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ABSTRACT 

The following project explains the modulation of all different elements that take part in wind 
turbine of direct-drive technology with a Permanent Magnet Synchronous Generator 
(PMSG), and the use of the model for the studio and analysis of the control system in a real 
model turbine, GAMESA 6.0-154.  

Therefore, it develops a wind speed mathematical model; the power absorbed by the blades 
of the turbine, one synchronous generator of permanent magnets, a converter back-to-back 
with an average model modulation and a NPC Three Level Converter modulation, and the 
electrical grid. With all these elements it has been simulated the entire system performance.  

This project also gathers the implementation of control strategies that allows the regulation of 
different variables of the system, as it can be the voltages, currents and power that take part 
in the system. The main control schemes are the optimal power control and the pitch angle 
control. In addition, the project has implemented a model, which operates with three parallel 
converters at the same time, in order to increase the turbine production availability.  

Finally, the project gathers simulations of the whole system where it shows up the behaviour 
of their elements and control systems. The simulations are done under different conditions, 
constant, gust and turbulence wind speed and unstable electrical grid conditions.   
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RESUMEN 

El presente Trabajo consiste en la modelización de los diferentes elementos que intervienen 
en el funcionamiento de un aerogenerador de tipología direct-drive PMSG (Permanent 
Magnet Synchronous Generator), y el empleo de dicho modelo para el estudio y análisis de 
sistemas en un modelo de turbina real, GAMESA 6.0-154. 

Para ello se ha obtenido un modelo matemático con el software Matlab que simula la 
velocidad del viento, la potencia absorbida por el la turbina eólica, el generador síncrono de 
imanes permanentes, el convertidor back-to-back, donde se ha realizado dos modulaciones, 
una promediada y una modulación de un convertidor NPC de 3 niveles y por último la 
energía entregada a la red interna de un parque antes de ser transformada en la 
subestación para la venta a red eléctrica. De esta forma se simula el funcionamiento de 
todas las partes de  un aerogenerador conectado a la red.  

Otra parte importante del proyecto es la implementación de estrategias de control que 
permiten la regulación de las diferentes variables del sistema como pueden ser los voltajes , 
intensidades o potencias involucradas en el sistema. Los principales esquemas realizados 
son el control de la potencia optima, el control del ángulo de pitch y el control de 
sobretensiones. También, se ha implementado un modelo de tres convertidores paralelos 
que aumentan la disponibilidad de producción de la turbina eólica.  

Una vez descrito el modelo completo y sus sistemas de control se realizarán simulaciones al 
modelo completo bajo distintas condiciones ambientales, estables e inestables. Además de 
esto se analiza el comportamiento del sistema bajo caídas de tensión la red.  
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1. Glossary 

Symbols 
t Time 

T Sampling period 

Tsr Initial ramp time 

Ter Final ramp time 

Ar Ramp amplitude 

Tss Initial slope time 

Tes Final slope time 

Ag Amplitude slope 

h Height generator 

z0 Terrain typology terrain  

Sturb Spectral density turbulence 

Vm Average speed velocity 

Cp Power coefficient 

c1, …, c9 Power constant coefficient 

m Average air flow 

A Blades area 

R Turbine radio 

wt Eolic turbine rotational velocity 

Vwind Wind speed 

P Active power 

Q Reactive power 

r Ohmic resistance 

L, l Inductances 

V DC voltages 

v AC voltages 

I DC intensity 

i AC intensity 

Vef Effective voltage 

Vpic Pic voltage 

Θz Grid electrical angle 

wz Electrical pulse of the grid 

Edc Continuous bus voltage 

C Capacitor capacity (DC part converter) 

Pac AC converter power 

Pdc DC converter power 

Idcm Current of the generator side that goes to the converter 

Idcl Intensity that goes out the converter to the grid 

Ic Intensity that goes through the capacitor 

rs Ohmic resistance of the coils 

L1 Inductance matrix of the generator (do not depend on 𝜃!) 

L2 Inductance matrix of the generator (depends on 𝜃!) 
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LA Inductance that do not depend on 𝜃! 

LB Inductance that depends on 𝜃! 

Θr Electrical angle of the generator 

wr Electrical rotational velocity of the generator 

Φs,abc Magnetic flux that goes through the stator coils 

Φm Magnetic flux per unit of rotational speed 

p Pair of poles 

Lq , Ld Inductance of base dq0 

Kcp Maximum power constant coefficient 

λ Tip speed ratio 

β  Pitch angle 

ξ Damping coefficient 

wn Natural frequency 

f Frequency 

τ Time constant 

ρ  Air density 

α  Current loop constant 

δ Voltage regulator angle 

Γ  Mechanical torque 

Φ Magnetic flux 

Kp Proportional constant of a PI controller 

Ki Integral constant of a PI controller 

Kw Anti-windup close loop constant 

Rbrake Resistance of the brake employ to dissipate energy in overvoltage 

ηg Generator efficiency 

ηt Efficiency between generator and electrical grid 

ηtot Global efficiency 

p. u. Per unit (a dimensional unit) 
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Subscripts and over scripts 
𝒂𝒃𝒄 Refers to the three phases in a three-phase system 
𝒅𝒒𝟎 Refers to the three components in the Park transformation 
𝒍 Refers to the line that connects to the grid 
𝒁 Refers to the grid 
𝑺 Refers to the stator of the generator 
𝒓 Refers to the rotor of the generator 
𝒕 Refers to the Eolic turbine 
𝒏 Refers to normalized elements 
∗ Refers to the wish value 
∧ Refers to the dear value 
𝒐𝒑𝒕 Refers to the optimal value 
𝒎𝒂𝒙 Refers to the maximum value 
𝒎𝒊𝒏 Refers to the minimum value 

 

Acronyms 
𝑽𝑺𝑪 Voltage Source Converter 
𝑷𝑴𝑺𝑮 Permanent Magnets Synchronous Generator 
𝑨𝑪 Alternating Current 
𝑫𝑪 Direct Current 
𝑰𝑴𝑪 Internal Model Control 
𝑷𝑳𝑳 Phase Locked Loop 
𝑰𝑮𝑩𝑻 Insulated Gate Bipolar Transistors 
𝑷𝑾𝑴 Pulse-Width Transistors 
𝑳𝑽𝑹𝑻 Low-Voltage Ride-Through 
𝑹𝑬𝑬 Red Eléctrica de España 
𝑾𝑬𝑪𝑪 Western Electricity Coordinating Council (USA) 
𝑬𝑶𝑵 Energy On (German Electrical Company) 

NPC Neutral Point Clamped 
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2. Introduction 

The target of this project is the modulation, control and simulation of a real wind turbine 
generator of horizontal axes. In particular to obtain a mathematical model that represents a 
wind turbine generator with a PMSG (Permanent Magnets Synchronous Generator) of direct 
transmission and three parallel VSC (Voltage Source converters). This representation will 
allow analysing the model in different situations (gust of winds, voltage drops). Moreover, it 
details the system control, which permits a correct behaviour of all the electrical components 
of wind turbine generator under different conditions.  

The main motivation for the development of this Project was the recent and important 
increase in clean energies, wind energies, and control systems in this actual world. The 
constant effort of today’s world to increase the renewable energy has increase notably in the 
last few years due to the concern in global warming and the environmental status and also 
the dependence of the developed countries in fossil fuel (gas, coal, petrol) that every time are 
more and more limited. This way in the last few years the wind power installed in this world 
has suffer exaggerated increases, multiplying by six the energy installed in the world in the 
last 10 years and becoming the second main energy in our country. This way of energy is 
getting cheaper and it is expected to keep growing in the next few years. 

There are many kinds of wind generators nowadays; this project will be focus on the wind 
generators with PMSG of direct transmission. This kind of generator is normally constructed 
in offshore wind plants, situated in the sea. Although this technology can be more expensive, 
also have some advantages that can be useful to reduce maintenance efforts and repairs of 
damage, that in case of offshore wind parks are produced frequently.  

 

Figure 2.1. World wind power installed 
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3. General Scheme and Subsystem   

In order to be able to study the different aspects presented in the introduction the project will 
simulate all the subsystems components. This way it will be easier to understand and explain 
their behaviour. All the subsystem joined will generate the entire wind turbine model. 

These are the main components modeled: 
• Modulation of the wind speed received by the generator 
• Modulation of the turbine transmission, from wind speed to mechanical energy 
• Generator model. In this Project is considered a Synchronous Generator of 

Permanent Magnets. (SGPM). 
• Modulation of three parallel converters back-to-back, each one make of two 

converters, one AC/DC and another DC/AC (or inverted).  
• Modulation of the electrical grid. 

In order to control all these components and obtain the maximum power from the energy 
absorbed by the blades, this project has developed all the controllers needed for the different 
elements; pitch angle generator or converter control.  

In the figure 3.1 it can be seen the main control scheme of study. The turbine, which absorbs 
the wind energy, is connected directly to the generator, without using a gearbox 
transmission. As I can be seen, the absence of a gearbox is one of the advantages of the 
generator used, Permanent Magnets Synchronous Generator (PMSG). The power provided 
from the generator is transfer to the grid using three parallel converters back-to-back, make 
up of two converters VSC (Volatage Source Converter). The joint between both converters 
has continuous current and in order to keep the voltage constant (Edc) it has a capacitor (C) 
A good control of these converters will allow obtaining the maximum power in every working 
point depending on the wind speed of each moment. The connexion to the grid is made by 
inductances that behave as filters. 
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Figure 3.1. Matlab complete scheme of system connexions 
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4. Modulation 

 Wind 4.1.

In this section it is explained the modulation of the wind speed in a horizontal direction. 
Basically the wind is generated by different temperatures between different regions in the 
world and the own movement of the world (Coriolis). These both phenomena provoke the 
movement of big masses of air between different pressure zones. 

In small scale the wind velocity is conditioned by different factors, the most important one is 
the terrain. Depending on the orography the conditions change. For example, in the top of a 
hill there is an increase in the wind flow because of the orography variation, with higher 
altitudes higher wind speed. Moreover, the presence of forest also changes the wind 
conditions, increasing the turbulence in comparison with open sea conditions, which have 
less impact in wind conditions. This characteristic is named roughness of the terrain. So it is 
evident that the relieve conditions are important for analysing the wind flows. Other important 
factor is the height of the turbine; with higher height, the roughness will have less impact. All 
this facts will be contemplated in this section. 

There are not many registers of wind speed suffer by wind turbine generator in short scale 
time as this project is focus in. Therefore, this project makes one random model with a short 
scale of time. As we want to focus our study in the electrical turbine behaviour in short 
periods (around 10 seconds). Another important aspect is that this project will just considered 
one wind direction, horizontal and perpendicular to the turbine blades. 

To represent the wind speed in short periods, it has been divided the wind speed in four 
components. The first component is constant and represents the average wind speed in the 
hole period vconst(t). The second component represents a constant increase or decrease in an 
specific period of time and is named slope velocity vslope(t). The next component simulates a 
sudden burst of the wind speed, vburst(t) and finally, the last component represents the 
turbulences suffer by the wind, vturb(t) . In this way, the wind speed in each instant of time will 
be given by the sum of all this components. 

 𝑣!"#$ 𝑡 = 𝑣!"#$% 𝑡 + 𝑣!"#$% 𝑡 + 𝑣!"#$% 𝑡 + 𝑣!"#$ 𝑡  [Eq.4.1] 
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4.1.1. Constant, slope and burst wind speed components 

The constant slope takes the mean wind speed value in the period studied, in this project will 
take values from 6 to 12 m/s if we analyse the turbine in its nominal working point. 

The component slope is a first grade equation with defined slope and limited initial time, Tss 
and ending time Tes and amplitude Ar. Basically simulate an increase or decrease, if the 
slope is negative, constant of the velocity in a large period of time.  

𝑣!"#$% 𝑡 =

0 𝑤ℎ𝑒𝑛 𝑡 < 𝑇!!

𝐴!  
(𝑡 − 𝑇!!)
(𝑇!" − 𝑇!!)

𝑤ℎ𝑒𝑛 𝑇!! ≤ 𝑡 ≤  𝑇!"

𝐴! 𝑤ℎ𝑒𝑛 𝑇!" < 𝑡

 [Eq.4.2] 

The burst component creates a sinusoidal fluctuation in the wind speed that persists in the 
oscillation time. This fluctuation is defined by the time of start (Tsb) and ending time (Teb) and 
amplitude (Ab). 

𝑣!"#$% 𝑡 =

0 𝑤ℎ𝑒𝑛 𝑡 < 𝑇!"

𝐴!  1 − cos 2𝜋 
(𝑡 − 𝑇!")
(𝑇!" − 𝑇!")

𝑤ℎ𝑒𝑛 𝑇!" ≤ 𝑡 ≤  𝑇!"

0 𝑤ℎ𝑒𝑛 𝑇!" < 𝑡

 [Eq.4.3] 
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Figure 4.1. Constant, slope and burst components 

 

4.1.2. Turbulence Component 

There are many studies that suggest different forms for modelling the wind turbulence. All of 
them try to estimate the wind intensity with the local properties of the terrain relief and 
stability. Other important factor studied is the power spectrum and describes the wind 
frequency variation. All these factors will be studied.  

In order not to compere the different methods of computation, it has been employed the DS-
472 (Danish Standard) which sets the wind turbulence intensity (Iturb) with the following 
expression.  

𝐼!"#$ =
1

ln ℎ
𝑧!

 [Eq.4.4] 
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Where h is the hub height of the wind turbine and z0 is a parameter that depends on the kind 
of terrain that impact on the generator. The values of this parameter are in the following 
table. 

Terrain	relief	 Value	for	z0	
Open	sea	or	sand	 0,0001	-	0,001	

Snow	 0,001	-	0,005	
Short	grass	 0,001-0,01	

Long	grass	or	rocky	terrain	 0,04	-	0,1	
Forests	or	cities	 1	-	5	

Table 4.1. Turbulence in different terrain conditions 

As it has been said previously, the turbulence spectrum describes the content of the speed 
frequent variation. There are different formulas to represent the spectral density of the 
turbulence (Sturb) like Kaimal spectrum and Von Karman spectrum, but in this project is 
employed the spectral density power given by the Danish Standard in order to reduce the 
amount of calculations. Moreover, as it has been seen, another advantage of this standard is 
the possibility of obtaining the parameters that affect to the intensity of turbulence, such as 
the terrains relief or the height studied. 

