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ABSTRACT 

 

Reduced Order Modelling Of Wind Turbines In Matlab  

For Grid Integration And Control Studies. 

 (June 2012) 

Jacopo Antonelli 

Supervisor: Assoc. Prof. Bahri Uzunoglu 

 
 The current trend in the wind power industry is to develop wind turbines of constantly 

increasing size and rated power, as well as wind farms of growing size and installed wind power. 

A careful study of the behaviour of the wind turbines during their operation is of crucial 

importance in the planning phase and in the design stage of a wind farm, in order to minimize 

the risks deriving from a non accurate prediction of their impact in the electric grid causing 

sensible faults of the system.  

To analyze the impact of the wind turbines in the system, motivates the development of 

accurate yet simple models. 

To be able to practically deal with this topics, a simple model of a wind turbine system is 

investigated and developed; it has the aim to describe the behaviour of a wind turbine in 

operation on a mechanical standpoint.  

The same reduced order simple model can also be employed for control system studies; 

the control system model that can’t be used in generation, can use the reduced model. Together 

with the analytical description of such model, is realized a MatLab code to numerically analyse 

the response of the system, and the results of the simulation through such code are presented. 

The objective of this thesis has been to provide  a simple benchmark tool in MatLab for 

grid integration and control studies for interested researchers. 

 

Keywords: wind turbine model, reduced model, grid integration, control system, MatLab 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background 

The progresses made in research and technology within the wind power industry 

are leading to a constantly increasing size and rated power for wind turbines, and 

companies are developing wind farms of sensibly high capacity, with an elevated 

number of turbines.  

This trend is growing faster, and thus more and more attention must be paid 

during the project phase towards aspects that gain a remarkable importance for the 

optimal and correct operation of the wind farms; the optimal handling of the power 

extracted from the wind, and the impact of the wind farm on the electric grid, are just 

some of the issues that need to be carefully investigated in the study phase of a project, 

since the grid is sensibly influenced by the constantly increasing penetration of wind 

power. 

What distinguishes wind turbines from other conventional generation systems, is 

the fact that the power inflow rate is not controllable; wind is, for its nature, a highly 
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unstable and unpredictable source. The power that can be extracted from the wind is 

given by the well known relation 

 
31

2
pP AC v , 

where ρ is the air density, A is the area swept by the blades, Cp the power coefficient of 

the wind turbine, and v is the incoming wind speed. 

Thus, even a slight variation in the wind speed or direction can cause a sensible and 

unpredictable difference in the power output of the turbine, in a very short time-frame. 

On one hand, very strong winds result in a very high energy content, leading the 

generator to exceed its rated rotational speed, with high mechanical stresses and 

subsequent damage to the turbine; on the other hand, low wind speeds might not be 

sufficient for an energy production able to meet the demand of the system. Furthermore, 

this instability is reflected in equally unstable electric frequency and voltages from the 

turbines, which need therefore to be controlled and regulated, in order to match the 

frequency, voltage level, and quality standards imposed by the electric grid; especially 

for modern wind farms, more and more often consisting of a high number of wind 

turbines, the fulfillment of the quality standards for the grid integration are a major issue, 

in order to avoid grid faults and serious problems to the system. 

It is therefore easy to understand the importance of control systems in a wind 

turbine, which aim to optimize the power production and to supervise the grid 
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integration of the wind farm. In order to deal with such issues, mathematical models of 

the different elements constituting a wind power system need to be developed, to be able 

to study and predict the behaviour of both single turbines and the entire wind farm under 

different conditions and in different situations. 

 

1.2 Aim of the work 

 The main objective of this thesis is to develop and discuss a simple reduced 

model of a wind turbine, useful as a basis for the design of controllers and for studies 

related to the connection and interaction of the turbines with the electric grid. The model 

is developed through the analysis of the mechanical and electrical behaviour of the 

different components that constitute a wind turbine. Furthermore, besides the theoretical 

modelling, for each sub-model has been elaborated a simple Matlab code that allow to 

have a numerical estimation of the response of the system during normal operation, and 

which might be implemented for control purposes with other specific models. 

