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Abstract 

 

Wind power often is a source of voltage fluctuations and possible voltage issues are raised 

when considering interconnecting wind turbines to an electric grid. Also, the power 

electronics introduced in the wind turbines might insert more fluctuations and different PQ 

problems. Distributed generation seems to be a good option in order to try to mitigate these 

problems. 

The first goal of the work is to create a model of a small electric grid, using 

MATLAB/Simulink. The models aims to simulate various DFIG wind turbines coupled to the 

grid in different conditions of location and wind.  

Then, the main objective is to analyze the PQ in the grid with this type of turbine. For this, 

once the simulations have been done, the results obtained have allowed calculating different 

indices to study PQ in the model. Afterwards, a comparison of those indices in the different 

conditions is made. 
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Chapter 1 

 

Introduction 

The present electrical network is based in big generation plants that provide the power 

required to the different consumption areas. In the last years, a new concept has been study in 

order to improve the efficiency of the distribution of the electricity. This is known as the 

“smart grid concept” and it has become a main issue for both, electrical companies. 

All the renewable energies will be of great relevance. Wind power plays a key role in the 

actual scenario of electrical generation and most of the developed countries have been making 

big efforts to improve it due to the environmental problems with the non-renewable energies, 

as they are following the Kyoto protocol [1]. Also the important research and development of 

new technologies have been significant in its development. 

Since the beginning of the implementation of the wind turbines, a continuous improvement 

and evolution have existed. As a result, the wind power industry is one of the fastest growth 

industries in the last years [2]. However, the variable nature of the wind can be a problem 

because in order to couple the turbines in the grid some characteristics, such as frequency or 

voltage, have to be maintained within some values. 

One of the principles problems that can be found in the network is Electromagnetic 

Compatibility (EMC) problems in form of bad power quality. Wind turbines are a big source 

of EMC problems due to the power electronics, that must be used to get the proper values of 

frequency and voltage, and also because the nature of the wind may affect the power quality 

(PQ). 

This thesis will study this PQ problem. In order to do it a small grid will be simulated using 

Simulink, a tool from Matlab, in which different wind turbines will be placed in some zones 

in which the wind speeds during the sample time is different from one to another. For 

instance, in some areas stable wind will be found whereas in others big differences of speed 

will be found in short period of time. Then the simulation will be run to observe how the 

different variations affect the electrical grid and the power quality in both, generation and 

consumption areas. 
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Chapter 2 

 

Theory 

2.1 Wind Characteristics 

Winds are movements of air masses in the atmosphere mainly originated by temperature 

differences, although there are many factors that affect its behaviors. Winds are affected by 

obstacles and forces that change both, speed and direction, and this is the reason of the 

turbulent flows [3]. The Van der Hoven spectrum, figure 1, shows how the energy is 

distributed in the frequency domain. 

 
Figure 1. Horizontal wind speed spectrum at Brookhaven National Laboratory at about 

100-m height [4] 

 

As the Van der Hoven spectrum shows, there are two peaks, one at 0,01 cycles per hour (4 

days) which is known as the synoptic peak and the other at 50 cycles per hour (1 minute) 

which is known as the turbulent peak. These two are clearly separated by a gap in which the 

fluctuations are not relevant. This allows the separation between the average wind speed and 

turbulent flows that confirms that the interaction between climate and turbulence is 

despicable, allowing to treat independently these two aspects [5]. So the wind can be 

separated in two components, 
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Where   is the instant wind speed,    is the mean wind speed and v is the fluctuations of the 

instant speed. 

 

2.1.1 Mean Wind 

The mean wind speeds in an area are crucial to assure the feasibility of a wind farm plan. The 

Weibull distribution can be used to approximate the wind speed distribution [6]. The Weibull 

distribution is given by [7], 
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where C and k are the scale and shape coefficients, respectively. These must be adapted to 

attune the data at a specific place [3]. This distribution has two particular cases, the 

exponential function (k=1) and the Rayleigh function (k=2). If the average speed is known the 

possible variations around that point can be calculated with the Rayleigh function. But this 

distribution only collects regional characteristics at a certain extension [8]. 

 

Figure 2. Comparison between Weibull distribution with C=0.5 and k= 1 or 2 [9] 

 

As the figure 2 shows high mean wind speeds seldom happen while moderate wind speeds are 

much more common. The shape factor is related with the average wind speed and k in the 

following equation, 
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Where     is the average wind speed and Γ is the gamma function [10]. As k = 2 and 

Γ(1+1/2) =    the equation results 

  
 

  
    

 

2.1.2 Turbulence Wind 

Turbulence is a very complex phenomenon due to it includes an unpredictable behavior of the 

wind [11]. There are two broadly accepted models to estimate it, the Von Karman spectrum 

and the Kaimal spectrum. Considering only the natural rutbulance of the wind, it usually does 

not have a major incidence in the energy capture although it has a major influence in power 

quality [3]. 

The kinetic energy of a mass, m, of air, flowing at speed v in one direction is 

 

  
 

 
              

 

Knowing that the mass is the density,  , by the volume, A*x, and  the power is the derivative 

of the energy 

 

   
  

  
 

 

 
      

  
 

 

 
               

 

This is the maximum amount of power that is available from the wind [12]. 
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2.2 Wind Turbines 
 

Wind turbines are mechanical device explicitly intended to transform the kinetic energy of the 

wind into mechanical energy and then through the generator into electrical power. There are 

many topologies that convert the wind power into electrical power and they can be divided 

into two main groups. Fixed speed wind turbines and variable speed wind turbines [13]. The 

power that can be absorbed by the turbine from the wind is [14] 

 

   
 

 
  (   )            

 

where    is the power coefficient that is function of the tip speed ratio, λ, and the pitch angle, 

β. It states what amount of the wind power is absorbed by the turbine [15]. Its theoretical 

value for a wind turbine is 16/27 ≈ 0.59 which is known as the Betz limit [16]. The tip speed 

ratio is defined as [3] 

 

  
  

 
 

 

Where Ω is the rotational speed of the turbine and R is the turbine radius. In order to 

maximize the power absorption the turbine should work at an optimal tip speed so    will be 

as high as possible. It is interesting to highlight the fact that    will vary a lot depending on 

the number of blades of the turbine. Several studies have been performed to figure out which 

is the number of blades that maximize it. From figure 3 is evident that the highest value of all 

is obtained with 3 blades, which is the common turbine nowadays [17]. 
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Figure 3. Ratio between    and lambda according to the type of turbine [18] 

 

Manufacturers would hand out a   -λ curve as the one that is shown in figure 4.  