𝑆!"#$ 𝑓! =

𝑙! ∙ 𝑉!

ln ℎ
𝑧!

!

1+ 1,5 ∙ 𝑓!  𝑙!𝑉!

!
!
	 [Eq.4.5] 

𝑣!"#$ 𝑡 = 𝑆!"#$ 𝑓!  Δf  cos 2𝜋𝑓!𝑡 + 𝜑! + Δ𝜑
!

!!!

	 [Eq.4.6] 

In order to be able to simulate the wind turbulence from the spectral power density 
(Eq.4.8), is important to generate a series of time. This series is based on the sum of 
different sinusoidal functions with different frequencies and amplitudes (Eq.4.8). Here is 
the description of all factors above.  

− Vm is considered 9 m/s. 
− z0 is fixed as 5*10-4 (following the table 4.1). 
− The height h of the turbine is fixed as 80m. (Normal height in the sea generators). 
− lt is the average turbulence length, is fixed as 600 (for h>30m). 
− 𝛥𝑓 is fixed as 0,1 Hz. 
− fi is the nth component of the range of frequencies, that is fixed between 0,001-0,1 

Hz 
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− n is fixed as 45 (45 frequencies) 
− 𝜌! is the initial phase of every frequency component, random between 0 and 2𝜋 
− 𝛥𝜌 is a small random increment of the phase per every instant of time and to avoid 

the turbulence periodicity 
− Sturb is the spectral density of turbulence 

The next figures plot the turbulences generated in 10 seconds period and the wind 
components sum up, constant, slope, burst and turbulence. One advantage of this kind of 
simulation is the possibility to generate different kinds of wind flows. This way allows 
forcing wind speeds for different Eolic generators as a simulation of an Eolic park.  

	

Figure 4.2. Matlab generation turbulence series 

 

Figure 4.3. Matlab generation wind speed series 
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 Turbine 4.2.

First of all point out that the Betz law estimates that the maximum power ratio that can be 
obtained from wind energy by a wind turbine is 0,5926. This law calculates the maximum 
power obtained from the wind. The kinetic energy of the wind can be expressed in a power 
form as (P = E/t) (Eq. 4.9) using the air mass flow (𝑚) that passes through the blades of the 
generator (see the Figure 4.4) The mass flow can be calculated as a product of the wind 
density (𝜌), wind speed (vwind) and the affected area (A) (Eq. 4.11). Besides replacing this 
mass flow, we can obtain the final expression, used to obtain the wind power. This model 
needs to employ an aerodynamically coefficient (dimensionless) call power coefficient (cp). 

𝑃!"#$ =
1
2

 𝑚 𝑣!"#$!  [Eq.4.7] 

𝑚 = 𝜌𝐴𝑣!"#$ [Eq.4.8] 

𝑃!"#$ =
1
2
𝜌𝐴𝑣!"#$!  [Eq.4.9] 

 

Figure 4.4. Generator affected area 

The power coefficient represents the relation between the power obtain and the power given 
by the wind (cp = P/Pwind). Also exist a physic limit for this coefficient, as it is going to be 

propose Albert Betz, calling the limit of Betz c!!"# =
!"
!"
= 0,5926. So is clear that cannot  be 

obtained the maximum power generated by the wind. So a wind turbine will always work with 
cp smaller to 0,5926. 



Control and Simulation of a Wind Turbine Generation System  Page 21 

 

The cp is expressed as the constants (c1, c2, …, c9) (Eq. 4.13) and (Eq. 4.14) and depends in 
two variables: 

• Pitch angle (𝜷), which is the angle created by the blades with is longitudinal axes. 
• The tip speed ratio (𝝀), that is defined as the coefficient between the blades tip 

speed and the wind velocity in each moment. (Eq. 4.12) 

As it is a function that depends on two variables, the representation of cp can be represented 
as a surface. In the Figure 4.8 it can be seen the graphical representation of coefficient cp (𝛽, 
𝜆) for the constants (c1, c2, …, c9). As it shows the maximum values of the cp coefficient are 
produced when the pith angle is zero. Point out that when this angle is zero, the blades are 
perpendicular to the wind direction. As the pitch angle is increasing, the value of the power 
coefficient keeps reducing considerably. As it can be seen later, this characteristic will be 
really important for the control of the power generated by the wind. Figure out that the 
maximum value of the power coefficient does not reach 0,5 and as it was previously 
commented, the turbine generation is always above the Betz limit (0,5926). With respect the 
tip ratio, the maximum cp is around 7 (𝜆 = 7). 

𝜆 =
𝑤𝑅
𝑣!"#$

 [Eq.4.10] 

𝑐! 𝛽, 𝜆 = 𝑐!(𝑐!Λ − 𝑐!𝜃! − 𝑐!𝛽!! − 𝑐!)𝑒!!!! [Eq.4.11] 

Λ =
1

𝜆 + 𝑐!𝛽
−

𝑐!
1 + 𝛽!

 [Eq.4.12] 

 

Figure 4.5. Pitch angle representation 



Page 22  Report 

  Sergio Echavarren Sarasibar 

 

Figure 4.6. CP variation with respect to pitch angle and speed ratio (own generation) 

 

 Transmission 4.3.

The transmission model describes the behaviour all the mechanical components between 
the generator and the energy absorbed by the blades. Is important to emphasize once again 
that the transmission between the blades and the generator is direct without any gearbox, 
this connexion is named direct-drive, this is one of the main characteristics of the model 
studied. If the model had not been direct-drive transmission, it would have been necessary to 
study the torque variation between the blade axes and the generator axes. This direct 
connection is especially important, although generates over-peaks in the voltage that can 
provoke ruptures or deterioration in the axes. For this reason the blades are modelled as 
elastic instead of rigid structures. To represent this transmission, it is employ the rotational 
dynamic equation (Eq. 4.15).  

Γ!"#$%&' −  Γ!"#"$%&'$ = 𝐽!"! ∙
𝑑𝑤
𝑑𝑡

 [Eq.4.13] 

We have estimated the moment of inertia of the rotor direct through axes mass and we 
compare the torque that comes from the turbine with the torque originated in the generator, 
the difference is divided by the inertia moment and integrated, this way the angular axis 
velocity is obtained.  
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Figure 4.7. Transmission control sketch 

The moment of inertia takes a value of 900000 kg·m2.  

 

 Permanent Magnets Synchronous Generator (PMSG) 4.4.

In this section is presented the PMSG model. Compare to other electrical generators that 
employ excitation coils to create a fixed magnetic field to the rotor, this kind of generator 
employs permanent magnets. With these permanent magnets is possible to generate a 
magnetic field fixed to the rotor without the need of an external excitation circuit. In 
comparison to the coils, magnets are more expensive, but generally these generators are 
more compact and efficient, with a higher potential density. 

One advantage of PMSG is his low rotational velocity (10-25 rpm) that permits connecting 
the turbine to the generator without a gearbox, one of the main reasons of faults and 
breakdowns in a wind turbine. This configuration with the turbine directly connected to the 
generator is known as direct-drive. To be able to make this configuration is necessary that 
the number of pair of poles of the rotor has to be a great amount; this way the generator can 
work in low velocities.  

Moreover, maintenance expenses are low due to the absence of brushes and sliding rings 
that make necessary supply the rotor with electrical current. All these conditions make the 
maintenance costs lower. 

In the figure 4.8 (a) it can be seen a scheme of a synchronous generator with permanent 
magnets situated in the rotor. In the other scheme (b) corresponds to synchronous of 
outgoing poles. Comparing to the permanent magnets generator, it can be seen the coils in 
the rotor. In both cases also are represented the stator coils. 
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Figure 4.8. Synchronous permanent magnet generators with (a) magnets in the rotor and (b) synchronous 
outgoing poles 

In the figure 4.9, it can be seen a comparison between two wind turbine models. The first one 
employs a gearbox to connect the blades axes to the generator and in the second wind 
turbine can be seen a direct-drive connection (without any gearbox).  

 

Figure 4.9. Comparison between Gearbox and Direct-direct coupling in a generator 

In the next figure can be seen a real picture of a permanent magnets synchronous generator 
with coils in the stator and permanent magnets on the rotor.  
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Figure 4.10. Permanent magnets synchronous generator 

According to the permanent magnets position, there are different kinds of rotor. Basically, the 
permanent magnets can be on the rotor surface or be positioned inside the rotor (buried). As 
it is explained later, these different magnets locations in the rotor generate variations in the 
rotor behaviour, changing also its control. 

In the figure 4.11, it can be seen (left), one scheme with an inside view of a synchronous 
generator of permanent magnets with the magnets located in the rotor surface. In the right 
place, it can be seen a scheme of a rotor with permanent magnets located inside the rotor. In 
the Figure 4.10, the magnets are located in the surface.  

 

Figure 4.11. Permanent magnets rotor positions (a) in the surface and (b) buried 

As the PMSG is directly connected to the win turbine blades axes, if the rotor turns with an 
angular velocity wt, the permanent magnetic field of the magnets also spins with angular 
velocity wt. This spin of the magnetic field in the rotor generates a variation in the magnetic 
flow of the coils in the stator that induce three voltages, one per each phase, with sinusoidal 
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pulse, so wr= p *  wt, where p is the number of pairs of poles in the rotor. Due to the location 
of the coils in the stator (see figure 4.10), the induced voltages are out of the phase 120º.  

Once the magnetic field is induced in the stator, the stator generates another magnetic field 
due to the current that passes through the coils. This magnetic field will spin at the same 
velocity that the rotor magnetic field wr. To sum up, there are two magnetic fields, one 
produced by the permanent magnets of the rotor and the second one generated by the 
induced currents that pass through the coils. Working as a generator, the magnetic field of 
the rotor moves the stator magnetic field. If it starts working as a motor the stator electric 
field, will move the rotor electric field.  

This way the generator can provide three-phase current to the outside. The stator electric 
fields moves with a velocity wr = wt * p, which makes that the voltage pulse in the stator is wr 
= 2𝜋fr. Here is shown how the frequency of the sinusoidal tensions (it’s the same for the 
three phases) depends on the number of poles of the generator (p) and has the following 
relation. 

𝑓! = 𝑝
𝑤!
2𝜋

 [Eq.4.14] 

If the generator is connected directly to the electric grid, the rotational velocity will be fixed to 
the frequency of the grid voltage (50 Hz) and the generator will spin to the electrical grid 
frequency as this generator is synchronous. So here comes the need to employ a electrical 
converter that connects the generator to the grid. The generator cannot be connected directly 
to the grid, so it is done employing a back-to-back converter. For this reason, the grid will not 
give the spin velocity and it can be regulated with a controller. 

4.4.1. Modulation of a PMSG 

In the Figure 4.12 can be seen in the PMSG scheme. Is represented as a rotor ring, without 
any electric connexion, as it is formed by permanent magnets. In the stator is considered a 
star connexion without a neutral conductor. So the sum of the three phase intensities has to 
be zero (Eq. 4.17). The voltage in the stator will follow the following equation (Eq. 4.18).  

𝑖!" + 𝑖!" + 𝑖!" = 0 [Eq.4.15] 

𝑣!,!"# = 𝑟!𝑖!,!"# +
𝑑
𝑑𝑡
𝜙!,!"# [Eq.4.16] 
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Figure 4.12. Permanent magnets rotor positions (a) in the surface and (b) buried 

Where rs are the resistances of the coils in the stator, which are all considered the same. So 
𝜙!,!"# corresponds to the magnetic flux that passes through the coils in the stator 

(concatenate flux). The variation in flux concatenated !
!"
𝜙!,!"# is the electromotive force (V) 

that is generated by induced current. The other equation factor 𝑟!𝑖!,!"# represents the voltage 
dropped produced in the resistance.  

From a general case, is considered that the inductances generated in the stator depend of 
the electrical angle in the rotor (𝜃!). Moreover, the magnetic field estimation for each phase 
follows the equation (Eq. 4.17). Where the matrices [L1] and [L2(𝜃!)] are the matrices that 
gathers all the coefficients of auto inductance and mutual inductance between different 
phases (abc). The matrix [L1] (Eq. 4.18) corresponds to the values which not depend of 𝜃! or 
[L2(𝜃!)] (Eq. 4.19) corresponds to those which depend. The term 𝜙! corresponding to the 
magnetic flux per unit of rotational speed of the electric angel (wr), due to the magnets in the 
rotor.  

𝜙!,!"# = 𝐿! + [𝐿!(𝜃! ])𝑖!,!"# + 𝜙!

sin 𝜃!

sin 𝜃! −
2𝜋
3

sin 𝜃! +
2𝜋
3

 [Eq.4.17] 

𝐿! =

𝐿!" + 𝐿! −
1
2 𝐿! −

1
2 𝐿!

−
1
2
𝐿! 𝐿!" + 𝐿! cos 2 𝜃!

−
1
2
𝐿! −

1
2
𝐿! 𝐿!" + 𝐿!

	 [Eq.4.18] 
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𝐿! =

cos 2 𝜃! cos 2 𝜃! −
𝜋
3 cos 2 𝜃! +

𝜋
3

cos 2 𝜃! −
𝜋
3

cos 2 𝜃! +
𝜋
3

cos 2 𝜃!

cos 2 𝜃! +
𝜋
3

cos 2 𝜃! cos 2 𝜃! −
𝜋
3

	 [Eq.4.19] 

The value 𝐿! is an inductance that not depends of 𝜃! y 𝐿!, the maximum value if the 
inductance that variates with 𝜃!. In case of a generator with permanent magnets in the 
surface, the value of 𝐿! ≈ 0, on the other side, one generator with magnets inside the 
rotor LB is a constant that cannot be unevaluated. The inductance Lls is the inductance of 
leakage in the stator currents. 