The final objective is to provide researchers a simple reduced model documented 

for their preliminary studies. 
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1.3 Thesis structure 

In chapter 2 the model describing the dynamics of a wind turbine is presented, 

together with the outputs for each sub-system obtained through the code elaborated in 

Matlab, in order to have a practical overview of the behaviour of the wind turbine. 

In chapter 3 the reasons behind the considerable relevance of reduced models for 

wind turbines in grid integration studies, and the financial implications of using such 

models are briefly discussed. Some of the possible modifications and improvements to 

the model of this work are then analyzed. 

Finally, the conclusions of this work are presented in chapter 4. 
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CHAPTER II 

MODELLING OF THE WIND TURBINE 

 

 

 In order to evaluate the response of a wind turbine in operating conditions it is 

necessary to elaborate a mathematical model of the turbine, describing the dynamic 

behaviour of the system as a function of different parameters, some of which are 

intrinsic characteristics of the system, depending only on its current state, while others 

can be controlled in order to obtain the desired behaviour of the wind turbine. 

To create a complete and realistic model is therefore the main and first issue in 

the design of an efficient and optimal controller that impacts the production and grid 

studies.  

Due to the complexity of the system, it is not possible to fully describe these 

machines as a whole unit, but rather as several interconnected subsystems models 

interacting with each other. 

The main subsystems that are usually identified in such a model are the 

aerodynamic subsystem, the mechanical subsystem (drive train and tower structure), the 

generator subsystem, and the pitch subsystem, as summarized in figure 2.1. (Hammerun, 

2006) 
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Figure 2.1: Main subsystems of the wind turbine model 

Even if the model depicted above comprises the main components of a wind 

turbine, it is not the only schematization that can be made of the system. The parameters 

showed in the picture are the different inputs and outputs chosen for this model, and will 

be explained in the following chapters. 

In fact, there isn’t a unique and general model in the literature; on the contrary 

the model, depending on the main objective of the study, can be implemented, by adding 

more subsystems characteristic of the specific research (Mugica, 2004), or describing the 

different subsystems with a higher level of accuracy (Slootweg, 2003). The models can 

also differ concerning the inputs used in the system, as well as the parameters taken as 

reference to evaluate its state (Santoso, 2006).  
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2.1 The NREL wind turbine 

In order to evaluate the outputs of the model that will be presented afterwards, 

the NREL  offshore 5 MW baseline wind turbine has been chosen as reference wind 

turbine for suitable values of the parameters used in the modelling (NREL, 2009).  

The reason for this choice lies in the fact that this model of wind turbine is 

designed to be highly representative of typical land and sea based multimegawatt 

machines.  

Developed by the U.S. National Renewable Energy Laboratory on the basis of 

technical data of installed turbines and of some prototypes of multimegawatt machines 

developed by different companies, the model has the purpose to establish the reference 

specifications for most of research projects throughout the world, in order to make easily 

comparable the results of similar works. 

The turbine is a 5 MW variable-speed turbine with active hydraulic pitch control. 

In the definition of the turbine are reported the characteristics of the different 

components of the turbine, together with the detailed aerodynamic and mechanical 

properties, and a baseline control system is modelled (NREL, 2009).  

In the table below are indicated the main characteristic of the NREL 5 MW 

baseline turbine. 
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Figure 2. 2: Main properties of the NREL 5 MW baseline wind turbine 

 

2.2 Aerodynamic subsystem 

The aerodynamic subsystem describes the forces acting on the rotor blades 

exerted by the wind field during the transformation of the kinetic energy of the wind in 

electrical power.  

Applying the well known Blade Element Theory to the airfoil allows to derive 

the two main forces acting on a blade, the lift and the drag forces; these forces can be 

resolved into a tangential and an axial component, respectively torque and thrust force.  
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The aerodynamic torque, Ta, is the driving force of the wind turbine, which is 

applied to the transmission system, generating useful power; the thrust force Ft, on the 

other hand, acts perpendicular to the rotor plane, causing the bending and oscillation of 

the blades and the tower, and is one of the main sources of mechanical stresses on the 

structure. The system can therefore be modelled as follows: 
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where ωr is the rotor speed, ρ the air density, R the rotor radius, vr the wind speed, and 

Cp and Ct respectively the power and thrust coefficients. Both these two coefficients are 

non-linear functions of the pitch angle β and the tip speed ratio λ, and thus depend on the 

specific wind turbine characteristics. 