 
Figure 4. Representative    - Lambda curve for a fixed pitch wind turbine [19] 

 

The maximum value for    is achieved ideally with β=0 [3] which means that any variation of 

the angle will imply a decrease of power capture. So in this case the maximum    will be 
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accomplished only with a single wind speed, the one that corresponds with λ=8, whereas with 

a variable speed turbine can potentially works with an extensive range of wind speeds [3].  

 

Figure 5. Comparison between power curves (P-v) [20] 

 

Therefore the power that a wind turbine can convert can be represented in a curve. Every 

turbine will have a different curve depending on its characteristics. For instance, in figure 5 is 

represented the curve for different turbines from enercon [21]. The pitch angle is at higher 

winds controlled in order to limit the input power to the wind turbine, when it has reached the 

nominal power to avoid electrical problems [22]. As can be seen in this figure although the 

wind is high enough to generate more than the rated power it stays flat. 

The power output that has been discussed is not used directly; the turbine is normally coupled 

to an electric generator through a gear box or a transmission. The basic scheme is shown in 

figure 6, where the wind power goes through the different devices of the wind turbine with 

their correspondent power losses. Therefore efficiencies will be needed both in the 

transmission,   , and the generator efficiency,    [12].  

The power that will be obtained is 
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Consequently all can be summarized to only one equation that links the electric power output 

to the wind power input 

 

                    

 

 

Figure 6. Wind electric scheme [12] 

 

2.2.1 Types of Turbines 

As it was said before, turbines can work with either fixed speed or variable speed. For the first 

one, the generator is directly connected to the grid, thus, its speed is almost immovable to the 

grid frequency and uncontrollable. Therefore, it cannot stock the turbulence of the wind as 

rotational energy so it will produce power deviations and consequently will cause some power 

quality problems [23]. In order to control the rotor speed, generators in variable speed 

turbines are controlled by power electronics. In this manner the power variation caused by the 

wind fluctuation can be absorbed by varying the rotor speed [24].  

Since the rotational speed of the turbines are quite low they must be adapted to the electrical 

frequency. There are two ways to accomplish this [22], either with the number of poles,   , of 

the generator or with a gear box. The number of poles establishes the mechanical speed,   , 

regarding the electrical frequency. 

Some wind turbines wind turbines models will be represented in the following sections:  

 

2.2.1.1 Fixed-Speed Wind Turbine 
As it was said before, these turbines are directly connected to the grid. Induction 

machines are used for this technology due to its low cost, good durability, low 

maintenance and high compatibility with quick wind variations [2]. The rotor speed is set 

by the gear box and the number of poles of the generator. 
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Figure 7. Fixed-speed turbine scheme [2] 

 

This system is usually equipped with two generators, one for high wind speed and the 

other for low wind speed [25]. A fixed speed turbine is calculated to get the highest 

efficiency at a specific wind speed that will match with the optimal tip speed. The 

capacitor bank is placed in order to compensate the reactive power consumption and to 

set a good power factor. This is needed because the reactive power consumption of the 

induction generator cannot be controlled [2]. 

 

2.2.1.2 Variable Speed Wind Turbine with Variable Rotor Resistance 

The manufacture and major components in wind turbines working with a variable speed 

are similar to fixed speed wind turbines [2]. They consist of a turbine armed with a 

wound rotor induction generator which will allow the resistance of the rotor to be 

modified. The gear box is planned with the purpose that the highest rotor speed 

corresponds to the rated speed of the generator. The use of controllable rotor resistance 

allows the slip of the induction generator to be varied and consequently the rotor speed 

can vary by approximately 1-10%. This method uses a controlled converter by which the 

resistance in the generator can be varied [26]. As in the fixed-speed turbines a capacitor 

bank is needed because of the consumption of reactive power by the induction generator. 

Since the speed of the blades is variable in this concept the PQ is improved as the wind 

speed fluctuations will not affect the outcome in such a dramatic way [2]. 
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Figure 8. Variable speed turbine with rotor resistance scheme [2] 

 

2.2.1.3 Variable Speed Wind Turbine with a Doubly-Fed Induction 

Generator 

Variable speed turbines with a doubly-fed induction generator (DFIG) are the most 

commonly used generator in wind power technology nowadays [27]. They consist of a 

wounded rotor induction generator which has its stator and rotor independently excited. 

This means that the stator is directly coupled to the grid whereas the rotor winding is 

connected to a converter. In order to minimize the size of the converter the gear box is 

designed so that the rated speed corresponds to the mid value of the rotor-speed variety 

[22]. The converter can be also reduced if a transformer is installed between the rotor and 

the converter and the smaller the converter is the smaller the converter losses are. The 

converter losses can be divided into two independent losses, switching and conducting 

losses. If a transformer is installed then the current level can be reduced and consequently 

the conducting losses will be reduced [28]. 
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Figure 9. Variable speed turbine with DFIG scheme [2] 

 

A variable speed turbine they can extract more energy from the wind than the fixed speed 

type. Other advantage is that they manage to maintain the amplitude and the frequency of 

the output voltages at a constant value. As a result of this, DFIGs can be directly coupled 

to the power system [29]. Besides, DFIGs have some reactive power control capabilities 

due to the converter so there is no need to install a capacitor bank. 