If is analysed the magnetic flux equation (Eq. 4.17) with respect to time, it is obtained the 
equation of the magnetic flux variation with respect to time. Substituting the equation 
result is obtained the relation between voltage and intensity generators (Eq. 4.20). In 
order to obtain an easier relation the Park transformation is applied (for more information 
see the annex A, Park transformation). Choosing the angle of transformation with the 
electric angle of the rotor (𝜃 = 𝜃!), the equation will be more simple. As there is no neutral 
conductor, (view figure 4.13) there won’t be homopolar and in case do not considered the 
component 0. Doing so, we obtain the equations (Eq 4.24) and (Eq. 4.25). 

𝑑
𝑑𝑡
𝜙!,!"# = 𝐿! + 𝐿! 𝜃!

𝑑
𝑑𝑡
𝑖!,!"# + 𝑤!

𝑑
𝑑𝜃!

𝐿! 𝜃! 𝑖!,!"# + 𝜙!𝑤!

cos 𝜃!

cos 𝜃! −
2𝜋
3

cos 𝜃! +
2𝜋
3

	 [Eq.4.20] 

𝑣!,!"# = 𝑟! 𝐼! + 𝑤!
𝑑
𝑑𝜃!

𝐿! 𝜃! 𝑖!,!"# + 𝑟! 𝐼! + 𝐿! + 𝐿! 𝜃!
𝑑
𝑑𝑡 𝑖!,!"#

+ 𝜙!𝑤!

cos 𝜃!

cos 𝜃! −
2𝜋
3

cos 𝜃! +
2𝜋
3

	
[Eq.4.21] 
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𝑣!,!" =
𝑟! 𝑤! 𝐿!" +

3
2
𝐿! + 𝐿!

−𝑤! 𝐿!" +
3
2 𝐿! + 𝐿! 𝑟!

𝑖!,!"#

+
𝐿!" +

3
2
𝐿! + 𝐿! 0

0 𝐿!" +
3
2
𝐿! + 𝐿!

𝑑
𝑑𝑡 𝑖!,!"# + 𝜙!𝑤!

1
0 	

[Eq.4.22] 

𝑣!! = 𝑟!𝑖!" + 𝐿!"
𝑑
𝑑𝑡 𝑖!" = 0	 [Eq.4.23] 

Finally, to obtain the equation (Eq. 4.24) in a more compact way, the parameters Lq (Eq. 
4.26) and Ld (Eq. 4.27) are defined and replaced in the equation (Eq.4.22) to obtain the 
equation (Eq. 4.26). Finally we free the current derivative to obtain another expression 
that later will be useful (Eq. 4.27). 

𝐿! = 𝐿!" +
3
2 𝐿! − 𝐿! 	 [Eq.4.24] 

𝐿! = 𝐿!" +
3
2 𝐿! + 𝐿! 	 [Eq.4.25] 

𝑣!,!" =
𝑟! 𝑤!𝐿!

−𝑤!𝐿! 𝑟!
𝑖!,!" +

𝐿! 0
0 𝐿!

+ 𝜙!𝑤!
1
0 	 [Eq.4.26] 

𝑑
𝑑𝑡 𝑖!,!" =

−𝑟!
𝐿!

−𝑤!𝐿!
𝐿!

𝑤!𝐿!
𝐿!

−𝑟!
𝐿!

𝑖!,!" − 𝜙!𝑤!
1
𝐿!
0

+

1
𝐿!

0

0
1
𝐿!

𝑣!,!" 	 [Eq.4.27] 

To calculate the power generated, the following equation is obtained (Eq. 4.30) and from 
those voltages equation (Eq. 4.28), equation 4.31 is obtained. Later is necessary to 
remove the factors that represent the power losses, for example the power loses in the 
Joules effect at the stator resistance and the inductance energy stored. Remove this 
factors and reordering the variable exceptions (Eq. 4.32). Figure out that the control and 
simulation is always considered Lq = Ld (LB=0).  
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To calculate the maximum power generated only has to be divided the power by the 

rotational speed of the turbine wt. Moreover, to remember the relation 𝜔! =
𝑤! 𝑝 and 

𝐿! = 𝐿! to obtain the final torque expression (Eq. 4.33). 

𝑃!"# =
3
2 𝑣!"𝑖!" + 𝑣!"𝑖!" 	 [Eq.4.28] 

𝑃!"# =
3
2
𝑟!𝑖!"! + 𝑤!𝐿!𝑖!"𝑖!" + 𝐿!

𝑑𝑖!"
𝑑𝑡

𝑖!" + 𝜙!𝑤!𝑖!" + 𝑟!𝑖!"! − 𝑤!𝐿!𝑖!"𝑖!" + 𝐿!
𝑑𝑖!"
𝑑𝑡

𝑖!" 	 [Eq.4.29] 

𝑃!"# =
3
2 𝜙!𝑤!𝑖!" + 𝑤! 𝐿! − 𝐿! 𝑖!"𝑖!" =

3
2 𝜙!𝑤!𝑖!" 	 [Eq.4.30] 

Γ!"# =
3
2𝑝 𝜙!𝑖!" + 𝐿! − 𝐿! 𝑖!"𝑖!" =

3
2𝑝𝜙!𝑖!"	

[Eq.4.31] 

	

 Converter 4.5.

This project employs two different modulations for the representation of the converter, an 
average model that simplifies the behaviour of the real converter with the representation of 
continuous current sources and a modulation of a Neutral-Point Clamped (NPC) Three-Level 
Converter which gives a more realistic result.  

4.5.1. Average model 

Although the Voltage Source Converters (VSC) are based in discrete state in the opening 
and closing of IGBT, are modeled in a easier way in order to make easier the control design. 
Basically it will be done the converter modulation in two parts, the continuous current part 
and the alternating current part, and fixing the relations between both parts so that the have 
the same behaviour. 

First of all, the structure of VSC converter is presented. In the figure 4.13 it can be seen the 
scheme of a converter DC/AC real created by 6 IGBT, two per each phase. In the figure 4.12 
is represented the sketch of a back-to-back converter, in the right side a rectifier and in the 
right side an inverter. The connexion between both sides is called continuous bus, and it is 
formed by a parallel capacitor.  
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Figure 4.13. VSC converter scheme 

	

Figure 4.14. Back to back converter scheme 

The operation of these converters is based in the control of opening times of IGBT 
(Insulated Gated Bipolar Transistor) that work as controlled interrupters. Therefore 6 
controlled signals are controlled in each commuter. In the simplified model that will be 
analyse in this project does not take into account this discrete states and generates 
voltages from voltage source. It is as an ideal model where IGBT commutation is ideal, 
without loses and high frequencies of commutation. 

	

Figure 4.15. Graph with the IGBT ideal commutation 

In the simplify model of the convertor, the direct current (DC) is modelled as one current 
generator and a parallel capacitor and the alternate current (AC) with three generators of 
alternate current. As it shows the figure 4.15 the alternate part is connected to the grid. 

The current source reflects the power switch between the AC part and DC and ensures 
the energetic balance in the system (in a real converter that is implicit). Then, taking care 
that is one model without losses, it has to comply that the DC part generated is equal to 
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the power AC part (Eq. 4.32). Where Edc is the voltage and Pac is the power shared 
between the converter and the grid. The current through the converter and the grid is the 
same. (𝑖!,!"# = 𝑖!,!"#). 

𝑃!" = 𝐸!"𝐼!"# = 𝑃!" = 𝑣!"𝑖!" + 𝑣!"𝑖!" + 𝑣!"𝑖!" 	 [Eq.4.32] 

In the figure 4.15, is shown the AC part connect to the grid with connexions that have a 
resistance rl and an inductance ll. Where variable vl are the voltages apply to the 
converter and the variable vz are the voltages connected to the grid. From this sketch we 
can obtain the voltage equations applying the Kirchhoff laws (Eq 4.33). Appling the Park 
transformation is obtained the equations of reference dq0 (Eq 4.34).  

𝑣!"
𝑣!"
𝑣!"

−
𝑣!"
𝑣!"
𝑣!"

− 𝑣!! − 𝑣!!
1
1
1
=

𝑟! 0 0
0 𝑟! 0
0 0 𝑟!

𝑖!"
𝑣!"
𝑣!"

+
𝑙! 0 0
0 𝑙! 0
0 0 𝑙!

𝑑
𝑑𝑡

𝑖!"
𝑖!"
𝑖!"

	 [Eq.4.33] 

𝑣!"
𝑣!" −

𝑣!"
𝑣!" = 𝑟! 𝑙!𝑤!

𝑙!𝑤! 𝑟!
𝑖!"
𝑖!"

+ 𝑙! 0
0 𝑙!

𝑑
𝑑𝑡

𝑖!"
𝑖!"

	 [Eq.4.34] 

	

Figure 4.16. DC and AC commutation representation 

	

Figure 4.17. AC and Grid commutation representation 
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4.5.2. NPC Three-level Inverter 

The three level NPC topology consist of 12 switches including 6 diodes. It is necessary to 
connect two capacitors in series both charged with Edc voltage. Each led contains 4 series 
switches with two diodes clamped in series. The main function of the diodes is to clamp the 
upper switches at higher potential to the zero dc-link point. A particular switching pattern will 
give the output of three level NPC inverter.  

 

Figure 4.18. NPC converter representation 

The circuit diagram shown in the figure above gives an idea about the power elements that 
take part in the three level NPC converter. In this circuit, the diodes are located in shuch a 
way that it take different stages of voltage with respect to neutral point N. The splitting of the 
voltage level is considered according capacitors C1, C2 arranged in series with each other 
having neutral point N in between them. The division of the voltage is made as Edc/2, 0, -
Edc/2. So it is named as three level topologies. 

The space vector modulation technique is available for all kind of multilevel inverters. SVM 
technique was developed with the benefits as low current ripple, easy hardware 
implementation and good dc-link voltage utilization. So this technique is used for various 
applications of high voltage and high power conversion. The number of switches increases 
as the level of inverter increases but this causes complexity in implementing the SVM 
technique.  

Having explained theoretically Space Vector PWM, now it is explain the algorithm to 
programe the followed for its implementation in Matlab. It's a simple algorithm make of four 
different blocks or sections. Representation of the modulation method Space vector for a 
three-level converter is carried out on a hexagon shown in figure 22.  
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Figure 4.19. Space vector modulation three level NPC converter 

In the following diagram shows the main blocks for the computations of the modulation.  

 

Figure 4.20. Diagram of  SVM computation 

The first block, sector computation; calculate in which main sector of the six triangles is 
located. So it calculates the angle 𝛾 with the active and reactive voltage and depending on 
the voltage locates the main triangle section.  
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Figure 4.20. SVM main sectors 

The second step employs the same technique to the first one, but this time the vector has to 
be located in one of the four triangles that divide the first sector found so that it reach the 
three points closest to the vector.  This will give us the three nearest point to the vector.  For 
the calculations of the transformation projected to the following vector.  

 
Sector 𝜷 variation (rad) 

1 0 
2 - 𝜋/3 
3 - 2𝜋/3 
4 + 𝜋 
5 + 2𝜋/3 
6 + 𝜋/3 

Table 4.2. Angle variation between sections 

The first thing to do is to look at the value of the β component of the input vector of the 
algorithm. If the component is greater than a certain value, in this case as indicated in figure 
26, βs, it is automatically known to be in triangle 3. 

The area with a component β <βs presents more difficulties, since there are three options in 
which triangle of the bottom three is being. The proposed option is to position yourself at the 
midpoint of the base of the triangle that forms the sector (indicated in figure 26 in red) and 
from they’re to the point Vαβ form a vector. This new vector will form an angle φ with respect 
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to the indicated central point. The value of this angle it will be between 0 and 180º, and 
knowing that between 0 and 60º the point will be located in triangle 2; that between 60 and 
120ºwill be located in triangle 1; and that if the value of that angle φ is between 120 and 
180º, it will be in triangle 0. 

 

Figure 4.31. Section SPM triangle division 

Once it has been obtained the three closes points (P1, P2 and P3) with the input voltage 
vector to the algorithm, it can be calculated the duty cycles, third block that will mark the 
necessary duration of time that the switches must be in a certain position. The equation for 
the calculation of the duties is the following.  

𝑉!" = 𝑑! ∙ 𝑃! + 𝑑! ∙ 𝑃! + 𝑑! ∙ 𝑃! [Eq.4.35] 

To this restriction it has to be added that the sum of all the duty cycle has to be equal to 1. 

So it is a system with three equations and three unknowns, although the vector equation 
gives us two vector equations and the sum of two duty cycles equal to 1. This makes that the 
3 equations system has three unknowns, d1,d2 and d3.  

The resolution of the matrix system will be as follows: 

𝑃!! 𝑃!! 𝑃!!
𝑃!! 𝑃!! 𝑃!!
1 1 1

∙
𝑑!
𝑑!
𝑑!

=
𝑉!"
𝑉!"
1

 [Eq.4.36] 

When the three duty cycle have been computed, it just need to be calculated how long need 
the phases a, b, c be in positive, negative or zero (forth block). To make this calculation is 
employed the three closest points those which are associated to a state in each theoretical 
section.  
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Figure 4.22. Triangle with three closed-points 

It is taken as an example three points whatever, like the picture above. These points have 
associated one phase per each phase: positive (1), cero (0) and negative (-1). As important 
is that the information of the three points components, as the state of their phases, although 
this will allow knowing how long has to be each phase.  

The main target is to reduce the commutations and avoid the change from negative to 
positive or otherwise changed without passing through point cero. It consists on finding an 
average in which one phase do not need to commute and if it does, do it just once, although 
it is more appropriated.  

With this last step it can be calculated the Space Vector.  

 Electric grid 4.6.

As it has been said in the previous sections, the wind turbine is connected to the electrical 
grid that is modeled as an equilibrated three-phased grid. The grid model is made of three 
voltage sources of the same voltage and 120º out of phase. The converter is connected to 
the grid using inductances in order to filter the voltage generated by the converter.  

	

Figure 4.23. Grid charge representation 

So the equations that represent this model are the following. Where Vef is the efficient 
value of voltage between its phases (phase-neutral voltage), wz is the pulse that has the 
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electric grid. (𝑤! = 2𝜋𝑓!, where 𝑓! = 50 𝐻𝑧 is the frequency in Europe). The value of 𝜃! 
corresponds to the initial phase of electric angle.   