It is important to point out that in the equations above the wind speed vr is not the 

absolute incoming wind speed: as said before, in fact, the thrust force cause the tower 

and the nacelle to move in the axial direction z with the velocity z . Therefore the wind 

speed effectively experienced by the rotor plane is 

 rv v z    
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2.3 Drive train subsystem 

The mechanical subsystem can be divided into two main functional blocks: the 

drive train and the tower structure.  

The drive train comprises the main mechanical rotating parts of the wind turbine 

(the turbine rotor, the gearbox system, and the rotor of the electric generator) and 

provides to transfer the aerodynamic torque, that the wind exerts on the blades, to the 

generator. In the literature different models are available for this subsystem, 

characterized by a different number of rotating masses, connected by shafts (Muyen, 

2009).  

A classical schematization for the drive train is a three-mass model, in which the 

rotating masses represent the wind turbine rotor, the gearbox wheels, and the generator 

rotor, each characterized by the rotational moment of inertia and rotational speed. The 

model used for this work, depicted in figure 2.1, is derived from a classical three-mass 

model. The parameters characterizing the rotating system are the following: 

 The rotational moment of inertia Ir of the wind turbine rotor, and the rotational 

speed ωr of the low speed shaft. 

 Viscous dampers representing the bearings respectively upstream and 

downstream of the gearbox, characterized respectively by the viscosity Br and 

Bg. 
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 A massless, viscously damped spring with viscosity Bd and spring constant Kd, 

representing the low speed shaft, subject to deformation during the rotation, 

measured through the angle θ. 

 The gearbox with a gear ratio Ng. 

 The combined rotational moment of inertia Ig of the gearbox and rotor generator, 

and the rotational speed ωg of the high speed shaft. 

 

Figure 2.3: Mechanical model for the drive train 

The mechanical behaviour of the rotating system is fully described by a system 

of ordinary differential equations: 
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The aerodynamic torque Ta and the generator torque Tg are the inputs to the 

system, and the rotational speeds of the rotor and generator, respectively ωr and ωg, are 

the outputs of the model. 

The values of the parameters describing the system depend on the characteristics 

of the wind turbine. For the purposes of this work, has been taken as reference the NREL 

5MW Offshore Baseline turbine, characterized by the following values: 

Ir=2.608∙10
6
 kg∙m

2
 Br=8.50∙10

3
 N∙m∙s Bd=19.160∙10

6 
N∙m∙s Kd=9.028∙10

8
 N∙m 

Ng=97 Bg=6.215∙10
6
 N∙m∙s Ig=534.116 kg∙m

2
  

 

2.4 Tower subsystem   

When the wind is acting on the blades, the thrust force on the rotor causes a 

deflection of the tower in the direction of the wind. 
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Figure 2.4: Schematization of the tower bending due to the thrust force 

The deformation of the tower can be approximated through a simple model: 

      t t t tm z K z D z F     (0.6) 

 It allows to evaluate the linear displacement z of the nacelle taking as input the 

thrust force Ft acting on the blades. As for the drive train system, the tower model 

depends on the characteristics of the support structure of the wind turbine. The values for 

the mass tower mt, the stiffness Kt, and the dumping factor Dt are taken as follows, 

according again to the technical description of the NREL wind turbine: 

mt = 347 ∙ 10
3
 kg Kt = 8.88 ∙ 10

5
 N∙m Dt = 296 ∙ 10

2
 N∙s∙m

-1
 

Even if largely used and accurate enough to evaluate the mechanical response of 

the wind turbine to the loads exerted by the wind, the above model does not describe 



14 

 

 

 

completely the behavior of the tower structure. The model, in fact, is a mono-

dimensional system, that takes into account only the response of the free tower, ignoring 

the effects caused by the nacelle; during normal operations the wind direction changes 

continuously, and the nacelle rotates around the tower axis in order to optimize the 

power extraction from the wind. The tower is therefore subjected to bending in two 

dimensions and to torsion due the yawing of the nacelle. 

