear techniques; therefore, Zeigler-Nicholas must be used 

to adjust it.  

In continuation, after obtaining  
   

, it can be applied to the drive system and change the pitch angle of 

the turbine blades. The structure is shown in Figure (6).  

 

 
Figure 6: The general structure of the system with pitch angle controller 

 

The equivalent system for the drive is expressed as an integrator and also as a feedback loop that is shown 

in Figure (7).  

 

 
Figure 7: The model used for the actuator (servo mechanism) 

 

The reason for using restrictor of the rate of changes in integrator output is also to limit the rate of the 

pitch angle changes. 

Designing Grid-Side Controller 

The purpose of this control system is to stabilize DC link voltage and to control the active and reactive 

power injected into the grid. To implement this control structure, the hysteresis band method has been 
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used. Hysteresis controller has a moment feedback that always keeps the differential amplitude of 

reference and real current at a specified band and in this way stabilizes the DC link voltage. The intended 

control structure is shown in Figure (8). 

 

 
Figure 8: The control structure of hysteresis band for the grid-side converter 

 

In this case, the power switching method is as shown in Figure (9):  

 
Figure 9: The basic performance method of hysteresis band 

 

For the total active power produced by wind turbine is transmitted to the grid, DC link voltage should 

remain constant that the issue is understood from equation (25).  

 
    

  
 

  

   
 

  

   
          (25) 

Where,    is the power of turbine and    is the power of grid.  

In the generator side, after the transmission of the output voltage to rotating reference frame and 

calculation of   and   voltages, the value of DC link voltage can be obtained in terms of these two 

voltages. This is shown as equation (26):  

    
   

    
 

 
           (26) 

Now assuming    , the equations obtained for voltages are substituted in the above equation to achieve 

equation (27):  

    
   

         
   

                    
 

 
        (27) 

We substitute the value of   with    using equation (19). Also, the parameters of a wind turbine-generator 

that have been mentioned in appendix are placed in equation (27) to obtain the minimum DC link voltage 

in terms of the rectifier. This value is mentioned in equation (28).  

                        (28) 

It should be noted that this equation is true only for 10 kW turbines. 

The Results of Simulation 

In this section, we study the results of direct drive wind turbine simulation that has been done in Simulink 

environment of MATLAB software. Results include curves of speed, torque, current, DC link voltage and 

active and reactive powers for two grid-side and the generator-side converters, which have been analyzed.  
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To study the simulated system, the wind model presented in the form of equation (29) has been used:  

                                                                          
                                          (29) 

A Gaussian probability function with an average of 12, variance of 3 and frequency of 0.4 Hz has been 

used. The curves of wind speed, generator speed and electro-mechanic torque are shown in Figure 10.  

 

 
Figure 10: The curves of wind speed, rotor speed and electromechanical torque 

 

A seen in Figure (10) and, due to the use of two nested loops of speed and torque control in simulated 

systems, the speed and torque pursue their reference values as well. The current and desired values of 

speed for rotor simultaneously have been shown in Figure (11). As can be seen, when the wind has less 

fluctuation, the speed difference from its reference value is less than 10rpm and totally this difference 

reaches the maximum of 30rpm in the points with rapid change in wind speed.  

 

 
Figure 11: The reference and current speed of generator 

 

In Figure (12), the generator’s reference torque and real torque have been shown simultaneously.  

 
Figure 12: The real and optimum torque curve 
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Figure 13: The grid side active and reactive power curves 

 

The active and reactive power curves injected into the grid are shown in Figure (13). As seen in the 

Figure, for a 10 kW turbine, exactly10 kW active and 6 kW reactive powers have been injected into the 

grid. The current and voltage of the grid are shown in the following figures.  

 
Figure 14: The real current and voltage of the grid 

 

The values of voltage THD and back-to-back converter output current at the PCC point are shown in 

Figures (15) and (16) [The value of current THD equals to 7.5% and this value for voltage is 4%].  

 

 
Figure 15: THD value of PCC voltage 



Indian Journal of Fundamental and Applied Life Sciences ISSN: 2231– 6345 (Online) 

An Open Access, Online International Journal Available at www.cibtech.org/sp.ed/jls/2015/03/jls.htm 

2015 Vol. 5 (S3), pp. 1446-1458/Yahayaee and Kamali 

Review Article 

© Copyright 2014 | Centre for Info Bio Technology (CIBTech)  1456 

 

 
Figure 16: THD value of PCC current 

 

In the following figures, the current generated in the grid side converter by hysteresis method is shown. 

This current has been compared with the actual values and finally the pulses are generated for drive 

power switches.  