𝑣!" = 2𝑉!" cos 𝑤!𝑡 + 𝜃! 	 [Eq.4.37] 

𝑣!" = 2𝑉!" cos 𝑤!𝑡 + 𝜃! −
2𝜋
3 	 [Eq.4.38] 

𝑣!" = 2𝑉!" cos 𝑤!𝑡 + 𝜃! +
2𝜋
3 	 [Eq.4.39] 

Now is important to remember the difference between effective value and pic value. The 
effective value, of an alternating signal (current or voltage) is the constant value 

equivalent to the same value as in continue source. For sinusoidal voltage is V!" =
!"!
!
=

398,37 V. 
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5. Control 

 System description. Control sketch. 5.1.

In this section is described all the control system for a wind turbine with PMSG. First of all the 
sketch shows the real control sketch of the complete system (see Figure 5.1). Later is 
described the control simulation through two schemes that represent both sides of the 
system, the grid side (5.1.1) and the generator part (5.1.2). 

The main difference between the real control system and the simulation is the control of the 
converters. In the real state, the control signals that are generated in the current loop shown 
in the figure 5.1 are modeled with PWM technique (Pulse-With-Modulation). With this kind of 
modulation for each converter are generated 6 control signs per each IGBT, as it is shown in 
the section 4.4. 

 

Figure 5.1. Control sketch of the whole system 
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5.1.1. Grid side 

The VSC permits to control two electrical variables in the qd0 frame allowing to separately 
controlling active and reactive power. The reactive power reference can be obtained from a 
higher-level control system (grid operator) or set to a given value. For renewable energy 
systems, it is adjusted to regulate the DC bus voltage and to ensure the power balance, i.e. 
the power injected into the grid has to be the same as the generated power. The general 
control scheme for this configuration is shown in Figure 5.1. 

The control scheme is based in a two level cascaded control system, the lower level 
controller allows to regulate the AC current in the q and d components, while the higher level 
controller deals with the regulation of the DC bus voltage. 

The controllers deal with currents and voltages in the qd0 reference frame rotating to adjust 
the electrical grid angle. For this reason, a Phase Locked Loop (PLL) to track the grid angle 
is required. 

 

Figure 5.2. Control sketch of the Grid side 

The current references 𝑖!∗  and 𝑖!∗  to obtain the desired active and reactive powers 𝑃 
∗ and 𝑄 

∗ 
can be obtained from the instantaneous power theory, which are: 

𝑃∗ =
3
2
𝑣!"𝑖!"∗ + 𝑣!"𝑖!"∗  [Eq.5.1] 
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𝑄∗ =
3
2
𝑣!"𝑖!"∗ + 𝑣!"𝑖!"∗  [Eq.5.2] 

The Phase Locked Loop system described later, not only computes the electrical grid angle 
but also ensures that 𝑣!  = 0. Substituting them in equations 5.1 and 5.2, the current 
references 𝑖!∗  and 𝑖!∗  can be described as: 

𝑖!"∗ =
3
2
𝑃∗

𝑣!"
 [Eq.5.3] 

𝑖!"∗ =
3
2
𝑄∗

𝑣!"
 [Eq.5.4] 

The computed reference current has to be limited according to the physical limitations of the 
converters. The limitation can be done differently depending on the priorities between active 
and reactive power: 

• Prioritizing 𝑖!  (active power) and providing only reactive power if there is enough 

available current. 
• Prioritizing 𝑖!   (reactive power) and providing only active power if there is enough 
available current. 
• Maintaining the angle between P and Q and reducing both of them equally. 
 

5.1.2. Generator side 

The figure 5.3. shows the generator side control scheme. This scheme presents the other 
side control scheme of the general system that takes from the turbine to the converter 
AC/DC. In a similar way to the scheme of the previous section (Figure 5.2), in the other 
converter side reacts as a voltage source in the AC part of the converter (𝑣!,!"#) in a way that 
the current in the stator (𝑖!",𝑖!") of the machine follows the desire current (𝑖!"∗ , 𝑖!"∗ ). 

As it is shown later, fixing the current value to the desired intensity 𝑖!"∗  controls the rotational 

movement of the turbine and in each case the power generation (5.5 and 5.6). The figure 5.3 
shows how 𝑖!"∗ can be fixed, employing the value of the optimal torque (Γ!"#∗ ). So controlling 

the value of the current 𝑖!"∗ , the values of voltage levels can be limited (5.8). 

In order to obtain the constant current values another Park transformation is applied (𝑇 𝜃! ). 
In this case, the angular value will be the electrical angle in the rotor 𝜃! calculated integrating 
the rotational velocity of the turbine (𝑤!) per each number of pole pairs (𝑝). In order to 
guarantee the power equivalence powers during the simulation model between the DC and 
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AC part of the converter, the current is fixed at 𝐼!"# = !!"
!!"

, where 𝑃!" corresponds to the 

power part AC. This equivalence is implicit. 

 

Figure 5.3. Control sketch of the Generator side 

 

 DC Voltage Regulator 5.2.

The voltage regulator target is to keep the voltage of the continuous bus in a constant 
value of 3300 V. It employs a capacitor (with capacitance 𝐶), which allows to fix the 
voltage values and to absorb the voltage picks produced by power inputs (coming from 
the generator). If we remember the simulation converter scheme (see figure 4.17) and 
considering only the DC part of the converter, it can be determined the current relation 
(Eq. 5.6). The equation that describes one capacitor performance (Eq. 5.5) shows that 
when the bus voltage derivative (𝐸!") with respect to time is zero implies that the voltage 
bus is constant and the current that passes through the capacitor (𝐼!) zero. Consequently, 
in order to equation 5.6 is fulfil that 𝐼!"# = 𝐼!"# . This is the desired situation, keeping the 
voltage constant in order to keep all the input power received from the generator (without 
loses). Applying the Laplace transformation (Eq. 5.5) is obtained the transfer function that 
relates the voltage and the current (Eq. 5.7). 

𝐼! = 𝐶
𝑑𝐸!
𝑑𝑡 	

[Eq.5.5] 

𝐼! = 𝐼!"# + 𝐼!"# 	 [Eq.5.6] 

𝐸!"(𝑠)
𝐼!(𝑠)

=
1
𝐶𝑠	

[Eq.5.7] 
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The control scheme in the figure 5.4.shows that a reference voltage of 3300 V is fixed and 
is compared with the feedback real voltage with a closing loop makes that ensures that 
the real voltage is fixed. Also considers the disturbance of the current from the converter 
(𝐼!"!). The transmittance 𝐺!(𝑠) is the controller and its output is the current applied to the 
converter 𝐼!"# in the grid side. If it is subtracted from this the rectifier current, we obtain the 

current give to the condenser 𝐼!, dividing and integrating it (1 𝐶!) the bus voltage is 

obtained. 

	

Figure 5.4. Voltage regulator close loop system 

To see how affects the entrance of current in the rectifier (𝐼!"#) over the bus voltage it has 
been calculated the close loop transference function of the system taken in the entry 𝐼!"#. 
The resultant system is the Figure 5.5, from which it can be determined the system 
transmittance (Eq. 5.9) in 𝐺! 𝑠  of a PI controller (Eq. 5.8). Choosing the constant 
proportional values and integrating the Eq. 5.10, a second order system is obtained.  

𝐺! 𝑠 =
𝑘!𝑠 + 𝑘!

𝑠 	 [Eq.5.8] 

𝐸!"(𝑠)
𝐼!"#(𝑠)

=

1
𝐶!

1+ 𝐺!(𝑠)
1
𝐶!

=
𝑠
𝐶

𝑠! +
𝑘!
𝐶 𝑠 + 𝑘!𝐶

	 [Eq.5.9] 

𝑘! = 2𝜀𝑤!𝐶 ;  𝑘! = 𝑤!!𝐶	 [Eq.5.10] 

𝐸!"(𝑠)
𝐼!"#(𝑠)

=
𝑠
𝐶

𝑠! + 2𝜀𝑤!𝑠 + 𝑤!!
	 [Eq.5.11] 
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Figure 5.5. Regulator sketch with perturbations entry 

The poles of this system are roots of the equation denominator (Eq. 5.11). Depending of 
the natural pulse values 𝑤! and the damping coefficient, the answer will be over-estimated 
or under-estimated (also there is the case of critical damping). With a stable response, or 
is a system with poles in the negative part. In this project is studied the answer without 
over voltage peaks (and stable) and it is tried to avoid an under-estimated response, that 
takes more to get the target value and produces over-peaks. The desired answer will be 
always an over-estimated, over all and takes longer to obtain the final value, without 
producing over-peaks. The poles of this system are (Eq. 5.12) represented in the 
imaginary plane as it shows figure 5.6.  

𝑠!,! = −𝑤!𝜉 ± 𝑤! 1− 𝜉!	 [Eq.5.12] 

	

Figure 5.6. Representation of the system poles 

To analyse the over-peaks is necessary to look for the time response of the system for 
each step input. This way 𝐼!"# 𝑡 = 𝑢 𝑡  will be a step input, where each Laplace 
transformation will be (Eq. 5.13) and applying this input to Equation 5.11 we obtain the 
domain step response (Eq. 5.14). Calculating the Laplace transformation inverse and 
working with the equation obtained, it gets a temporal response (Eq. 5.15).  
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𝐼!"# 𝑠 =
1
𝑠	

[Eq.5.13] 

𝐸!" 𝑠 =
1
𝐶

𝑠! + 2𝜉𝑤!𝑠 + 𝑤!!
	 [Eq.5.14] 

𝐸!" 𝑡 =
1

𝐶𝑤! 1− 𝜉!
𝑒!!!!" sin 𝑤! 1− 𝜉!𝑡 	 [Eq.5.15] 

In order to obtain the time, in which over-peaks are produced, is just need to derivate the 
expression (Eq. 5.15) with respect to time and equalize to zero. The equation 5.16 is 
obtained reorganizing the terms. Then, it has to be remembered that with figure 5.6 is 
easy to identify the relation (Eq. 5.17), with which a simplify expression is obtained of the 
peak-times (Eq 5.18), the instant where the over-peak is produced (maximum value). To 
obtain the over-peak value is just needed to substitute the pic time (𝑡!"#) in the equation 
(Eq. 5.15). 

tan 𝑤! 1− 𝜉!𝑡 =
1− 𝜉!

𝜉 	 [Eq.5.16] 

tan 𝜋 − 𝛿 =
1− 𝜉!

𝜉 	 [Eq.5.17] 

𝑡!"# =
𝜋 − 𝛿

𝑤! 1− 𝜉!
	 [Eq.5.18] 

To fix the damping factor, the values of natural frequency are chosen and it will be more 
reasonable to set 𝑤! to higher frequencies, but doing so also increment the system 
oscillations. When the damping coefficient is bigger, the over-peak becomes lower but 
also a higher stabilisation time. As we are interested in a relatively fast response and an 
over-peak not so elevated (<50 V) in order not to damage the converter. 

The working point chosen 𝑤! = 166 𝑟𝑎𝑑 𝑠 and 𝜉 = 3,33. 

In the figure 5.7 is represented the temporary response with a step input of value 
Idcm=3300 A, that represents the nominal value of the wind turbine. As it can be seen the 
simulated value matches with the over peak calculated because it is multiply by the 
relative over-peak by the step entry and is obtained the value of an over peak of 2V.  
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Besides, as it can be seen in the general control sketch, the voltage regulator fixes the 
value of 𝑖!"∗  in order to fixe the current that passes though the grid and this way controlling 
the voltage. In order to reach that goal, the control sketch represented in figure 5.5 is 
employed, where the output in the generator corresponds to the current in the controller Ic 
that operates with Idcm generating the current Idcl that the converter transmit to the grid. If it 
is multiply by the bus voltage Edc the power transmitted is obtained. Employing the relation 
of the equation 5.3.  

 

Figure 5.7. Edc time response to a step input 

All this calculations are valid to a step input of 𝐼!"# = 3300 𝐴 and the temporal response of 
the system is represented in the figure 5.8. Is important to analyse the maximum over peak 
that can be produced by the system that will be of around 15 V, although the 15 V applied 
corresponds to 3300 A of step input that corresponds to the nominal machine power.  

 

Figure 5.8. Edc time response with nominal conditions 
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 Current loop 5.3.

5.3.1. Grid side 

Looking the voltage equations is observed that the coupling of the components q and d of the 
voltages and currents. The control will be done decoupling and controlling in an independent 
way both voltage components. From the equation that relates the grid and converter voltages 
(Eq. 4.34) and applying the Park transformation voltages relation is obtained in dq0 base.  

If it is assumed that 𝑣!" = 0 this is done by the PLL as it is describe in the section 5.4, the 
voltage equations can be written as 

𝑣!"
0 −

𝑣!"
𝑣!" = 𝑟! 𝑙!𝑤!

−𝑙!𝑤! 𝑟!
𝑖!
𝑖!

+ 𝑙! 0
0 𝑙!

𝑑
𝑑𝑡

𝑖!
𝑖!

 [Eq.5.19] 

where we can see that it exist a coupling between the q and  d components of voltages and 
currents. So the q and d are decoupled using 

𝑣!"
𝑣!"

=
−𝑣!" + 𝑣!" − 𝑙!𝑤!𝑖!
−𝑣!" + 𝑙!𝑤!𝑖!"

 [Eq.5.20] 

where 𝑣!" and 𝑣!" are the outputs of the current controllers and 𝑣!" and 𝑣!" are the voltages 

to be applied by the converter.  

Substituting in the voltage equations, it is obtained 

𝑣!"
𝑣!"

= 𝑟! 0
0 𝑟!

𝑖!
𝑖!

+ 𝑙! 0
0 𝑙!

𝑑
𝑑𝑡

𝑖!
𝑖!