In figure 2.5 is depicted the oscillatory response of the free tower for a value of 

the thrust force equal to 10
5
 N, obtained writing in MatLab a code simulating the 

dynamic behavior of the tower subsystem. 

 

Figure 2.5: Oscillatory response of the tower during operation 
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2.5 Generator subsystem 

In the modern wind power industry several different technologies of electric 

machines for the conversion of the wind energy are available. Therefore, it is not 

possible to define a unique and complete model of the generator subsystem; different 

technologies of generator will result in different models of different complexity. These 

models will depend mainly on the electrical parameters of the grid and of the electrical 

machine (Bianchi, 2007). 

However, it is possible to develop a simple general model describing the 

mechanical behaviour of the generator. For an ideal generator without losses, the 

following relation can be applied: 

  e g gP T   (0.7) 

where ωg and Tg are the generator speed and generator torque respectively.  

The power output can be therefore controlled by varying the generator torque. 

Such variation can be modelled through a simple first order ordinary differential 

equation:  

  ,

1 1
           

ref

g g ref g g

g g g

P
T T T T

  

 
     

 

  (0.8) 

where Pref is the reference power output, and τg is the time constant, with τg = 50 ms. 
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The two equations above describe in a simple way the mechanical behaviour of 

the generator: using as inputs the generator speed and the desired power output Pref, the 

model determines the generator torque and the actual electric power produced Pe. 

In the definition of the baseline NREL 5 MW wind turbine, taken as reference 

turbine model for this work, the characteristics and technology of the generator are not 

specified, and therefore the use of this simple model is legitimate without any significant 

lack of accuracy. The model can be however implemented, once defined the type of 

generator, taking into account the dependence of the torque by the electrical parameters 

of the generator and of the electric grid (Bianchi, 2007). 

The figures below represent the outputs of the generator subsystem described 

above, obtained through a MatLab simulation using the rated values of the Power and 

generator speed for the reference turbine. 
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2.6: Power output and Torque of the generator 

 

2.7 Pitch actuator subsystem 

The pitching of the blades is carried out through gears and hydraulic or 

electromechanical motors, governed by electronic controllers. In order to reach an 

optimal control of the power output of the turbine, modern pitch control systems allow to 

rotate each blade singularly with different angles. Therefore, elaborate a complete and 

highly realistic mathematical model for this subsystem is a difficult task.  

The dynamic behaviour of the pitch actuator is modelled here through a simple 

first order linear relation, commonly found in the literature (Bianchi, 2007): 

  
1

ref



  


    (0.9) 
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where β is the actual pitch angle, βref  is the input of the model, corresponding to the 

desired pitch angle, and τβ  is the time constant, taken as 120 ms. 

 

2.8 Model of the turbine 

The model to describe the whole wind turbine system is obtained by simply 

interconnecting the models of the individual subsystems previously described. As 

indicated at the beginning of this chapter, and in figure 2.1, the inputs of the system are 

the power reference and the pitch angle reference, that can be controlled, and the wind 

speed. 

The resulting model can be summarized as: 
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where the state vector x, the input vector u, and the output vector y are defined as 

follows: 
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The functions f and g are given by 
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where  
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The notation used for the function f indicates that only x and u are the variables 

of the function, while the wind speed v is a non controllable parameter. 
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2.9 Neglected dynamics 

As already stated in the previous sections, the model developed in this work is a 

reduced order model. This means that the equations considered do not completely 

describe the effective behaviour of each subsystem.  

The drive train, for instance, has been represented as a simple two-mass system, 

in which the whole rotor is schematized as a rotating inertia. However, a complete 

description of the rotor should take into consideration also the inertial effects derived by 

the oscillation of every single blade, which might be subject, especially with high rated 

wind turbine as the case considered, to quite different forces due to different values of 

the wind speed in the rotor area. Besides, the gravitational force both of the whole 

nacelle and of the blades, plays an important role.  

Similar dynamics have been neglected, as already mentioned before, for the 

tower. The tower, besides the direct effect of the thrust force, experiences also a torsion 

force due to the rotation of the nacelle, as the wind changes direction. The bending of the 

tower, furthermore, is considered to be mono-dimensional, while it is effectively a three-

dimensional effect. 