 

2.2.1.4 Variable speed turbine with multi-pole or permanent magnet 

synchronous generator 

Traditional synchronous generators are designed to rotate at a speed between 1000 to 

1700 rpm which gives a reasonable efficiency. Thus, a gear box is needed to transform 

the low speed (30-70 rpm) in the turbine into high speed in the rotor [30]. With a multi-

pole or a permanent magnet synchronous generator (PMSG) the rated speed is much 

lower and it can be designed to rotate at the same speed as the turbine. Consequently the 

PMSG can be directly connected to the turbine avoiding installing a gear box, obtaining a 

simpler mechanic system and with a minimum maintenance. This will lead to less noisy, 

lighter and with less losses generators [17]. 
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Figure 10. Schematic diagram of high and low speed generators [17] 

 

The main drawback of this concept is that a multi-pole generator is bigger and more 

expensive that an induction generator and that expensive and complicated power 

electronics are needed in the wind turbine. This is because in order to accomplish variable 

speed operation the power electronics are used to connect the generator to the grid. 

 
Figure 11. Scheme of the power electronics with a PMSG [31] 

 

There are many technologies that can be used in this kind of turbines. Figure 11 

illustrates one that consists of an uncontrollable 3-phase diode rectifier linked to a 

DC/DC boost converter which is followed by a 3-phase PWM voltage source inverter. 
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All this with the proper control system would allow obtaining the right frequency and 

voltage in order to couple the generator with the grid [31]. 

This kind of generator can work with a power factor desired, so they often perform with a 

power factor close to one and therefore no bank of capacitors is needed. 

 

Different concepts also exist and their description are found in [25]. 
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2.3 Distributed Generation 
 

Since the beginning of the last century, the mainstay of the electric power industry has been 

large generation points within well-defined regions. Three main sorts of power plants have 

been built initially: 

 

 Hydro, either different kinds of dams or run of the river services. 

 Thermal, which in this case it is burning gas, oil or coal. 

 Nuclear. 

 

 

Table 1. Worldwide installed capacity in GW by 1st January 2000 [32] 

 

Installed capacity on a global basis is shown in table 1 [32]. These technologies despite being 

efficient have some other disadvantages. The traditional power sources, except hydro, are 

non-renewable energies, so they will eventually run out. Besides they are environmentally 

harmful. Currently, this is a major issue for the governments in the developed countries. The 

contamination worries from the traditional power plants dictate their placing far away from 

the population centers, which are the main consumers of electricity. Therefore, long power 

transmission lines are required with their correspondent electric losses.  
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Figure 12. Comparison between the traditional and the distributed generation [33] 

 

Recently, new ways of increasing the efficiency of the power systems have been thought of 

and this new way of generation, distributed generation (DG), has been researched. DG can be 

seen as “taking the power to the load” [34]. Unlike large power plants, DG can be connected 

at or close to the consumption point. The equipment range of size varies from less than a KW 

to several MW; hence DG can meet almost all the customer’s needs. DG can be developed by 

also the customers and can be located at customer’s site [35]. Many of the DG technologies 

are under development, micro turbines, photovoltaic cells, wind turbines and other concepts. 

Currently wind power has become the most viable among all of them because it is a relatively 

inexpensive way to produce comparing with the other technologies [36]. Basic palpable 

advantages that may be derived out of DG are [34], [37]: 

 Decreasing the cost by avoiding long distance high voltage lines. 

 Environment friendly when renewable energy sources are being used. 

 Running cost more or less constant over the period of time with the use of renewable 

energy sources as these sources are cost free. 

 Increase overall energy efficiency. 

 Voltage support and peak shaving. 

 Possibility of user-operator participation in the generation due to lesser complexity. 

 Easy operation and maintenance. 
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 Integrated within electric distribution systems, thus relieving some of the need to 

spend in transmission system extension. 

 

Nevertheless, important penetration within existing electric distribution systems is not 

deprived of a new set of problems and challenges because the distribution systems have been 

designed for a unidirectional power flow [38]. The following are among the main matters that 

must be addressed [32]: 

 

 Accountability. 

 Reactive power coordination. 

 Safety. 

 Power quality. 

 Reliability and network redundancy. 

 Reliability and reserve margin. 
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2.4 Quality of Electricity Service 

 

There are different definitions for the quality of electricity supply (QES) depending on the 

point of reference, suppliers, customer, etc. However, the following is quite accurate: “Any 

problem shown as a deviation of the voltage, current or frequency from their rated values that 

will lead into a failure or into an inappropriate performance of its equipment or facilities” 

[39]. 

In relation to this definition, the electromagnetic compatibility (EMC) can be included in it 

since it is “the ability of an equipment or system to function satisfactorily in its 

electromagnetic environment without introducing intolerable electromagnetic disturbances to 

anything in that environment” [40].  

It is a crucial issue to all, power suppliers, customers and equipment manufacturers owing to 

many reasons such as decreasing the cost related with oversized facilities or extensive use of 

equipment sensitive to disturbances [41]. With the introduction of any new electronic 

technology into the electromagnetic environment, it continues to become more messy and the 

probability of an EMC problem occurring with a DG technology growths. Therefore, new 

types of EMC problems can be expected [41]. 

One of the key aspects of it is the PQ, which is defined as [42] “characteristics of the 

electricity at a given point on an electrical system, evaluated against a set of reference 

technical parameters”. It is desired to contemplate EMC including PQ a requirement for 

power systems [43].  