 [Eq.5.21] 

Applying the Laplace transformation, the transfer function between the controller voltages 
and converter currents can be derived as 

𝑣!"(𝑠)
𝑖!(𝑠)

=
1

𝑙!𝑠 + 𝑟!
 [Eq.5.22] 

𝑣!"(𝑠)
𝑖!(𝑠)

=
1

𝑙!𝑠 + 𝑟!
 [Eq.5.23] 

The controller can be designed using the Internal Model Control Technique, resulting the 
following controller, 

𝐺!"# 𝑠 = 𝐺!"# 𝑠 =
𝑘!𝑠 + 𝑘!

𝑠
 [Eq.5.24] 
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where the constants can be calculated as 

𝑘! =
𝑙!
𝜏

 [Eq.5.25] 

𝑘! =
𝑙!
𝜏

 [Eq.5.26] 

In the Figure 5.9 shows the implementation of a current loop and also the variables obtained 
once it has been calculated the control loop. 

In the Figure 5.13 it can be proved that the time response by step input is the characteristic 
of a first order system and the time constant is the same as the fixed τ = 0.01 seconds. 

 

Figure 5.9. Current controller system in the grid side 

 

Figure 5.10. System response to a step izq input 
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5.3.2. Generator side 

This current side loop is designed with an employing a vector control of the voltage and the 
current. From the voltage equations defined in the previous point (Eq. 4.28), first of all 
disconnect the voltages and the currents. It can be done employing the following equations 
(Eq. 5.34) and (Eq. 5.35), that can be substituted in the equations (Eq. 4.28) are obtained the 
decoupled equations (Eq. 4.28) are obtained the decoupled equations (Eq. 5.36) and (Eq. 
5.37). This equations decoupled can be controlled employing the IMC technique, previously 
commented.  

𝑣!" = 𝑣!" + 𝑤!𝐿!𝑖!" + 𝜙!𝑤! [Eq.5.27] 

𝑣!" = 𝑣!" + 𝑤!𝐿!𝑖!" + 𝜙!𝑤! [Eq.5.28] 

𝑣!" = 𝑣!" − 𝑤!𝐿!𝑖!" [Eq.5.29] 

𝑣!" = 𝑟!𝑖!" + 𝐿!
𝑑𝑖!"
𝑑𝑡

 [Eq.5.30] 

𝑣!" = 𝑟!𝑖!" + 𝐿!
𝑑𝑖!"
𝑑𝑡

 [Eq.5.31] 

Applying the Laplace transformation and reorganizing the terms the transfer function of the 
control plants can be controlled 𝐺!"(𝑠) and 𝐺!"(𝑠). 

𝐺!" 𝑠 =
𝑖!"(𝑠)
𝑣!"(𝑠)

=
1

(𝑟! + 𝐿!𝑠)
 [Eq.5.32] 

𝐺!" 𝑠 =
𝑖!"(𝑠)
𝑣!"(𝑠)

=
1

(𝑟! + 𝐿!𝑠)
 [Eq.5.33] 

Then, defining the controller with 𝐾 𝑠 = 𝐴(𝑠)𝐺!!(𝑠) are obtained the constants of the PI 

controller, where 𝛼 is the inverse of the time constant. (𝛼 = 1 𝜏).  

𝑘!" = 𝑘!" = 𝛼 𝑟! [Eq.5.34] 

𝑘! = 𝛼 𝐿! [Eq.5.35] 

𝑘! = 𝛼 𝐿! [Eq.5.36] 

In the Figure 5.11, it can be seen the implementation of the current loop and also the 
variables obtained once it has been calculated the control loop. 
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Figure 5.11. Current controller system in the generator side 

 

 Phase Locked Loop (PLL) 5.4.

The phase Locked Loop is a controlled closed loop use to estimate the angle (𝜃!) and the 
pulse (𝑤!) of the electric grid. Mainly, it consists on a feedback of the voltage component 𝑤! 
of the voltage of the grid fulfilling this to be zero, as it can be shown in the Figure 5.12. Is 
filtered with a PI controller and is obtained the pulse of the net. In order to obtain the angle of 
the net, we just need to integrate the velocity though the integrator.  

 

Figure 5.12. Current controller system in the grid side 

The control can be defined in the following way: 

𝐾! 𝑠 = 𝑘!
1 𝜏!"" + 𝑠

𝑠
 [Eq.5.37] 

The constants 𝜏!"" and 𝑘! are obtained from the following equations where the values of 

𝐸! = 0,5 𝑉 are fixed, which is the voltage pic. Moreover, 𝜉 = 0,01 which is the damping 
coefficient and 𝑤! = 100𝜋 which is the natural frequence.  
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𝑤! =
𝑘!𝐸!
𝜏!""

 [Eq.5.38] 

𝜉 =
𝜏!""𝑘!𝐸!

2
 [Eq.5.39] 

  

 Optimal Power Control 5.5.

In order to control that the power obtained from the wind in each moment is the optimums it 
has to be implemented a specific control based in determining the optimal power for each 
angular velocity in the turbine. For each angular velocity of the turbine it can be estimated the 
control sign of the converter, that indicates the electrical torque that is given to the generator 
and at the same time will make vary the rotational velocity of the turbine. All this will provoke 
that the angular velocity of the generator obtains the maximum power in each moment. It 
consist in a control that keeps the tip speed ratio constant, in order to determine the pitch 
angle. Especially the pitch angle of 0º.  

Starting from the wind power expression (Eq. 4.12) it can be seen that all the terms are 
constant in exception to the wind speed and the power coefficient (cp). As the wind speed 
cannot be controlled, we are only able to change the cp, as it can be seen in the equations 
(Eq. 4.14) and (Eq. 4.15) depending in the pitch angle of the tip speed ratio. So to determine 
the maximum power we will have to maximize the cp value in function of the pitch angle. 
Deriving the cp with respect the tip speed ratio (𝜆), and equalizing to zero (to impose 𝜆 
constant) and isolating 𝜆 the optimal value is obtained of the tip speed ratio. (Eq. 5.45) that 
makes that cp has to be maximum. So we substitute this values to the expressions of the cp is 
obtained the coefficient for the optimal power (Eq. 5.46). 

𝜆!"# 𝛽 =
𝑐!

𝑐!
𝑐!
+ 𝑐!𝑐!
1 + 𝛽! + 𝑐!𝛽 + 𝑐!𝛽

!! + 𝑐!
− 𝑐!𝛽 [Eq.5.40] 

 

𝐶!
!"# 𝛽 =

𝑐!𝑐!
𝑐!

𝑒!
!!!!!!!!!!!!!!!!!!!

!!  [Eq.5.41] 

Finally, we substitute the expression of 𝑐! optim in the power equation (Eq. 4.12) and 
dividing by the angular velocity of the turbine the optimal torque is obtained in function of the 
angular velocity (𝑤!). Moreover, with the equation of the tip speed ratio (Eq. 4.13) can be 
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obtained the torque excludable in function of the angular velocity. Then substituting the 𝜆!"# 

to the equation is obtained the optimal parell that can be expressed as the constant (𝐾!") 

multiply by the angular velocity to the square (Eq. 5.47). As the expression of Kcp in function 
of 𝛽 is too long, it is just shown the expression with 𝛽 = 0 (Eq. 5.48).  

Γ!"#∗ = 𝐾!"𝑤!! [Eq.5.42] 

𝐾!" =
𝑐!𝑒

! !!!!!!!
!! 𝑐!𝑐!𝑐! + 𝑐!𝑐! + 𝑐! !

𝑐!!𝑐!!
1
2
𝜌𝐴𝑅! [Eq.5.43] 

Therefore, the objective is that the generator operates with one torque equal to the equation 
(Eq. 5.47). For doing it, we just need to fix the current 𝑖!"∗  so that the torque of the generator 

is the desired (remember the control scheme of the Figure 5.3). In the section 4.3.1 are 
presented the equations in reference to the generator, in which there is an expression of the 
torque in function of 𝑖!" (see Eq. 4.33). Moreover, in the same way (Eq. 4.33) and (Eq. 5.47), 

and considering that the inductances desired 𝑖!"∗  (for those cases where 𝐿! ≠ 𝐿! see annex 
C. Maximum torque for ampere). This way, with this intensity, the torque generated will be 
the desired and the power generated will be optima. 

𝑖!"∗ =
2Γ!"#∗

3𝑝𝜙!
 [Eq.5.43] 

In the Figure 5.15 are represented the curves of the extracted power (for 𝛽 = 0) by differents 
wind speeds and the curve of the optimal power calculated as it has been explained. Indeed, 
the curve feats with the maximum power in the different speeds of winds. It can be seen that 
this coincidence of maximums are not produced in the torque curves (Figure 5.16). But the 
maximum torque is produced with an angular velocity smaller to the maximum power. It can 
be said that getting the maximum power does not mean working with maximum torque, but 
working with higher speeds and inferior torque.  
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Figure 5.13. Power generated against turbine angular speed 

 

Figure 5.14. Torque generated against turbine angular speed 

 

 Pitch Angle Control 5.6.

5.6.1. Description and strategies of control 

The control of the pitch angle in turbine consists in the variation of the pitch angle, employing 
the rotation with respect to the longitudinal axes of the blades (see Figure 5.12). This 
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variation of the angle produces an effect very important in the quantity of energy lost by the 
wind turbine. As it has been introduced in the section 4.2, increasing the pitch angle of the 
blades the power coefficient is reduced (see Figure 4.6) and in this cases it absorbs fewer 
energy from the wind. The regulation of the pitch angle is required when the wind speed is 
above the nominal value. In these cases, increasing the pitch angle is required in order to 
reduce the power generated to its nominal value. If there is not action in the pitch angle, the 
wind turbine will keep speeding up till dangerous rotational speeds that could damage the 
turbine components. The control of the pitch angle allows the generator not to switch off and 
keep generating power when the wind speed is above the nominal value, all this keeping the 
rotational velocity and the power in nominal values.  

So it can be distinguish four different zones working zones depending in the wind speed that 
receives the aero generator. All this zones are represented in the Figure 5.15.  

1. Below the minimum speed wind. When the speed wind is too low, the generator does 
not start working, and keeps stopped. Normally, the minimum wind speed is around 
4-5 m/s depending on the turbine.  

2. Normal speed wind. The wind produced more energy when the speed wind 
increases (exponential relation). This control zone finishes when the generator gets 
to its nominal power. The power produced is below its nominal power. 

3. Higher speed values, above 12- 15 m/s. The power keeps constant in a nominal 
value. In this zone, more speed value does not mean more power, because it is 
limited to the nominal value with its pitch angle. 

4. Higher speed values. The generator has to stop working to avoid damage. The 
maximum wind speed is normally around 25 m/s.  

 

Figure 5.15. Generator working zones 
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Figure 5.16. Pitch angle 

There are different strategies of control valid. It consists in controlling the pitch angle 
employing the different values.  

A. Wind speed. Ideally can be controlled in a simple way the pitch angle with the wind 
speed angle. Is difficult take it to real the terms the reality by the difficulty of 
measuring the wind speed of the wind by the environment of the generator in a 
precise way. 

B. Rotor rotational speed. Is compared the rotational velocity with each nominal value 
in order to obtain the control sign of the pitch angle. 

C. Power generated. Same as the strategy B but comparing the electrical power 
generated by the nominal functional value.  

In this Project is employed the strategies B and C, that have a quite similar model.   

5.6.2. Control Systems 

In this section is explained the control strategies B and C, how the pitch angle is controlled 
with closed loop rotational speed and the power generated, respectably. The expression is 
obtained from the power feedback but also following the B strategic, with feedback of the 
rotational speed. The only change is the constants values of the controller (Kp, Ki and Kw).  

The wind turbine as the system has a no lineal dynamic control because of basically the 
aerodynamically characteristics (cP) and the limitations of the pitch angle. The physic limits 
make that the pitch angle can only oscillate between a certain angle ranges and the speed 
limited. Is that way why is common employing no linear control as it can be explained in the 
gain schedule, or named fuzzy logic control.  
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The aero generators have three actuators motors that make turn the blades modifying the 
respective pitch angle. Obviously, the speed with which they change the pitch angle is not 
instantaneous. The normal operating speed of the actuators is around 5-10º/s. In the Figure 
5.12 it can be seen three electrical motors (blue colour), which are in charged of modifying 
the three pitch angles in a coordinate way.   

 

Figure 5.17. Three electrical engines that react over the pitch angle 

In order to avoid the no linearity of cp, simplifying the control and optimizing the computational 
cost the option chosen, here is proposed designing the environment control in a working 
environment, fixing the tip speed ratio (𝜆) constant. In the Figure 5.18 it can be seen one 
representation of the cP respect the tip speed ratio by changing the pitch angle. The 
maximum value of cP is produced when the pitch angle is zero grades (blades perpendicular 
to the wind direction) and then, one 𝜆 of approximately 7,2.  

As the control of the pitch angle just activates when the wind speeds overcomes the nominal 
value it can be considered one constant tip speed ratio representing the working points. A 
normal range of the working points takes values of tip speed ratio between 𝜆 = 4 and 𝜆 = 8; 
and values of the pitch angle between 0º and 20º. So then, considering only those working 
range values, it can be considered that the system will have a lineal behaviour. Fixing, for 
example, 𝜆 = 6 can be seen the lineal relation between the power coefficient and the pitch 
angel, as it can be seen in the Figure 5.14. All this when 𝜆 is constant, in the same way is 
considered inside the working range between the Cp and the pitch angle is kept constant and 
more or less linear. Accepting so, it can be simply the control applying usual control 
techniques (PID) in a linear system.  
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Figure 5.18. Representation of cp against tip speed ratio per variation of pitch angle 

 

Figure 5.19. Relation between cp and pitch angle 

So for controlling the pitch angle PI is employed with a control system called anti-windup 
(Figure 5.20). This control strategy is based in subtracting to the integral action one 
proportional component to the difference in the signals between the saturated control and the 
no-saturated control. When the signal is saturated, the signal saturated is smaller to the non-
saturated signal and this difference is multiply by the constant (Kw) is subtracted to the 
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constant value of the integration. The values of the constant are fixed to Kp = 10-4, Ki = 10-3 
and Kw = 100, modeled to obtain one real defined response. 