Finally, the model described here concerns only the wind turbine itself. In the 

aerodynamic subsystem, the relative wind speed used as input to determine the thrust 

and torque forces, is not evaluated within the model, and thus the outputs of this 
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subsystem are constant values depending on the wind speed set as input, rather than 

parameters varying in time. 
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CHAPTER III 

IMPLICATIONS OF REDUCED MODELS AND 

IMPROVEMENTS TO THE SYSTEM 

4.1 Importance of reduced models for grid integrations 

studies 

The model developed in this work is a reduced order simple model, but detailed 

enough to describing the behaviour of turbines with sufficient accuracy, as demonstrated 

by Cristensen and Ottsen with the validation of a similar model (Cristensen, 2004).  

Unlike to what common sense might suggest, detailed models are not necessarily 

a better choice than reduced order models of a wind turbine. One of the main issues to 

deal with in the development of wind power systems is the impact of wind farms in the 

electric grid: due to the increasing role that wind energy plays in the power supply, and 

the large dimensions of wind power plants, it is an aspect that needs to be carefully 

investigated. This is done mainly through the use of different simulation tools, in which 

the entire farm and the electric grid are modelled, and their interaction is studied.  
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It is then easy to understand the importance of using reduced models in such 

applications: given the high number of turbines in a wind farm, highly detailed models 

for each WTG would require an unbearable computational capacity hardly reachable, 

causing a sensible increase in the time needed and a high difficulty in carry on such 

studies.  

Furthermore, the reliability of a model is strictly related to the quality and 

accuracy of the data that are used within the model. In fact, the general quality of any 

simulation result is affected by the least accurate model representation of the most 

significant components in the total system model. The consequence is that the 

development of very accurate models can be justified only if it is also possible to obtain 

data with a corresponding accuracy. (Ackermann, 2005) 

Therefore, it is reasonable to apply very accurate model representations of 

components only if the model representation of other components having a similar or 

higher significance to the simulation results has an equally high accuracy. 

 

4.2 Financial implications of reduced models 

The restructuring of the electricity industry is an ongoing process around the 

world. However, it is recognized that the physical reality of electricity generation can 

have tremendous impacts on the  performance of markets.  
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The majority of countries and governments are continuously developing new 

energy plans, with the aim of improving the quality and differentiation of the electricity 

produced by different sources, promoting the increase of the quota of energy coming 

from renewable sources, among which wind power plays a fundamental role. However, 

as already stated, these energy sources are intermittent and volatile, especially wind 

power, and difficult to control and predict.  

All the changes under way in these perspective will require a careful design of 

the associated markets. The impact of volatility and uncertainty in electricity markets 

can be huge (Meyn, 2010). In particular, under the most ideal conditions from a market 

perspective, wind power volatility can have deep impacts. Large volatility requires 

increased level of operational reserves, increases the volatility of prices, and even could 

erode the social welfare of consumers. The minimization of the negative impacts of 

volatility and uncertainty of wind generation along with other sources of complexities, 

will require a careful redesign of the market structures.  

In this new scenario, standard approaches from classical economics can provide a 

good starting point. However, it will be necessary to complement them with an 

engineering approach for market design in which a proper modelling of the new 

generating systems will play a key role. In the case of wind power, as the number of 

WTGs in a wind farm is high, often in the order of hundreds or even thousands of units, 

detailed wind turbine and wind farm models are prohibited in any type of market design 
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analysis. Reduced but accurate models of wind turbines are therefore a useful and 

practical tool also under an economic perspective, to study the implications and the role 

of these generation systems in the overall demand of the grid, and to have an overview 

and understanding of the impact of wind power on the electricity markets. 

 

4.3 Possible improvements for the model 

Several modifications and implementations, depending on the different 

applications, are possible to improve the described model, making it more suitable for 

different purposes.  