Within PQ the voltage quality (VQ) is included by the Council of European Energy 

Regulators (CEER) as a main element in the term QES. A good VQ means to keep the 

deviations of the voltage from an ideal symmetrical sinusoidal voltage conditions within 

specific limits. CEER refers to the subsequent as some of the voltage perturbations [44]: 

 

2.4.1 Voltage interruption, dips and swells 

These are sudden voltage variation and do not last long. They are usually caused by faults and 

by the connection/disconnection of large loads. 
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2.4.1.1 Voltage Interruption 

It happens if the voltage decreases below 0.1 pu that lasts less than one minute.  

 

Figure 13. Voltage Interruption [39] 

 

2.4.1.2 Voltage Dips 

It is a decrease of the voltage between 0.1 pu and 0.9 pu that lasts less than one minute. 

 

Figure 13. Voltage dip [39] 

 

2.4.1.3 Voltage swells 

It is an increase of the voltage between 1.1 pu and 1.8 pu that lasts less than one minute. 

 

Figure 14. Voltage swell [39] 
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2.4.2 Voltage unbalance 

The definition of a balanced three-phase system is [45] “a system which the three-phase 

voltages and currents have the same amplitude and are phase shifted by 120° with respect to 

each other”. Therefore, if one of these conditions is not met the system will be unbalanced. It 

can be estimated as the maximum deviation of the voltage from the average of the three 

phases dived by the average of the three phases [39]. It can be caused by connecting 

monophasic loads into three-phasic circuits. For example small-scale DG installed at the 

customer’s site, such as photovoltaic installations, are connected to the grid at LV by means 

of single-phase power electronic converter units [45]. This will lead to different current values 

in each of the phases. Figure 16 shows a three-phase voltage that is not balance. 

 

Figure 15. Voltage unbalance [39] 

 
It can be measured as: 

 

   
|  |

|  |
      

 

 

Where    is the negative sequence voltage,    is the positive sequence voltage.       is 

established as limit value for voltage unbalance in a distribution level [39]. 

 

2.4.3 Harmonic voltages 

Sinusoidal voltages or currents whose frequencies are integer multiples of the frequency at 

which the system is designed to operate (50 Hz in Europe). The harmonics are combined with 

the fundamental voltage or current and produce distortion of the waveform. 
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Figure 16. Fundamental, 3rd and 5th harmonic and how the waveform is distortion [46] 

 

It is caused by the connection of non-linear loads (rectifiers, inverters, etc.) into the system. 

Nevertheless how complicated the waveform becomes it can always be decomposed, through 

Fourier series analysis, into a series of simple sinusoids. One wave decomposed into some 

harmonics is shown in figure 17. The Fourier series are defined as [47]: 

 

 ( )      ∑ (     
   

 
      

   

 
)

 

   

 

 

 

One of the major effects of the harmonics is to increase the current. This must be taken into 

consideration since the system is designed to stand some level of current and protection may 

not be adequate to handle these new current levels. Its effect can be measured by the Total 

Harmonic Distortion (THD). It is defined as the RMS of the harmonic content,   , divided by 

the RMS value of the fundamental component [48] 

 

    
√∑   

     

   

  
       

 

Where      is the order of the highest harmonic being analyzed. 
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2.4.4 Flicker 

It is a quick and systematic variation of the voltage waveform (figure 18). It is the response of 

the system to a variant load and what is seen is the lighting system observed by the human 

eye. 

 

Figure 17. Waveform of a flicker [49] 

 

In order to measure it, flicker severity is used and it is the intensity of the customer 

inconvenience caused by the flicker defined by IEC 61000-4-15 and is evaluated through     

and    . 

    measures the short-term flicker indication over ten minutes and a flickermeter is used 

whereas     is the severity of long-term flicker indication over two hours [50]. It is calculated 

from a sequence of twelve     in a two hours lapse [39]. 
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2.4.5 Transient overvoltage 

Transient overvoltages is a short (micro/millisecond) duration change in voltage (depend on 

polarity), it can be impulsive or oscillatory and is usually relatively highly damped [51]. Two 

causes of this phenomenon are lightning and electrical switching. 
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An impulsive transient is an abrupt deviation from the steady state voltage, with dominantly 

unidirectional polarity, outside the power frequency range (figure 19). They often result from 

a lightning strike and are then of external origin [51]. 

 

Figure 18. Impulsive transient overvoltage [52] 

 

Oscillatory transients are the result of sudden variations of system conditions, for instance 

switching operation (see figure 20), and could thus be generated “inside” the system. 

Although equipment can be protected with surge protection devices, some transients might 

still affect the performance of electronic devices [53]. 

 

 

Figure 19. Transient overvoltage due to switching operation [52] 
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2.4.5 Voltage Deviation 
In some cases, the instantaneous values of the voltage can be the main reason of failure or 

malfunction [48]. They can be measured by global indices based on comparison between ideal 

and real voltage. Considering a three phase system the normalized three-phase global index 

(     ) is used and it allows the quantification of the PQ level at a three phase busbar, 

including at the same time all three-phase voltage waveforms [48].  

 

      
√ 

 ∫
 
 

 

 
∑ [    ( )          (            ]

 
         

   
         

 

Where p is the phase,      is the real phase voltage,     and      are the nominal phase 

voltage amplitude and frequency,   is the initial argument of the first phase and    is 0, 4π/3 

and 2π/3 for       and  . The       will give a percentage deviation of the real voltage. 
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Chapter 3  

 

Simulations 
 

3.1. Modeling of the Grid 

In order to make an analysis about power quality for distributed wind power generation, a 

model using MATLAB/Simulink is used. The toolbox of SimPowerSystems is used.  

A distribution grid is created with three generation points, four consumption points and it is 

connected with an ideal grid of 120 KV through a transformer. A picture of the grid is shown 

in figure 21. The generation is achieved with three wind turbines that are built as DFIG wind 

turbines (see section 2.2.1.3) and they are exactly the same type. 