In the Figure 5.20 is shown the scheme of a controller with a anti-windup system, where the 
constant 𝑃!"#∗  = 2 MW is the nominal power of the GSIP that is compared with 𝑃!"# the power 
given to the generator. As it can be seen, it is a PI controller (proportional and integral) where 
the integral part (Ki) absorbs the anti-windup signal. The saturation represents the limitations 
ranges of the angles that can be represented by the pitch angles. As it has been said before, 
the angle range is between 0º and 20º.  

 

Figure 5.20. Control un-windup system 

Simulating the system with the control of the pitch angle for the different wind speeds the 
following graph is obtained (see Figure 5.21). As we see the system behaves correctly as 
they can be distinguish three different working zones, commented previously in the Figure 
5.15. Velocities between 5 and 12 km/s proximately, the power increases exponentially.  

In the other hand, from 12 km/h, the power generated keeps constant the nominal value 
generated (2 MW).  



Control and Simulation of a Wind Turbine Generation System  Page 59 

 

 

Figure 5.21. Relation between generated power and wind speed 

The following phase is about the modulation of an actuator responsible of variating the 
blades angle according to a signal that represents the pitch angle. As it has been 
commented previously, this change is not instantaneous and it usually is represented at a 
constant rotational velocity. Is considered one modulation of the actuator in closed loop with 
saturation velocity. The control scheme is shown in the Figure 5.22, where saturation is fixed 
between values of -8 and 8 º per second, that is the limit physic of the actuators.  

In the Figure 5.23 can be seen the difference between the control of the pitch angle and the 
response of the actuator to this control signal. The simulation has been done with a 
turbulence wind, represented in the Figure 4.5. It can be seen how the turbulence with 
limitation of the actuator, in some points, makes that the signal has to reach the signal of 
control. Also can be seen how the angle changes with constant velocity of 8º per second.  

 

Figure 5.22. Relation between generated power and wind speed 
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Figure 5.23. Example model between the control sign and the pitch angle actuator 

 

 Parallel converters 5.7.

5.7.1. Description of connection 

In this section is explained the connection of three parallel VSC converters that will support 
all the current generated by the wind turbine model. Two converts are connected in parallel 
when they are both connected to the same electrical point and support the same electrical 
charge. In this Project the will be all connected to the electrical grid and will have to support 
the generator charge.  

This parallel connection is commonly used when there is a charge increase but has may 
other advantages like availability. When one converter fails, the system can continue 
operating with lower power. In order to ensure the availability, in many essential services the 
equipment employ a parallel connection. 

Another advantage in a wind turbine is that as the generation is not constant, working in 
parallel allows connecting and disconnecting the converters so that they can work closer to 
its nominal power and the loses of working under their normal conditions are reduced. For all 
this reasons the connection of parallel converts can be a good construction of a wind turbine 
converter.  
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5.7.2. Control strategy 

The control scheme employ to control the current through the working converts depend on 
the power generated. To make the control it has been compared the power of the generator 
with the nominal power of the converters 𝑃!"# = 2𝑀𝑊. If the power generated overcomes 
the nominal value of the converter, it activates the second controller, otherwise if the power 
generated decrease the nominal value employed by the converter, the converter is 
deactivated.  

In order to avoid the continuous changes in the activations of the VSC converters is 
important to establish an upper limit to activate the current though the converter and lower 
limit to cut up the current. This is made by a hysteresis control.  

 

Figure 5.24. Hysteresis loop employed to control parallel converters 

 

 Voltage drop control 5.8.

5.8.1. Problem description 

Voltage drop is understood as the sudden decrease in the voltage level (below 0,85 p.u.) 
followed by a recovery of the normal voltage level.  By agreement, a voltage drop lasts 
between 1ms to one minute. The voltage drop can be produced by a short circuit that falls 
down sharply the voltage level, which will not recovered until the grid security elements do 
not actuate. This project will just study the balanced voltage drops, therefore voltages drops 
were all phases drop in the same proportion. The control of these cases is easier the those 
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not balanced, where the voltage drop is produced in one concrete phase of the grid or in 
different proportions. 

In the Figure 5.24 shows the Spanish regulations apply to the Red Eléctrica Española (REE). 
For every voltage drop inside the highlighted area, the wind turbine must be kept connected 
to the grid and moreover apply reactive power to the grid. Outside this area can be 
disconnected from the grid. So, as an example, looking at figure 5.25 it can be seen that if 
the voltage drop is higher than 0,2 p.u. the turbine can be disconnected from the grid. 

 

Figure 5.25. Voltage drops area that can support the wind turbine 

The Spanish regulation also figures the quantity of reactive power that has to be given to the 
grid while the voltage drop. During the drop (absence and recovery of normal voltage) the 
system has to give the maximum current possible (active and reactive) to the grid. The offset 
of current will depend of the voltage level of the grid, as it shows the figure 5.27. So for a grid 
voltage lower than 0,5 p.u. the wind turbine will have to give all his current as reactive and 
then without giving active power. Voltages between 0,5 to 0,85 p.u., it will give active and 
reactive power. Above 0,85 p.u., it will just give active power.  

 



Control and Simulation of a Wind Turbine Generation System  Page 63 

 

Figure 5.26. Area that shows the current composition during the voltage drop 

This is not the unique existing normative, each country has its own normative and 
specifications of performance in case od a voltage drop, adapted to the characteristics of 
each national electrical grid. In the figure 5.26 is shown the comparative of four different 
specifications, EON (Germany), REE (Spain), Energinet.dk (Denmark) and WECC (USA). 
Regarding that being above the lines in the graph the wind turbine must be connected, point 
out that United States has the most restrictive model and Germany the lowest. This project is 
based in the Spanish normative (REE).  

 

Figure 5.27. Normative comparison between different countries 

 

5.8.2. Braking resistor strategy control 

When there is a voltage drop in the grid, the voltage in the connection point suffers a great 
voltage fall down. This voltage drop forces a reduction in the power extracted from the grid. 
Basically, the main problem is that the converter, due to the voltage drop, cannot to drop to 
the grid all the power that Is absorbed by the turbine generator. All this energy that can be 
dropped to the grid has to be absorbed by the voltage bus (Pc). This electrical power balance 
can be represented in the Figure 5.29, where Pgen is the energy provided by the generator, Pdc 
is the power absorbed by the capacitor and Pgrid is the power transmitted to the grid. In a 
proper situation it must work as Pgen = Pgrid so Pc has to be zero. Instead, during voltage drop 
the power generated Is bigger than the power extracted to the grid so the power from the 
generator is bigger than the grid power and the capacitor power is different to zero. 
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To balance this energy variation produced by Pgen and Pgrid, the voltage controller has to 
increase the current izq to its maximum possible value (to its security level) in order to extract 
the maximum active power to the grid. But due to the voltage drop, this power keeps being 
not big enough and for this reason an uncontrolled bus voltage rise (Edc) is produced, that 
can provoke damage in the converter and in the inverter. 

In order to avoid this uncontrolled rise, protective measures have to be taken. In this project, 
the measure chosen has been adding a resistance in the bus voltage to dissipate energy that 
cannot be extracted to the grid. This resistance is called braking resistor and is commonly 
use in variable speed inductive motors. 

To control this resistance connected in parallel is employed one power switch. In order to 
control the power to dissipate, is controlled the opening times and closing times of the power 
switch during the operating period (call Duty Cycle). So, as longer the operating time is 
longer will be the power switch will be open and the resistance will consume more power. In 
the Figure 5.28 can be seen some examples of a duty cycle control and in the Figure 5.27 a 
scheme of the resistance connection. 

 

Figure 5.28. Parallel resistance connection 
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Figure 5.29. Duty cycle 

This will be the real way to control the system but in a simulation that will take one 
modulation and complex control schemes for a power switch. So too simplify it, the power 
switch and the resistance have been modeled as a current source. (see Figure 5.25). This 
current source will consume the power demanded by the control system that is now 
exposed. 

In order to control the connection and disconnection of the power source one lower limit 
(Emin) and upper limit (Emax) by the bus voltage (Edc). When the voltage is lower the Emin, the 
current source will be zero and when it is over Emax, the current will be the maximum. This 
way the increase in the voltage generated during the normal behaviour of the generator will 
not activate the source. In the section 5.2, it can be seen how the maximum pick voltage in 
the bus does not get over 1440V, so it is fixed that Emin = 1450V. The maximum value is fixed 
as the maximum power that can support the bus, Emax = 1500V. In the equation 5.44 is 
represented the equation employ to fixed the value q that calculates the current source. This 
value is between zero and one. The resistance value is calculated from the maximum power 
installed (Eq. 5.45). Finally, the current that is applying to the source will be obtained by the 
equation 5.46, where the q factor multiplies by the q factor and the current source.  

𝑞 =
𝐸!" − 𝐸!"#
𝐸!"# − 𝐸!"#

 [Eq.5.44] 

𝑅!"#$% =
𝐸!"#!

𝑃!"#
=
1500!

2 ∙ 10!
= 1,125Ω 

[Eq.5.45] 

𝐼!"#$ = 𝑞
𝐸!"

𝑅!"#$%
 

[Eq.5.46] 
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Figure 5.30. Matlab scheme modulation braking resistor 

Once the resistance has been installed, a control system will be necessary in order to control 
the current and voltages that satisfy the regulations indicated as it has been already 
explained. As it has been explained previously, fixing the q and d current components also is 
fixed the active power and reactive power desired. So, the control system will be the one 
shown in the figure 5.30.  

 

 

Figure 5.31. Voltage drop control scheme 

First of all, the current value izd is fixed (see block Component q calculation in the Figure 
5.30) according to the voltage value (vzq), in order to accomplish the Spanish regulations (see 
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Figure 5.25) In the figure 5.31 is observed that the value izq is fixed in order vzq. When the grid 
voltage is equal to its nominal value (vzq<1 p.u.) and there will be no reactive power given to 
the grid. During a voltage drop, the value vzq< 1 p.u., the wind turbine gives reactive power to 
the grid. When vzq> 0,5 p.u., the value of 𝑖!"∗ = −1 𝑝. 𝑢. corresponding to the maximum 
reactive power 2400 A. For grid voltages between 0,85 p.u. < vzq < 1 p.u. the nominal value is 
applied with its normal behaviour. So if the Qref is null, there will not be reactive power given 
to the grid.  

 

Figure 5.32. D current component in order the q component voltage 

Once it has been fixed the reactive current 𝑖!"∗ , if this is not the maximum power that can be 
given, it will have to be completed with active power. The next step will be calculating the 
value of the active current 𝑖!"∗ . As we know that 𝐼!"#! = 𝑖!"! + 𝑖!"!  and it is fixed to 𝐼!"# =
2400 𝐴, the component q is calculated as it shows the Figure 5.33. 
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Figure 5.32. Calculation of the component d reference 

 

Figure 5.34. Calculation of the component q reference 

In this figure can be also being compared how the current 𝑖!"∗  that is given to the voltage 

regulator is compared with the active current component 𝑖!"∗ . This difference is the value 
employed to adjust the integration constant of the PI voltage regulator (see Wup in the figure 
5.34). This control technique is known as anti-windup, and in this case consists on increasing 
the integration action value of the voltage regulator in order to balance the important voltage 
drop in the grid. This allows reducing the error accumulated that is produced in the integrator 
during the voltage drop. 
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Figure 4.35. New voltage regulator scheme 

For the anti-windup to work well, it has to be calculated the 𝐾!"# that is multiply by the wind 

up factor Wup. The KWup value depends on the power that is going to be generated in the 
PMSG, so it can be calculated from the current Idcm. For calculating this constant, is 
simulated the system for difference power inputs and is manually fixed the KWup factor, so 
that sudden bumps are avoided during the voltage drop. These points are represented and it 
is calculate a polynomial regression. This way is obtained the relation between KWup and Idcm.  

𝐾!"# 𝐼!"# = 8 ⋅ 10!! ∙ 𝐼!"#! − 0,2408𝐼!"# + 317,36 [Eq.5.47] 

 

Figure 5.36. Factor anti-windup graph 
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 Generator voltage limitation 5.9.

In this section is described the way to regulate the voltage connexion to the PMSG stator 
with a rectifier (vs,abc). If it is not regulated correctly this voltage can get high voltages and 
damage the rectifier. Is for this reason why taking care of the voltage the bus voltage is 3300 
V and fixes a maximum voltage value in the stator of 2400 V.  

The control of voltage vs,abc of the stator is made fixing one component value for the 
component 𝑖!"∗  for each component 𝑖!". This way the voltage value in the stator will be equal 

or lower than 2400 V. Starting from the voltage generator equation (Eq. 4.28) and 
considering that the system keeps in stationary, the following relation is obtained.  

𝑣!" = 𝑟!𝑖!" + 𝑤!𝐿!𝑖!" + 𝜙!𝑤! [Eq.5.48] 

𝑣!" = 𝑟!𝑖!! − 𝑤!𝐿!𝑖!! [Eq.5.49] 

In stationary state, the voltages and currents can be represented as phasors, where the 
component q is the real part and the component d is the imaginary part. So the voltage 
phasor and current phasor are represented with the following equations. 

𝑉! = 𝑣!" − 𝑗𝑣!" [Eq.5.50] 

𝐼! = 𝑖!" − 𝑗𝑖!" [Eq.5.51] 

As it has been considered in the whole project, Lq = Ld and for this reason the reactance in 
the stator can be represented as Xs = wrLq = wrLd both previous equation can be simplify in 
the following expression. 

𝑉! = (𝑟! + 𝑗𝑋!)𝐼! + 𝜙!𝑤! [Eq.5.52] 

From these equations, it can be calculated the current isd for each current isq that makes the 
voltage module being the desired. To regulate the stator voltage is to limit the voltage to 
𝑉! < 2400 𝑉. Applying this condition the following graph is obtained (Figure 5.36) for each 
𝑖!"∗  following the values that take 𝑖!". Following this graph it can be seen the values of isq 

below -3300 A, the component 𝑖!"∗ = 0, so it is not necessary to apply any regulation 
because the voltage will be below 2400 V of reference. When this voltage is overcome, then 
it starts to regulate the values of 𝑖!"∗  (making it more negative).  
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Figure 5.37. Current relation in the PMSG stator 
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6. System discretization 

All the previous sections have been worked as the system where in continuous time, but the 
reality is that all systems work in discrete time. In this section, it is explained how is 
transformed the time from continuous to discrete model. One discrete model will always be 
then more real than a continuous time model.  In this discrete model, all the measures that 
are made of variables of the discrete system are discrete, as in a real system. What the 
model does is finding the variables to measure, lets say, takes values in each period of time, 
named sampling time (T). The inverse of this time is named frequency time. So as more 
elevated value is this frequency more realistic will be the information taken. 