To have a better and more in depth understanding of the impact on the grid 

system of the wind turbine modelled, the generator, described here considering simply 

its general mechanical behaviour, can be represented through a more detailed model, 

once chosen a specific technology. As already mentioned in the previous sections, in 

fact, several technologies of generators, with different characteristics and complexity, 

are used in modern wind turbines. Their dynamic behaviour can be then fully described 

through the mechanical and electrical parameters characteristic of each technology of 

generator, which may be used then as controllable inputs to regulate the power output of 

the turbine.  
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Furthermore, the model developed here is referred only to the wind turbine. It is 

therefore possible to implement it integrating a wind model, describing the time 

dependency of the mean wind speed and the turbulence, and the effective wind speed on 

the rotor; this would improve also the aerodynamic subsystem, strictly dependent on the 

wind speed, allowing to evaluate the variation in time of the thrust and torque forces. 

With such implementation, the overall model of the wind turbine would be perfectly 

suitable for the use in the design of control systems. 

Together with this, a further modification regards the power and thrust 

coefficients, used in the aerodynamic subsystem. These parameters are non-linear 

function of the blade pitch angle and the tip speed ratio, that is of the characteristics of 

the wind turbine and the wind speed. Their values, for each operating point, can be 

determined through look-up tables, commonly available in the literature. However, it is 

possible to modify the MatLab code for the subsystem in order to evaluate those 

coefficients within the model itself, as the wind speed and the blade pitch angle vary in 

time. 

These modifications, although describing the wind turbine through a more 

complete model, would at the same time increase its complexity; it is advisable, 

therefore, to carefully evaluate the improvements adoptable, depending on the final aim 

of the modelling. 
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CHAPTER IV 

CONCLUSION 

 

In this work of thesis has been developed a wind turbine model of reduced order. 

In the literature are available several models describing the response of a turbine in 

operation, each of different complexity and aimed to different purposes (Mugica, 2004) 

(Muyen, 2009) (Perdana, 2008). Depending on the final aim of the modelling, it is 

possible to identify different output parameters of the overall model, which can be 

modified acting on the controllable inputs of the system. 

Each of the subsystems composing the wind turbine system has been described 

through the set of equations governing their dynamic behaviour, and for each subsystem 

has been developed a MatLab code to simulate the response during operations, 

presenting the results for the output parameters, using the data set of the NREL 5 MW 

baseline wind turbine. 

As discussed in the last chapter, the choice of a simplified reduced model, instead 

of a complete model, is justified by the fact that such model is best suitable to analyze 

the impact of wind farms in the electric grid, in order to predict and prevent faults that 

might have sensible drawbacks, both under an engineering and economic point of view. 
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However, the high number of wind turbines usually installed in a wind farm, 

makes it highly disadvantageous to use complete models of the wind turbines, because 

of the extremely high computational capacity required in that case. Thus, the simple 

MatLab code developed here can be implemented in specific softwares available for grid 

integration studies, making this analysis rather simple, without the lost of significant 

accuracy. 

Finally, some further improvements applicable to the model and the MatLab 

code has been proposed. These modifications regards mainly the possibility to add a 

model describing the turbulence, in order to make the code suitable for the use as a base 

in the development of control systems for wind turbines. Due to its simplicity, the model 

could be used for a quick first schematization and design of a control system, which 

might be then refined using more detailed and accurate models. 

The model and code realized in this work is therefore a flexible and useful tool 

which may find application in different aspects of the development of wind turbines and 

wind farms, allowing to be able to perform analysis as complete as possible during the 

planning phase of a project, helping to minimize the uncertainties and drawbacks arising 

from aspects not always taken into proper consideration. 
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APPENDIX A 

MATLAB CODE FOR THE  

WIND TURBINE MODEL 

A.1 Aerodynamic model – aerodynamics.m 

function [ Ft Tr ] = aerodynamics( R , v , Ct , Cq ) 
%Calculates the thrust and torque forces acting on the rotor blades  
%for a specific wind turbine, identified through its radius R and its 

thrust and torque coefficients Ct and Cq. 
% 
%%2012, Jacopo Antonelli 

  
Ft = 0.5*1.225*pi*(R^2)*Ct*(v^2); 