 
Figure 20. Distribution grid 

 

These wind turbines are connected to the transmission lines through transformers. The 

consumption points are also located at several points of the power network. The main 

parameters of the grid are presented in the table 2. 
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Data of the parameter of the grid 

Consumption of Load 
 

500 KW 

Consumption of Load 1 
 

1000 KW 

Consumption of Load 2 
 

800 KW - 5KVar 
Consumption of Load 3 

 
525 KW - 2.5KVar 

Transformer 575 V (D)/25 KV 
(Yg) 

Nominal power 2 Mva 

 
Winding resistance 8.333e-4 p.u. 

 
Winding inductance 0.025 p.u. 

 
Magnetization resistance 500 p.u. 

  Magnetization inductance 
Simulink considers it 
infinite 

Transformer 25 KV (D)/ 120 KV 
(Yg) 

Nominal power 47 Mva 

 
Winding resistance 0.0027 p.u. 

 
Winding inductance 0.08 p.u. 

 
Magnetization resistance 500 p.u. 

 
Magnetization inductance 500 p.u. 

Lines positive and zero sequence resistance 
0.1153 Ω/Km  -  0.413 
Ω/Km 

 
positive and zero sequence 
inductance 

1.05 mH/Km  -  3.32 
mH/Km 

  
positive and zero sequence 
capacitances 

11.33 nF/Km  -  5.01 
nF/Km 

Table 2.Grid parameters 
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3.2. Modeling of the Wind Turbine 
 

As said previously, the turbine selected to this model is a DFIG. This has been chosen due to 

it is the type most used in wind power in the last years [27]. This wind turbine needs a wound 

rotor of the IG in order to influence the rotor circuit. Figure 22 shows the equivalent circuit of 

an IG with a wounded rotor.  

Making use of Kirchoff’s second law to the circuit shown in figure 22, 

 

                      (         ) 

  
 

 
  

 
               (         ) 

            (         ) 

 

Where    is the applied stator voltage to the induction machine,    is the stator current,    is 

the rotor current,    is the stator resistance,    is the rotor resistance,     is the stator leakage 

inductance,     is the rotor leakage inductance,    represents the magnetizing losses,     is 

the current through   ,    is the magnetizing inductance,    is the stator angular frequency, 

and   is the slip. 

 

Figure 21. Equivalent circuit of an IG with a wounded rotor [54] 

Figure 23 shows the Simulink model of the DFIG wind turbine use in this thesis. The 

asynchronous machine block is used to create the IG. The stator winding is directly connected 

to the grid whereas two universal bridges with IGBTs are used to build the converter that 

connects the rotor side with the grid side. 
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Figure 22. Simulink model of DFIG 

 

The parameters of the wind turbine are shown in the table 3.  

 

  Data of the induction machine   

 
Rated stator voltage (phase-
phase) 

Vs_rms 575 V 
 

 
Rated rotor voltage (phase-
phase) 

Vr_rms 1975 V 
 

 
Rated frequency f 50 Hz 

 

 
Rated power P 1.5 MW 

 

 Nominal speed n 
1000 
rpm 

 

 
Stator resistance Rs 

0.023 
p.u.  

 
Stator leakage inductance Lsλ 0.18 p.u. 

 

 
Rotor resistance Rr 

0.016 
p.u.  

 
Rotor leakage inductance Lrλ 0.16 p.u. 

 

 
Magnetizing inductance Lm 2.9 p.u. 

 

 
Inertia constant H 0.685 s 

 

 
Friction factor F 0.01 p.u. 

 
  Pair of poles p 3   

Table 3. Induction Generator parameters 

 

The converter placed between the rotor side and the grid side allows the IG to be 

synchronized with the grid and therefore to be directly connected to it. Also it includes the 

ability to maintain the power factor at unity, which is used in this model. It consists in two 

bridges to convert AC to DC and vice versa. These bridges consist in several IGBTs with a 
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diode in anti-parallel. Series resistive snubber circuits are connected in parallel with each 

switch device. Figure 24 shows how one of the bridges is. 

 

Figure 23. Detail of a bridge made of IGBTs [55] 

 

In the following table (table 4) the parameters of the converter are presented. 

 

  Data of the converter   

 
Snubber resistance Rs 1000 Ω 

 

 
Internal resistance of IGBT Ron 0.0001 Ω 

 

 
Forward Voltage of IGBT IGBT Vf 0 V 

 

 
Forward Voltage of diode 

Diode 
Vf 

0 V 
 

 
Grid-side maximum current I 

0.8 p.u. (of generator nominal 
currrent) 

 
Grid-side coupling inductor 
inductance 

L 0.3 p.u. 
 

 
Grid-side coupling inductor resistance R 0.003 p.u. 

 

 
Nominal DC bus voltage Vdc 1150 V 

 

 
DC bus capacitor Cdc 10000 μF 

 

 
Line filter capacitor C 120 Kvar 

 
Table 4. Converter parameters 

 

To control the IG and the converter a control system is used. It uses a torque regulator to 

manage to obtain the maximum power from the wind by optimizing the turbine speed at low 

wind speeds. It is set to keep the speed of the turbine at 1.2 p.u.  Also the control system is set 

to keep the reactive power at 0 Var. In the figure 25 the control system blocks of the Simulink 

model can be seen. 
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Figure 24. Control systems 

 

To finish with the wind turbine it is also needed to model the turbine itself with the turbine 

power characteristics. As it is said in the theory part the output power of the turbine is set by 

the following equation 

 

   
 

 
  (   )            

 

Also,   -λ curve (see section 2.2.) is needed to get the value of    and for this turbine those 

curves are obtained from the wind turbine block of SimPowerSystems and it is shown in 

figure 26, in which the curve for different values of pitch angle are shown. 
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Figure 25. Cp-λ  Curve 
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3.3. Case of Study 

Three different cases will be studied in order to analyze the PQ in this grid. The differences 

between a constant component of the wind and a varying wind will be studied. Also, a 

comparison between the effects of locating the power generation closer to the loads and 

locating all the generation in a unique point will be carried out. In every case the turbines are 

set to have an initial wind speed of 11m/s, an initial rotor speed of 1.2 p.u. The simulation 

time is set to 30 seconds, with a sample time, Ts, of 50 μs. This simulation allows getting 

enough data to the study without running out of memory in MATLAB. 