As the variables measures are physical will be discrete, the control also will be discrete. One 
easy way of transforming all the system from continuous model to discrete time so applying 
the bilinear transform. To pass from continuous to discrete it has to be applied the 
transformation Z, supplying the “s” by the expression (Eq 6.2). Where T is the sampling time. 
The bilinear transformation (Eq 6.3) consist n one transformation of first grade the natural 
logarithm, presented in the following expression.  

𝑧 = 𝑒!" [Eq.6.1] 

𝑠 = 1
𝑇 𝑙𝑛 𝑧  [Eq.6.2] 

𝑠 ≈
2
𝑇
⋅
𝑧 − 1
𝑧 + 1

 [Eq.6.3] 

Then, we will have to display all the variables measured fixing a sampling time T. In the 
generator model the aero generator shows the sampling values are all the voltages 
measures, current and rotational velocities of the turbine. More over also has to be applied 
the bilinear transformation to all the transfer functions presented in the control. The transfer 
functions refer to the physics systems are kept the same, so the real systems therefore are 
not discrete.  
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7. Simulation and results 

 Wind turbine model 7.1.

For all the calculations done it has been employed a real turbine model of Siemens Gamesa. 
The model employed is the SWT-6.0-154, an offshore model of Siemens developed to obtain 
the maximum benefit of extreme offshore conditions. This model has a nominal power of 6 
MW and a swept area of 18.600 square meters, what it makes a perfect solution for offshore.  

This model has direct drive technology in order to avoid the wear of their components. The 
direct drive technology reduces the number of rating and wear-prone components in offshore 
turbines making them easier to maintain. Moreover, the permanent magnets generator 
reduces maintenance and makes the model much simpler, making the design smaller, 
lowering transport and installation costs.  

 

Figure 7.1. SWT-6.0-154 

 

Technical specifications 
𝑰𝑨 IEC Class 

𝟔,𝟎𝟎𝟎 𝒌𝑾 Nominal Power 
𝟏𝟓𝟒 𝒎 Rotor Diameter 
𝟕𝟒 𝒎 Blade length 

𝟏𝟖,𝟔𝟎𝟎 𝒎𝟐 Turbine area 
𝟏𝟖𝟎 𝒎 Height 

𝑷𝒊𝒕𝒄𝒉 𝒓𝒆𝒈𝒖𝒍𝒂𝒕𝒆𝒅 𝒗𝒂𝒓𝒊𝒂𝒃𝒍𝒆 𝒔𝒑𝒆𝒆𝒅 Power regulation 

Table 7.1. Wind Turbine technical specifications 
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 Results for wind without turbulence 7.2.

7.2.1. Constant velocity 

Once explained all the system modulation, it can be modeled the component of a real 
system. In this section it can be simulated in front of a wind without turbulence. The wind in 
the situation is gone be content all over the time. All this situation wind behaviour does not 
represent real state and it is just employed to study the main characteristics of a Direct-Drive 
PMSG in a simple form.  

The general system operational, for a constant velocity and smaller to the nominal power, is 
of 10 m/s. The electrical grid has a phase-to-phase effective voltage of 690V and though the 

pic voltages of all the three phases (phase and neutral) will be equal to V!,!"# =
!"#
!

2 =

563,38 V, as it can be seen in the Figure 7.2. From this figure it can also be observed that is 
the European frequency of the grid fixed f! = 50 Hz. During all the simulations presented the 
Grid voltage has been the same. In the Figure 7.1 also has been represented the 
components v!" and v!" that takes the peak value. Moreover, makes a correct calculation of 

the Park’s transformation.  

 

Figure 7.2. Phase-neutral voltage of the Grid, and components Vd and Vq 

In the figure 7.3 is represented the Grid current that has the same frequency that the voltage 
50 Hz. The component i!"matches with the peak angle and i!"in this case it is fixed to zero. 

As it is explained during the project, the component i!" is fixed by the voltage regulator with 

i!"∗  and a current loop (5.3.1) fixing the converter voltages. In the Figure 7.3 can be seen the 

bus voltage is regulated by its reference value and in this case 3300 V.  
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Figure 7.3. Total current in the grid side and components izq and izd 

 

Figure 7.4. Current generated in the generator and components isq and isd 

 

Figure 7.5. Bus voltage (Edc) 



Page 76  Report 

  Sergio Echavarren Sarasibar 

 

Figure 7.6. Power comparative 

 

7.2.2. Step speed velocity 

This is a situation that is not extrapolated to reality but that it is enough to make an idea of 
the behaviour of the system. In the Figure 7.9 it can be seen the step speed series of wind 
generated, an increase in the speed velocity that corresponds from 8 m/s to 12 m/s. The 
simulation of this entry it can be seen how behaves the pitch angle.  

In the Figure 7.10 can be seen the evolution of the power generated by the GSIP and in the 
Figure 7.11 the rotational velocity of the turbine. The power generated and the speed does 
not as much as the velocity does, although the turbine has a moment of inertia really big 
(Jtot). Figured out that it produces a force over peak in both variables. Is this way because of 
the behaviour in the pitch angle, see Figure 7.12. 

The actuators have a maximum velocity, and this way they can just vary the pitch angle in 8 
º/s. Once the blades are positioned correctly, the power stabilizes to the nominal power 
(2MW). It has to be considered also the increase in the rotational velocity that exceeds its 
nominal value. 
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Figure 7.10. Step speed wind serie 

 

Figure 7.8. Active power variation by the GSIP 

 

Figure 7.9. Rotational turbine speed by step wind serie 
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Figure 7.10. Pitch angle variation with step wind 

 

7.2.3. Slope wind increase 

Simulating a wind speed constant growth, slope, it can be analyse a speed wind range. 
Employing this simulation, it can be seen clearly the operational control of the optimal power 
and the pitch angle control and the control of the pitch angle. Also can be studied the voltage 
rectifier limitation.  

In the Figure 7.13, there are represented the theoretical power for different speed values. 
This figure shows the working point values for each speed value in other to obtain the best 
power generated is the maximum admissible.  

In other to analyse better hoy it works the pitch angle control it has been represented the 
surface of the power coefficient in the Figure 7.14. As it has been explained, the cp depends 
on the pitch angle and the tip speed ratio. Over this surface are represented with a black line 
all the values that takes the cp as the speed value increase. As it can be seen, for wind 
speeds lower to the nominal, the pitch angle keeps at zero and when the cp keeps as big as 
possible, regards to the optimal power control. When it overcomes the nominal wind speed, 
the pitch angle control starts to act, reducing the cp value. In the figure 7.14 it can be seen 
how the black spots line works below the surface, keeping the pitch angle below 20º that it is 
the maximum pitch angle allow.  

If is just observed the surface just taking care of the pitch angle (see Figure 7.15), it can bee 
a lineal relation. 
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Figure 7.11. Cp working points in function of the pitch angle and tip speed ratio 

 

Figure 7.12. Cp againt pitch angle 

In the Figure 5.16 are represented the power generator and the pitch angle in the same 
graph. This way it can be seen when it starts to actuate the pitch angle to control the power 
generated. Moreover, in the Figure 7.17, is represented the wind velocity (ramp) and the 
rotational velocity of the turbine. Comparing both graphs it can be seen how the wind velocity 
increase is velocity from 4 m/s to 18 m/s, and approximately at 12 m/s (at 5 seconds of the 
simulation) it star to act the pitch angle that regulate the rotational velocity and the power 
generated to its nominal power.  
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Figure 7.13. Active Power generated and pitch angle 

 

Figure 7.14. Turbine rotational against wind speed 

 

 Results with turbulence wind 7.3.

In this section is pretended to analyse the effects of wind turbulence received by a Eolic 
turbine. This simulation is done trying to get the most approximate representation to the real 
behaviour, although the real wind is used to this kind of variability. The turbulence will be 
simulated with the explanation given in the section 4.1. The resulting wind will be shown in 
the Figure 7.18, where it can be seen the representation of the turbulence in the system, that 
represent an increase in the wind speed (slope). Moreover, it is also simulated a rust in the 
wind speed with an increase of 1 m/s. Figure out that the wind speed series overpass the 
nominal speed (around 12 m/s), in order to observe the pitch angle reaction.  
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Figure 7.15. Wind speed series with turbulence 

In the Figure 7.19 can be observed the difference between the control sign without pitch 
angle limitation that applies to the converter. Is obvious that the main points of the converter 
do not have enough time to reach the control value given. This is the reason why the power 
regulation and rotational speed velocity of the turbine are not equal, as it can be seen in the 
Figure 7.20 and the Figure 7.21, where the nominal values are indicated in the graph (wt=1 
and Pgen=6MW). All the power generated as the rotational speed keep constant in the 
nominal values and is overtake in some specifically points.  

Is important to figure out that the control of the pitch angle regulates worse the wins burst, 
produced at 4s. Because of the actuator that increases and reduces the pitch angle in little 
time, and do not have time to make it. Overtake the nominal value can produced problems 
but as they are punctual and do not take too long it can be accepted.  

In the Figure 7.22 is represented the torque generated by the PSMG, as it can be seen in the 
progress development to the angular velocity so is related with the expression PT=Γt wt. Also 
it keeps in its nominal value Γt=23,3*105 Nm.  
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Figure 7.16. Pitch angle evolution  

 

Figure 7.17. Power evolution curve provided to the grid 

  

Figure 7.18.Rotational turbine speed 
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Figure 7.19. PMSG torque 

In the grid side, can be studied some variables. Starting from the electrical angle of the grid, 
which is constant, and its pulse can be estimated with the PLL. Watching the graphs of this 
variables (Figure 7.23) is clear that the pulse is completely constant and equal to 𝑤! =
2𝜋 50𝐻𝑧 = 314,2 𝑟𝑎𝑑/𝑠 and consequently its integral, that corresponds to the electric 
angle, increase with constant slope equal to the pulse. 

 

Figure 7.20. Grid electric pulse 

In the figure 7.25 are represented the grid voltage. The first graph corresponds to the tree 
phase voltage (vz,abc) and the second one corresponds (vzd, vzq) obtain from the Park 
transformation from the electrical angle that is estimated with PLL. It can be seen how vzd = 
0, because the PLL works with vzd = 0. The component q (vzq) tally with the pic voltage of the 
grid, that obviously is constant, although the grid voltage also it is. 
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The grid currents (Figure 7.24) are given by the values fixed by the close loop current in 
reference to 𝑖!"∗  and 𝑖!"∗ . As the reactive power has been fixed to 𝑄 

∗ = 0, we are able to 

observe that 𝑖!"  is zero. In the other hand, 𝑖!"  corresponds to the trifasic current and variates 

depending on the active power of the generator.   

 

Figure 7.21. Total grid current 

 

Figure 7.22. Grid voltage 

The current that is transmitted to the grid is controlled by a close current loop, that acts over 
the signals of opening and closing of the IGBT inverters so that its voltage is regulated. In the 
simulation case is different but, as it is explained is considered averaged model, applying the 
voltages to the voltage source, watch Figure 5.26. Controlling the inverter voltage, (vl,abc) the 
current is regulated. If the graphs are analysed it can be observed that the inverter voltage is 
nearly equal to the grid. So becouse the resistance and the inductances between the inverter 
and the grid are small, and the voltage drop between them also. Figure out that the 
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components vld is different to zero, although there is consumption by the reactive power of 
the inductances. 

In the Figure 7.27 it can be seen the reactive power at the inverter, that corresponds to the 
consumption between the inductances and the grid inverter. This inductances act as filters.  

 

Figure 7.23. Inverter voltages 

 

Figure 7.24. Inverter reactive power 

In the generator side also can be analyse many variables. In the Figure 7.28 can be seen the 
electrical angle and the generator PMSG pulse. Compare to the electrical grid (see Figure 
7.23) this variables are constant. The generation pulse is related with the rotor rotational 
speed, or the turbine speed because the system has no transmission. If the wind speed is 
smaller to the rotational turbine speed will also be smaller and the pulse also.  



Page 86  Report 

  Sergio Echavarren Sarasibar 

In the graphs it can be seen how the rotational pulse vary with the wind speed velocity, and 
around 4.5 seconds overtakes its nominal value. Figure out that the value of the pulse 
depends on the number of pair of poles. This generator is made of 140 pair of poles so the 
nominal pulse will be w! = 140 ∙ 1 = 140 rad/s. In the graph 7.28 is represented the 
evolution of the electrical angle and pulse in the series studied. In order to analyse the 
nominal value it has been generated another series with constant velocity of 14 m/s and 
turbulence and it is represented in the Figure 7.29. in this graph it can be seen how the pulse 
is stabilized at the nominal value of 140 rad/s and the electrical angle increase constantly 
with slope of the pulse value.  

 

Figure 7.25. Pulse and angle electrical of the PMSG 

 

Figure 7.26. Stator PMSG voltage variations 

The Figure 7.30 shows the electrical frequency variations of the stator voltage w!,!"# produce 
in three first seconds. In this period the pulse and the frequency increase and it stabilizes in 3 
seconds. 
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Figure 7.27. Stator PMSG current 

 

Figure 7.28. Stator PMSG voltage 

The Figure 7.32 shows the stator currents, point out that the component d is zero (i!" = 0) 
because in this simulation there is not limitation in the voltage rectifier. In the Figure 7.31 is 
observed that the voltage does not overtake the value of 2400V of limitation. In the Figure 
7.31 is represented the voltage in the PMSG, the component v!" is different to zero. This 
effect causes the waste of reactive power in the stator of the windings. Both, voltage and 
current in the stator, vary with the rotational speed. In the Figure 7.34 is represented the 
reactive power consumed by the windings if the stator from the generator, that keeps the 
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atmosphere in its nominal value. Figure out that it consist of a consumed power of positive 
sign. 