 
Figure 17: How to shift the reference voltage vector 

 

The curves of generator current and its    and   components have been shown in Figure (18). As can be 

seen in the curves, firstly due to the use of vector control techniques based on the zero torque angle 

(through making zero   ), the value of actual   current of the system is almost zero. Secondly, because of 

the relation obtained for torque and its direct relationship with the   current, the curve of this current is 

similar to the form of torque wave.  

 

 
Figure 18: The generator current and its components in a rotating reference frame 
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Figure 19: DC link voltage 

 

DC link voltage curve is shown in Figure (19). According to reasons presented to show the advantages of 

fixed DC link voltage, this happened in the simulation and voltage fluctuates between 214 and 230 volts 

with an average of 222 volts that is acceptable. The capacitor value is considered equal to 1 milli Farad. A 

decrease in its value leads to the increased ripple of link voltage and its increase leads to better DC link 

voltage.  

The changes of the pitch angle parameter are shown in Figure (20). The value of the turbine factor is also 

shown in Figure (21).  

 

  
Figure 20: Pitch angle changes Figure 21: The curve of rotor coefficient 

variation 

 

CONCLUSION 

In this paper, modeling and designing of a direct drive wind turbine-generator has been carried out in two 

aerodynamic and electric parts. Modeling of synchronous generator was done based on rotating reference 

frame theory, and then by simplifications done we achieved a simple equation for torque and 

implemented vector control technique for generator-side converter based on it. Next, space vector 

modulation technique and the way of its implementation for generator-side converter were fully 

described. The total diagram block was drawn for system and the controllers of each part were 

implemented as feedback linearization technique. Finally, the simulation results, current and voltage 

curves on both sides of DC link, generator’s torque and speed were obtained based on a sample of 

variable wind speed that all indicated the accuracy of the proposed model and also it was shown that the 

proposed control system is properly able to control the generator’s speed and to generate the optimal 

power in different working conditions. 

 

REFRENCES 

Bayhan S and Fidanboy H (2013). Active and Reactive Power Control of Grid Connected Permanent 

Magnet Synchronous Generator in Wind Power Conversion System. International Conference on 

Renewable EnergyResearch and Applications 20–23. 

Bunjongjit K (2014). MATLAB/Simulink  Modeling  of  Stator  Current Control  ofPMSG  for  Grid-

Connected  Systems. International  Electrical Engineering Congress 3 3–6. 



Indian Journal of Fundamental and Applied Life Sciences ISSN: 2231– 6345 (Online) 

An Open Access, Online International Journal Available at www.cibtech.org/sp.ed/jls/2015/03/jls.htm 

2015 Vol. 5 (S3), pp. 1446-1458/Yahayaee and Kamali 

Review Article 

© Copyright 2014 | Centre for Info Bio Technology (CIBTech)  1458 

 

Cimpoeru A (2010). Encoderless Vector Controlof PMSG for wind turbine application. 

Denmark:Institute of Energy Technology, Aalborg University. 

Fan Z (2012). Mathematical Modelling of Grid Connected Fixed-Pitch Variable-Speed Permanent 

Magnet Synchronous Generators for Wind Turbines. University of Central Lancashire, Master Thesis. 

Kazmierkowski MP, Krishnan R and Blaabjerg  F (2002). Control in Power Electronics (Academic 

Press Series In Engineering). 

Kim KH, Jeung YC, Lee DC and Kim HG (2010). Robust control of PMSG Wind Turbine Systems 

with Back-to-Back PWM Converters. 2
nd

 IEEE International Symposium onPower Electronics for 

Distributed Generation Systems 433-437. 

Krause PC and Wasynczuk O (2011). Analysis of Electric Machinery and Drive Systems (John Wiley 

and sons, IEEE press series on power engineering). 

Li S, Member S, Haskew TA, Member S, Swatloski RP and Gathings W (2012). Optimal and Direct-

Current Vector Control of Direct-Driven PMSG Wind Turbines. IEEE Transactions on Power 

Electronics 27(5) 2325–2337. 

Li Sh, Haskew TA and Xu L (2010). Conventional and NovelControl Designs for Direct Driven PMSG 

Wind Turbines. Electric Power Systems Research 328-338. 

Mohammadia E and Agdal MV (2013). An MPPT Vector Control of Electric Network Connected Wind 

Energy Conversion System Employing PM Synchronous Generator. International Renewable and 

Sustainable Energy Conference (IRSEC). 

Wu Z, Dou X, Chu J and Hu M (2013). Operation and Control of a Direct-Driven PMSG-Based Wind 

Turbine System with an Auxiliary Parallel Grid-Side Converter. IEEE Transactions on Energy 

Conversion 6(7) 3405–3421. 

Zhang Z,  Member S, Zhao Y and Member S (2014). A Space-Vector-Modulated Sensorless Direct-

Torque. IEEE Transactions on  Power  Electronic 50(4) 2331–2341. 

http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6523356
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6523356