 

1. Distributed generation with constant wind. The wind speed is maintained at a 

constant speed of 11 m/s. 

 

2. Distributed generation with varying wind. The wind speed varies as shown in 

figure 27. 

 

 

Figure 26 Varying wind speed 

 

3. Generation in the same point (wind farm) with varying wind. The wind behaves in 

the same way as in case 2 but the grid is modified in a way shown in figure 28. The 
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wind turbine block behaves as 3 wind turbines, so the same power is produced than in 

the case 2 but all in the same point. 

 

 

Figure 27. Distribution grid for the third case 

 

In order to study the PQ after the simulation different PQ indices are calculated with the 

results. Those are calculated based on the theory part and they are the following:  

 

 Three-Phase Global Index (     ) 

 Total Harmonic Distortion of the currents (THD). In this case, the highest harmonic 

analyze is the 70
th

 harmonic, which corresponds to a frequency of 3500 Hz. It is high 

enough to show the effect of the converter. 

 Voltage Unbalance (  ) 
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Chapter 4 

 

Results & Analysis 

 

4.1. Distributed Generation with Constant 

Wind 

After the simulation, the values of the voltages, currents and power in every node of the grid 

are obtained. The IG speed and the pitch of the turbine are also obtained besides the DC 

voltage of the converter. As every turbine is exactly the same, the curves for the three wind 

turbine are equal. They are shown in the figure 29. 

 

Figure 28. IG speed, pitch and DC bus voltage 
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Figure 30 shows the power, active (P) and reactive (Q), generated by each turbine and its 

voltage, current (a 0.3 seconds interval is also shown to observe in detail the curves). The 

power is positive when consumed and negative when generated. As it is supposed due to the 

regulation conditions, Q is practically zero and the voltage is mainly maintain at its rated 

value (    (           )               ). Therefore the current should be directly 

proportional to P, and as it can be seen in the figure it is satisfied hence that the turbine 

behaves as it should and the converter works properly. However, the wind speed is constant 

during the whole simulation and consequently big variations are not expected. 

 

Figure 29. P, Q, V and I of IG 
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After calculate the THD of the current of the generator, the level of distortion introduced by 

the harmonics in the distribution network can be measured. Figure 31 shows it and the high 

harmonics introduced by the converters can be noticed. However, this high harmonics are 

attenuated by the filters mounted in the converter and it value is          what does not 

seem to be a problem. 

 

Figure 30. Fourier Transform analysis and THD of the current in the IG 

 

One of the main issues is to analyze the PQ in the loads because the customers are in the 

consumption points. The different loads consume different values of P and Q that are set in 

the model (The Q curves in Load and Load 1 are omitted due to these loads are purely 

resistive so they only consume P). These can be seen in the figure 32 where the loads 

consumptions are shown. The values of P and Q fit in the assumptions of the model with 

small variations due to the sinusoidal behavior of voltage and current.  
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Figure 31. P and Q in the loads 

 

The voltage level is also supposed to be set to the rated value (          ) and the current 

must reach the value to supply the power required. The sinusoidal status of the current and 

voltage are shown in figure 33 (Only one phase and half second interval is shown to simplify 

the lecture of the figure). 
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Figure 32. I and V for the four loads 

 

In order to check that the voltage levels are maintained at its rated value and that the three 

phases behave properly, PQ indices are calculated. Firstly,       is calculated to measure 

how the voltage varies from the rated value. The results are shown in table 5. 
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Load 

 
0.5846 % 

 
Load 1 

 
0.4767 % 

 
Load 2 

 
0.5185 % 

  Load 3   0.3545 % 

Table 5. Values of       

 

As all the values are very small, the voltage level can be assured as the rated value. The 

values of the first three loads (Load, Load 1 and Load 2) can be used also as the values of the 

voltage in the wind turbines because the loads are connected directly to the turbines. 

Consequently the converter in the model is behaving properly since the voltage in the IG is 

also maintained at is rated value. 

Secondly, to analyze if the voltage in the loads is unbalance, the voltage unbalance (Un) is 

calculated. The results are shown in table 6. 

 

     

 
Load 

 
0.1318 % 

 
Load 1 

 
0.1487 % 

 
Load 2 

 
0.1406 % 

  Load 3   0.0861 % 

Table 6. Values of    

 

In the same way that with the       the values are very low. Hence, the voltage is practically 

balanced and it does not cause any PQ problem. The difference between the Load 3 and the 

others can be related with the fact that this load is the only one that is not connected directly 

to an IG and that is the reason of its lower value. 