 

Figure 7.29. PMSG reactive power 

 

Figure 7.30. Lag between voltage and current 

In order to keep the voltage in the reference value 3300 V. As it can be seen in the Figure 
7.34, the over peaks generated due to the turbulences are not so important and can not 
make dangerous the correct working of the converters. In this case the burst of wind too 
much, and do not produce any over-peak of voltage important. Also are represented the 
Figure 7.35 where the currents are implicated in the continuous current. The first current 𝐼!"# 
from the PMSG and the second one is the current 𝐼!"# from the grid side. Both are equal to 
the magnitude but of opposite sign., these implies that all the power from the generator is 
transmitted to the grid.  
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Figure 7.31. Direct voltage Edc 

 

Figure 7.32. Direct current Idcm and Idcl 
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 Parallel converters simulation 7.4.

This section shows how the converters connect or disconnect depending on the energy 
absorbed by the wind turbine. If the energy capture is just one third of its nominal, the turbine 
will only employ one converter, although this is not a common situation. More frequently in 
wind turbines is that the wind turbine works between one third and two thirds of its nominal 
power, in this cases two converters will be working and finally when the wind turbine works 
above two thirds of its nominal power the turbine will work with the three converters at the 
same time and all of them will support the same current.  

Here is simulated a system with a constant speed of 6 m/s, quite low speed compared to its 
nominal values. In the graphs can be appreciated that just one converter is connected and its 
giving values quite close to its nominal power.  

 

Figure 7.33. Converter behaviour with 6m/s 

The next graph shows the behaviour of the system with 8 m/s. It can be seen that two 
converters are connected and share equally the power generated to the grid.  
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Figure 7.34. Converter behaviour with 8m/s 

Finally, the last graph shows how the generator works in tis nominal values with the 3 
converters working at the same time. The wind speed employ for this simulation has been of 
14 m/s.  

 

Figure 7.35. Converter behaviour with 8m/s 
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 Voltage drop simulations 7.5.

In this section will be proved the system behaviour under voltage drop conditions in the grid 
where is connected the turbine generator. The voltage drop that is simulated is around 0,8 
p.u. during 0,5 seconds, that means that the voltage in the grid will drop to a 20% in his 
normal voltage.  

 

Figure 7.36. Voltage drop in the electrical grid 

All the simulations are made with constant wind speed in order to see clearly the effects of 
the voltage drop. Following the REE regulations, the turbine will have to keep working and 
giving reactive power to the grid.  

In the next figures can be seen the behaviour of the current components during the voltage 
drop. When a voltage drop is produced and is bigger than 0,5 p.u., the active current 
component izq becomes zero and consequently the active power given to the grid will be 
zero. In the other hand, during the voltage drop the reactive current component izd takes its 
maximum value, so the reactive power given to the grid takes the maximum possible value. 
This behaviour is regulated by the REE and other countries regulations exposed in the 
section 5.8.1.  
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Figure 7.37. Active current behaviour izq 

 

Figure 7.38. Reactive current behaviour izd 

The next figure represents the tree-phase current that runs through the grid. As it can be 
seen, there is an increase in the total current during the voltage drop, because as it has been 
explained, during the voltage drop it is given the maximum reactive power to the grid (2400 
A). Once the voltage drop has finished, the current recovers its nominal value.  
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Figure 7.39. Three-phased current drop to the grid 

Now is represented the active and reactive power given to the grid during the voltage drop 
that has a behaviour similar to the current components represented before.  

 

Figure 7.40. Active power drop to the grid 
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Figure 7.41. Reactive power drop to the grid 

The next figure represents the bus voltage behaviour during a voltage drop. When a drop 
voltage is produced, there is an increase in the bus voltage because it can be extracted all 
the generated by the PMSG to the grid. This provokes that all the power generated can be 
only absorbed by the capacitor and when the capacitor voltage rich the Emin value, the 
bracking resistor is activated and consumed the power generated by the PMSG. This way is 
controlled the voltages levels between Emin and Emax indicated in the following figure.  

When voltages reach its normal value, the power extracted from the generator again is given 
to the grid. Then the bus voltages returns to its nominal value and the resistance do not 
consumed energy.  

 

Figure 7.42. Bus voltage behaviour during voltage drop 

The following graph represents the current consumed by the resistance, this current will 
allow to keep the bus current between the designed limits during the voltage drop. 
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Figure 7.43. Braking resistor current during a voltage drop 

 

 NPC Three Level Converter simulations 7.6.

This section shows the results from the Neutral Point Campled Three Level converter which 
gives a much more real results than the average model, employed along this project. In this 
model can be seen how the IGBTs performance opening and closing the pass of current 
through the different levels. Depending on the voltage and the frequency of each side of the 
converter, the modulation computes the duty cycles and the commutation of each IGBT. 

The modulation of the IGBTs behaviour increases the costs of computation of the simulation 
in Simulink and depending on the computer employed for the calculations can suffer memory 
problems. Is important to configure the solver in order to use Simscape blocks in the 
calculation. 

Some parameters have been changed if it is compared this model with the average model. 
The capacitor value of the DC current has increase its value in order to avoid fluctuations in 
the DC voltage and in order to have constant voltage. It also has change the voltage value to 
half of the value employed in the average model due to the current its divided in three levels, 
positive, neutral and negative.  

Now are shown some of the results obtained with a constant wind speed of 8 m/s.  
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Figure 7.44. Voltage Edc 

 

Figure 7.45. Current Idcm 
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Figure 7.46. Generator current 

 

Figure 7.47. Voltage current 
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8. Environmental report 

This section studies those possible effects, positive or negative, that can impact in the 
construction of an offshore wind plant. It studies different environmental, pollution, wildlife, 
social effects in the region. The study is divided in two different sections, the construction and 
the production period effects, analysis per each case the possible environmental effects.  

 Construction 8.1.

To decide the location of an offshore wind farm, different factors have to be taken into 
account, which can affect negatively to the environment. Before any construction 
environmental studies have to be taken into account in order to evaluate the ecosystem 
impact and analyse in which way can be affected or reduced this impact. If the zone has any 
protected species, it will be discarded any variation in the zone. 

Another important aspect to be taken into account is the fishing regions, although the 
construction of a wind plant will preclude any activity near the wind farm constructed. This 
aspect can provoke an economic and social impact in the region, especially in those regions 
with high fishing activity, In the same way, the navigations areas have to be also considered, 
being sure that there is not any interference between the any nautical route.  

To end up, it has to be analysed the distance to the coast and the impacts that can have the 
wind farm on it. Depending on the distances and the conditions of the coast, affected 
different studies have to be taken into account, from noise studies, flickering or safety 
distances. As far is installed, fewer studies will be needed but the costs will be higher.  

  Production 8.2.

The offshore wind farm performance has different behaviour in the environment. As the 
construction, the performance of the plant can also impact in the ecosystem; the birds are 
the most damage specie due to the impact with the blades when the turbine is working. 
There are many different opinions with this controversial topic, even though, is an important 
consideration to take into account and is better to avoid any location with high birds density.  

The ecosystem can also be affected by the blade noise provoked during the working point. 
Also has to be considered the noise effects in the coast that can affect to the population.  

Considering the carbon dioxide emission, really common in other generation systems, has to 
be considered that this generation does not produce any. According to REE, a thermal coal 
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plant produces 0,95 tCO2/MWh so nearly one tone per MWh generated. If it is considered 
that one turbine of 6MW has a capacity factor of 38% so it produces 18000MWh in one year, 
it can safe 17100 tones of carbon dioxide generated by one thermal generation plant.  

All this social and environmental considerations makes the offshore wind production a big 
challenge to obtain better solutions and reduce the pollution. Although there are many 
restrictions, the offshore wind farm reduces the visual and noise impact, the pollution effects 
and has better wind conditions than on-shore wind farms.  
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9. Economic analysis 

 

Percentage	
(%)

Cost	per	
unit	(M€)

Total	cost	
(M€)

54,1% 5,14 257,0
GSIP 18,3% 1,74 87,0
Electronic	system	(converter,	control) 8,2% 0,78 39,0
Blades 7,2% 0,68 34,0
Structure 6,1% 0,58 29,0
Main	components 14,3% 1,36 68,0

20,2% - 95,8
Wires 5,4% - 25,5
Substation 7,5% - 35,8
Electrical		structure 5,0% - 23,6
Others 2,3% - 10,9

22,6% - 107,5
Wind	turbines 7,8% - 37,2
Wires 7,8% - 37,2
Main	components 5,2% - 24,8
Substation 1,7% - 8,3

3,1% - 14,7
Environmental	study 0,3% - 1,5
Development	and	engineering 2,8% - 13,2

TOTAL	Fixed	capital	costs	(M€) 100,0% 9,50 475,00

Fix	expense
Wind	turbine

Wind	farm	costs

Production	and	setting

Development	and	license
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Conclusions 

The main goal of this project was to develop a mathematical model in Matlab that could help 
with the simulation of wind turbine converters behaviour in the wind turbine industry. With this 
model developed it is possible to analyse and study different control models in order to 
optimize the energy supply to the grid and develop new control strategies to improve their 
efficiency. 

The development of this project has helped me to understand the behaviour of all 
components involved in the electrical production and recognize the main concepts of the 
wind production from wind resource conditions to the electrical configuration of the plants. 
Although the main goal of this project was the development of a controller to maximize the 
energy injected to the grid.  

The model studied has a direct-drive technology, which allows connecting directly the PMSG 
to the blades, without need of a gearbox that adapts the turbine velocity to the generator. As 
it has been studied, the converter transforms the three-phase current of the generator, with 
frequency proportional to the turbine hub rotational speed to DC current and to AC current 
again with grid frequency, in this project 50 Hz. All this transformations are made employing 
VSC converters, which consist of IGBTS. he most important aspect has been the study of 
control models that maximize the power generation depending on wind speed energy 
absorbed by the turbine. As it has been seen the generator torque is calculated to maximized 
the energy production.  

To fix the turbine to its nominal power with high wind speeds, it has been developed a pitch 
angle control that limits to its nominal value the energy generation. This way, for higher winds 
the turbine can keep working giving its nominal value to the grid. In the simulation it has been 
seen how this limitations affects to the turbine behaviour with the movement of the actuator 
in the blades orientation, saturating the electric power capacity. In consequence, with 
turbulence winds, the power generated is more variable and can be control the accelerations 
in the turbine, generating power over its nominal value.  

Besides it has been modeled an NPC Three Level Converter which gives a more real 
behaviour of the conversion. The NPC Three Level Converter is commonly used in the Eolic 
industry due to its compactness and robustness. In future projects it can be studied this 
model under low voltage conditions. 

To end up, emphasize that this project has been interesting to develop a general view of the 
operating points and overall the systems the control implicated in the generator, direct-drive 
PMSG.  
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10. Park transformation 

The Park Transformation is basic to obtain the constant values that can be studied in a 
control system. The quantities in the 𝛼𝛽0 are useful in a number of applications but have the 
same oscilating nature as the quantities in the 𝑎𝑏𝑐 fram. The Park transformation is applied 
and so-called synchronous reference frame.  

The Park transformation is given by 

𝑥!"! = 𝑇!"! 𝑥!"#  

and the inverse 

𝑥!"# = 𝑇!"!
!! 𝑥!"!  

where 𝑥!"# is a vector with three phase quantities in the 𝑎𝑏𝑐 frame and 𝑥!"! is a vector with 

transformed quantities in the 𝑞𝑑0 frame.  

The transformation matrix 𝑇 𝜃  can be written as 

𝑇 𝜃 =

cos 𝜃 cos 𝜃 −
2𝜋
3

cos 𝜃 +
2𝜋
3

sin 𝜃 sin 𝜃 −
2𝜋
3

sin 𝜃 +
2𝜋
3

1
2

1
2

1
2

 

And the inverse is written as 

𝑇!! 𝜃 =

cos 𝜃 sin 𝜃 1

cos 𝜃 −
2𝜋
3

sin 𝜃 −
2𝜋
3

1

cos 𝜃 +
2𝜋
3

sin 𝜃 +
2𝜋
3

1

 

The Park transformation can be also seen as a geometric transformation, which combines 
the Clarke transformation, and the rotation as is illustrated in the following figure.  



Control and Simulation of a Wind Turbine Generation System  Page 107 

 

 

Figure A.1. Park transformation illustration 

 

Figure A.2. Representation of Park Transformation 
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11. Table with project values 
 
Variable Value 

𝑽𝒆𝒇 398,37 V 

𝒘𝒛 2π50=314,16 rad/s 
𝒇𝒛 50 Hz 
𝜽𝟎 90º 
𝑪 0,06 F (2F) 
𝑬𝒅𝒄∗  3300 V (700 V) 
𝑹 77 m 
𝑱𝒕𝒐𝒕 5*10^6 kg m2 

𝑨 πR2=18 600 m2 
𝝋 1,225 kg/m3 

𝒉 80 m 
𝒍𝒕 600 m 
𝒛𝟎 5*10-4 

𝑽𝒎 9 m/s 
𝒓𝒍 0,01 Ω 
𝒍𝒍 10 µH 
𝒄𝟏 0,73 

𝒄𝟐 151 
𝒄𝟑 0,58 
𝒄𝟒 0,02 
𝒄𝟓 2,14 
𝒄𝟔 13,2 
𝒄𝟕 18,4 
𝒄𝟖 -0,02 
𝒄𝟗 -0,003 
𝒓𝒔 0,01 Ω 
𝑳𝒍𝒔 0,4 mH 

𝑳𝒒 = 𝑳𝒅 1 mH 

𝝓𝒎 15 Wb/(rad/s) 
𝒑 140 

𝑹𝒃𝒓𝒂𝒌𝒆 1,125 Ω 
𝑻 0,01 ms 
∆𝒇 0,1 Hz 
𝒏 45 
𝝋𝒊 Random [0,2] 

 