  
Tr = 0.5*1.225*pi*(R^3)*Cq*(v^2); 

  
end 
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A.2 Drive train model (analytical)– drivetrain.m 

function [ x y z ] = drivetrain( Ta , Tg ) 
%Calculates the rotor speed[x], the generator speed [y],and the torsion 

of  
%the low speed shaft [z]. 
%The inputs Ta and Tg are the aerodynamic torque and the generator 

torque 
%respectively 
%(Analytical solution) 
% 
%%2012 Jacopo Antonelli 

  
eq1 = ['Dx = (-0.0286)*x + 3.2454e-04*y + (-19.8851)*z + ',  

 

num2str(Ta)]; 

  
eq2 = ['Dy = 18.8235*x + (-0.2671)*y + 1.3569e+04*z - ', num2str(Tg)]; 

  
eq3 = ('Dz = x - 0.0118*y'); 

  
[x y z] = dsolve(eq1, eq2, eq3, 'x(0)=0', 'y(0)=0', 'z(0)=0'); 

  
x = matlabFunction(x); 

  
y = matlabFunction(y); 

  
z = matlabFunction(z); 
 

end 
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A.3 Drive train model (numerical)– drivetrain2.m 

function [ x y z ] = drivetrain2( Ta , Tg ) 
%Calculates the rotor speed[x], the generator speed [y],and the torsion 

of  
%the low speed shaft [z]. 
%The inputs Ta and Tg are the aerodynamic torque and the generator 

torque 
%respectively 
%(Numerical solution) 
% 
%%2012 Jacopo Antonelli 

  
    function [ dy ] = system2( t,y ) 
        Ir=2.608e06; 
        Br=8.50e+03; Bd=19.160e+06; 
        Kd=9.028e+08; Ng=97; Bg=6.215e+06; Ig=534.116; 

        
        A=[((-Br-Bd)/Ir),(Bd/(Ng*Ir)),(-Kd/Ir); (Bd/(Ng*Ig)), ((-

Bd/((Ng)^2)*Ig)-(Bg/Ig)), (Kd/(Ng*Ig)); 1,(-1/Ng),0]; 

         
        dy = A*y + [8.7e06*Ta ; 1.5e02*(-Tg) ; 0]; 
    end 

  
[t,a]=ode23t(@system2,[0,200],[0,0,0]); 
x = a(:,1); 
y = a(:,2); 
z = a(:,3); 

  
end 
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A.4 Tower model (analytical) – tower.m 

function [ z ] = tower( F ) 
%Calculates the tower bending taking as input the thrust force F 
%(Analytical solution) 
% 
%%2012 Jacopo Antonelli 

  
eq = ['D2z = (-8.88e5/250e3)*z + (-296e2/250e3)*Dz + (1/250e3)*' 

num2str(F)]; 

  
z = dsolve(eq,'z(0)=0','Dz(0)=0'); 

  
z = matlabFunction(z); 
 

end 

  

A.5 Tower model (numerical) – tower2.m 

function [ z ] = tower2( F ) 
%Calculates the tower bending taking as input the thrust force F 
%(numerical solution) 
% 
%%2012 Jacopo Antonelli 

  
        function [ dy ] = twoeq( t,y ) 
        A = [0,1;(-8.88e5/250e3),(-296e2/250e3)]; 

          
        dy = A*y + [0;(1/250e3)*F]; 
        end 

  
[t,a]=ode45(@twoeq,[0,200],[0,0]); 

  
z = a(:,2); 
 

end 
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A.6 Generator model – generator.m 

function [ Tg , Pe ] = generator( Pref , wg ) 
%Calculates the generator torque and the power output. The input 

parameters 
%are the power reference and the generator speed. 
% 
%%2012 Jacopo Antonelli 

  
eq = ['DTg = (1/0.05)*((',num2str(Pref),'/',num2str(wg),')-(Tg))']; 

  
Tg = dsolve(eq, 'Tg(0)=0'); 

  
Pe = wg*Tg; 

  
Tg = matlabFunction(Tg); 

  
Pe = matlabFunction(Pe); 

 
end 

 

A.7 Pitch actuator model – pitch.m 

function [ pitch ] = pitch( betaRef ) 
%Calculates the pitch angle taking as input parameter the reference 

pitch angle 
% 
%%2012 Jacopo Antonelli 
eq = ['Db = (1/0.120)*(', num2str(betaRef),'-b)']; 

  

  
pitch = dsolve(eq,'b(0)=0'); 

  
pitch = matlabFunction(pitch); 

  
end 
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