A difference between the power generated and consumed can be noticed. This amount of 

power is either transferred to the 120000 KV grid or consumed by depending on if the wind 

turbines generate enough power. In this case the power is transferred to the grid because the 

generation is greater than the consumption. Owing to the wind turbines are regulated not to 

generate Q the grid is also responsible for the contribution of Q. The figure 34 shows how the 

grid behaves (To observe clearly the voltage and the current, they are also shown in an 

interval of 0.3 seconds). 
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Figure 33. P, Q, V and I of the grid 

 

Since the grid is assumed as a perfect 120000 KV voltage source, the voltage level is a quasi-

perfect sinusoidal curve. However, the current is very irregular and near to zero due to the 

high voltage values (P is the product of the voltage and the current). After this a study of the 

current should be done to analyze its behavior. The THD of the current is calculated to be able 

to measure the effect of the harmonics. This is shown in the figure 35. 
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Figure 34. Fourier Transform analysis and THD of the current of the grid 

 

The first thing highly remarkable is that the THD is 47.81%; this means that the harmonics 

distorts the current in nearly 50% from a perfect 50 hertz sinusoidal curve. It might be a 

problem but this is a strong grid and the value of the current is really low (            ) so 

it should not be a PQ problem. 
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4.2. Distributed Generation with Varying Wind 

A new simulation is run but now the wind is not constant. Its speed is shown in figure 27 (In 

the previous chapter). The new results will be analyzed in a similar way than before. The IG 

speed and the pitch of the turbine besides the DC voltage of the converter are shown in the 

figure 36. 

 

Figure 35. IG speed, pitch and DC bus voltage 

 

When the wind speed is decreasing in the first seconds the pitch is     in order to 

maximize the wind power obtained. During that state the IG speed is also decreasing until the 

wind changes and it rises. When the wind gets higher than the rated value the pitch control 

starts to vary the pitch angle, this can be noticed around the 12
th
 second of the simulation and 

the 17
th
. It is also remarkable how the pitch varies in the 20

th
 second because of the increase 

of the acceleration of the wind speed. Owing to these, it is appropriate to say that the pitch 

control in the model is working properly. 

As in the previous case, the power, P and Q, generated by each turbine and its voltage, current 

will be analyzed. Figure 37 shows these. 
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Figure 36. P, Q, V and I of IG 

 

In this case Q looks worse than in the first case. Some variations can be noticed due to the 

variation of the wind speed affects the control system of the turbine. There are some peaks 

coinciding around the second 14 and 25, which are moments of sudden change. As has been 

shown before, the voltage level is maintained almost constant during the whole simulation. P 

varies related with the IG speed and the current also behaves similar. 

Now, the effects of the harmonics in the IG will be studied. Calculating the THD of the 

current of the generator, the level of distortion introduced by the harmonics in the distribution 

network can be measured. Figure 38 shows it and the high harmonics introduced by the 

converters can be noticed.  
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Figure 37. Fourier Transform analysis and THD of the current of the IG 

 

This analysis shows that the filters in the model work properly. However, in this case the 

distortion has increased from 3.57% in the constant wind case to 4.03% in this one. There are 

two harmonics that has increased reaching values over 2% whereas in the first case the 

highest value for a harmonic was around 1.5%.  

Analyzing P and Q in the loads is done now. The results of the simulation can be seen in the 

figure 39 where the loads consumptions are shown. The values of P and Q fit in the 

assumptions of the model with small variations due to the sinusoidal behavior of voltage and 

current. 
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Figure 38. P and Q in the loads 

 

The consumption curves of the loads are very similar comparing case 1 and 2. This is because 

the consumption is forced by the model. However, the voltage, and the current might show 

any differences. The following figure shows the voltage and current measured in the loads 

(figure 40). 
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Figure 39. I and V for the four loads 

 

As expected, they are the same as in the previous case. Nevertheless, the PQ indices should be 

calculated and analyzed in order to observe if any difference exits. The same two indices are 

calculated now. The table 7 shows the results for        
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Load 

 
0.6033 % 

 
Load 1 

 
0.5004 % 

 
Load 2 

 
0.5346 % 

  Load 3   0.3830 % 

Table 7. Values of       

As in the first case all the values are very small so the voltage level can be assured as the rated 

value. The four values are slightly higher with a varying wind speed than with a constant 

value but this difference is too small to affect the PQ. 

Secondly, the voltage unbalance (Un) is calculated and its results are shown in table 8. 

     

 
Load 

 
0.1321 % 

 
Load 1 

 
0.1489 % 

 
Load 2 

 
0.1418 % 

  Load 3   0.0868 % 

Table 8. Values of    

 

In this case no difference is highlighted. The values are practically the exact values of the 

previous case. 

To finish the analysis of this case, the 120000 KV grid will be examined. In this event the 

power generated varies and consequently the power flow to/from the grid also varies. Around 

the 7
th

 second of the simulation the grid is given power into the distribution network. This 

point matches with the lowest wind speed but around 25
th
 second of the simulation, the 

distribution network is providing the 120000 KV power grid with almost 1.5 MW.  

Owing to the wind turbines are regulated not to generate Q but they have some peaks the grid 

has also small variations of Q. As explained before the voltage is almost a perfect curve. But 

the current in this case seems to be also highly distorted. Figure 41 shows this power flow and 

the voltage and the current curves. 
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Figure 40. P, Q, V and I of the grid 

 

A study of the current is done to analyze its behavior. The THD of the current is calculated to 

be able to measure the effect of the harmonics. This is shown in figure 42. 
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Figure 41. Fourier Transform analysis and THD of the current of the grid 

 

It is remarkable that the THD is 27.47%; this implies that the harmonics distorts the current in 

a large way from a perfect 50 Hz sinusoidal curve. Nevertheless, this distortion is 

substantially lower than in the first case.  
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4.3. Wind Farm with Varying Wind 

A new simulation is run but the generation is all in the same point as if it was a wind farm 

(with only three turbines in order to compare with the previous case). The distribution 

network is shown in figure 28 (in the previous chapter). The new results will be analyzed in a 

similar way than before. The IG speed and the pitch of the turbine besides the DC voltage of 

the converter are shown in the figure 43. 

 
Figure 42. IG speed, pitch and DC bus voltage 

 

The results are almost the same as in the previous case because the wind speed is exactly the 

same as in case 2. Therefore the IG speed and the variation of the pitch analysis is identical as 

before. 

The power, P and Q, generated by the wind farm should be the sum of the three turbines, the 

voltage and current will also be analyzed. Figure 44 shows these. 
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Figure 43. P, Q, V and I of IG 

 

In this case Q looks very similar as in the second case although it is the addition of three 

turbines but as it oscillates around zero Q does not increase too much. The turbines are set in 

parallel so the voltage should be maintained in a similar behavior as before. P varies related 

with the IG speed and the current also behaves similarly. However, in this case the amount of 

power is remarkable higher so is the current. This happens because of the three turbines that 

inject all the current to the same point since in the case 2 this current was shared in different 

nodes of the grid. 

This current situation of the current should be studied to observe the effects of the harmonics 

of the IG. Calculating the THD of the current of the generators, the level of distortion 

introduced by the harmonics in the distribution network can be measured. Figure 45 shows it 

and the high harmonics introduced by the converters can be noticed 
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Figure 44. Fourier Transform analysis and THD of the current of the IG 

 

This analysis shows that the filters work fine. In this case the distortion has decreased from 

4.03% in the case before to 2.06% in this one. This might be due to the value of the current is 

much higher now and the percentage distortion would be smaller. However, as higher the 

current reaches the more damage it can cause in the different devices.  

Analyzing P and Q in the loads are done now. The results of the simulation can be seen in the 

figure 46 where the loads consumptions are shown. The values of P and Q fit in the 

assumptions of the model with small variations due to the sinusoidal behavior of voltage and 

current 
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Figure 45. P and Q in the loads 

 

The consumption curves of the loads are very similar comparing case 1 and 2. As it is said in 

the previous cases this is because the consumption is forced by the model. However, in this 

case the power consumed is more accurate than in the other cases. For instance, the reactive 

power in Load2 and Load3 oscillates less (it does not overcome 8 KVAr in Load2 nor 5 

KVAr in Load3 whereas in case 2 those values are clearly overcome). The following figure 

(figure 47) shows the voltage and current measured in the loads. 
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Figure 46. I and V for the four loads 

 

As expected, they are quite the same as in the previous case. Nevertheless, the PQ indices 

should be calculated and analyzed in order to observe if any difference exits. The voltages of 
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the loads are not now the same than the IG except for Load and some variations should be 

expected. The same two indices are calculated now. The table 9 shows the results for      . 

 

        

 
Load 

 
0.4055 % 

 
Load 1 

 
0.5890 % 

 
Load 2 

 
0.4238 % 

  Load 3   0.1554 % 

Table 9. Values of       

 

As in the other cases all the values are very small so the voltage level can be assured as the 

rated value. There are some differences between them. Load, Load2 and Load3 values are a 

slight smaller though Load1 is higher but the values still too small to affect the PQ. 

Secondly, the voltage unbalance (Un) is calculated and its results are shown in table 10. 

 

     

 
Load 

 
0.2617 % 

 
Load 1 

 
0.1042 % 

 
Load 2 

 
0.1043 % 

  Load 3   0.1045 % 

Table 10. Values of    

 

In a similar way as the      , these values are very low. Consequently, the voltage is 

practically balanced and it does not cause any PQ problem. The Load value is higher and it 

can be related with the fact that it is connected with the wind farm while the others are not. 

To end the analysis part, the 120000 KV grid will be examined. In this event the power 

generated varies and consequently the power flow to/from the grid also varies. Nevertheless, 

the power generated should be very similar to the power generated in case 2 and therefore the 

grid behavior should be like the behavior in case 2 too. The figure 48 shows this power flow 

and the voltage and the current curves and how similar they are to the previous case. 
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Figure 47. P, Q, V and I of the grid 

 

The curves look in fact alike but it is noteworthy to point out that around 25
th

 second of the 

simulation the 120000 KV grid is receiving more power than in the other cases. This could be 

associated with the statement that now only the power required flows to the loads and 

consequently the power loss in the lines should be lower and the final amount of power is a 

little higher. 

Owing to the wind turbines are regulated not to generate Q but they have some peaks the grid 

has also small variations of Q. As explained before the voltage is almost a perfect curve. But 

the current, as in the previous cases seems to be highly distorted.  

The THD of the current is calculated to be able to measure the effect of the harmonics due to 

it looks high distorted. This is shown in the figure 49. 
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Figure 48. Fourier Transform analysis and THD of the current of the grid 

 

It is highlighted that the THD is 15.45%; this distortion is substantially lower than in the other 

cases. So the current that is going through this node is much less distorted. The fact that all 

the current, except for a small interval of time (around 7
th
 second of the simulation) that the 

grid is injecting current, is generated by the wind farm, and hence the current flows in only 

one way, might be responsible of this low value. 
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Chapter 5  

 

Conclusions 

The PQ in a power network is an important fact and it should be considered in any power 

system. The serious problems that a bad PQ can lead both to generation and consumption 

levels can create failures and faults that might lead in severe damage to different devices. 

After the simulations that have been performed in the three cases, enough results have been 

obtained. Consequently, the influence of the variable nature of the wind could have been 

analyzed. The influence of how the generation is distributed in an electric grid could also been 

studied. Considering this with the use of a single type of wind turbine, the doubly-fed 

induction generator. 

It is important to remark also that the system simulated is quite small and that the results may 

vary if the size of the grid is extended. If the number of generation and consumption points 

change, the results may also differ. 

Comparing the first two cases, the wind nature is observed to affect the PQ. Although it does 

not introduce a distortion big enough to create a problem to this system. This fact may be 

because the wind turbine used is reasonably big (great inertia) and exhibit a big power 

generation for distributed generation. Besides, it requires the use of big power electronics that 

also affects the grid. 

In the third case, the PQ indices improve in the nodes where a wind turbine was removed. A 

fact that agrees with the statement indicated before. This turbine is not the best one to be 

implemented in a distributed generation system. Its performance is better installed within a 

wind farm than independently.  
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