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Abstract 

The main objective of this thesis is to design controllers for a 2MW wind turbine for 

power regulation and tower load reduction. Due to the highly stochastic nature of the 

wind, a wind turbine is exposed to strongly varying loads. More specifically tower 

loads are a major concern and there is little literature proposing solutions towards 

their mitigation. One of the objectives of the operation of a wind turbine is to 

maximize its energy capture in below rated wind speeds through the controller. A 

thorough assessment of what is possible in a modern MW scale wind turbine is 

undertaken in this thesis. A full envelope single input single output controller is 

designed to be used as a benchmark for comparison of the newly proposed 

coordinating controller which successfully mitigates tower fatigue loads. The design 

of the newly proposed coordinated controller is thoroughly explored and tested.  
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1 Introduction 

The exploitation of the energy found in the wind dates back thousands of years. 

Nowadays wind energy is exploited through large scale wind turbines used to 

produce electrical power. Undoubtedly, the rapid development of renewable energy 

sources is the most popular tool available internationally for the tackling of climate 

change. Wind turbines are machines which convert the kinetic energy of the wind 

into electrical power. This conversion is done in two stages; the first through the 

rotor converting the kinetic energy of the wind to mechanical energy and the second 

stage through the generator converting the mechanical rotational energy into electric 

energy. 

In recent years, it has become common knowledge that wind farms are playing a very 

important role towards the development of green, natural energy. They completely 

eradicate carbon and gas emissions; to the extent that for a 50MW wind farm, 

approximately 2,300 tonnes of sulphuric acid, 128,000 tonnes of carbon dioxide and 

180 tonnes of nitrogen dioxide are avoided from being emitted to the atmosphere, by 

using conventional power plants.  

Around 40 GW of new wind energy capacity has been added this year alone 

(globally). The global installed wind energy capacity was close to 200 GW by the 

end of 2010.  The European wind market on its own is expected to grow at a rate of 

over 9 GW annually, which takes the figure of annual investments to more than 11 

billion Euros [45]. The Global Wind Energy Council (GWEC) predicts the global 

market for wind turbines will grow to more than 330 GW of total installed capacity 

by 2013. It is also anticipated that wind power could cover up to 13% of global 

electricity demand by 2020, according to GWEC, and up to roughly 25% in 2030 

[45]. 
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The figures discussed above are huge and show the rapid development of the wind 

energy market. Research is being done into every aspect of the wind turbine 

operation, and, as the wind turbines get continuously larger in size, see Figure 1.1, 

issues like their design, control, economics and location become more complex and 

demanding.  Much research is being done on the materials used to build a wind 

turbine [60]. The trend is towards lighter, stronger, less expensive materials, 

especially for the tower and blades. In some case the cost of the tower and its 

foundations account for more than the 50% of the total cost of the wind turbine, the 

reason being that less costly material with high endurance have not yet been fully 

justified. In order for new materials to be used i.e. aluminium, concrete etc, the 

fatigue loads and the strength requirements must be fully met. 

 

Figure 1.1: Size development of wind turbines [45] 

The heart of the operation of a wind turbine is its controller. As the size of the wind 

turbine increases the controller becomes more complex and more tasks are assigned 

to it. Wind turbine structural elements have become structurally flexible and fatigue 

loads have become of major concern. If they are not taken into account the operating 

life of the wind turbine can be reduced and the costs for maintenance, down time and 

part replacement will be significantly increased.  

Source: Garrad Hassan 
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The purpose of this thesis is to pronounce the significance of the controller and its 

contribution to energy capture, present the full envelope controller design of a 

modern large MW scale wind turbine, and introduce advance control algorithms 

towards the alleviation of tower fatigue loads. 

1.1 Brief History of Wind Power  

Historically wind power has followed a general evolution from the use of simple, 

light devices using aerodynamic drag force, to heavier material. Human efforts to 

exploit wind for energy date back thousands of years, when sails were used to propel 

ships and boats. Aerodynamic lift (the force making planes fly) is not a modern 

concept at all. The earliest use of wind power is the sailing boat, which is the 

predecessor of sail-type windmills. Ancient sailors didn't have the physics 

background knowledge to explain how aerodynamic lift and drag worked, however 

they used it in everyday life.  

The earliest design of a wind mill documented, dates back to 200 B.C [63]. The 

Persians used them for grinding corn during this period. These were vertical axis 

machines and the grinding stone was attached to the vertical shaft.  

Windmills were also widely used by the Chinese, and some people argue that China 

was their place of origin.  

The first windmills in the western European region were horizontal-axis machines. 

The reason for the change from the Persian vertical-axis design is yet to be answered. 

This is probably due to their higher structural efficiency. The first illustrations 

(approximately 1270 A.D.) depict a four- bladed mill mounted on a central mast. 

These mills used wooden gears to transmit the motion of the shaft to rotate a 

grindstone.   

The era of electricity generators using wind as their fuel began around 1890’s when 

the first wind turbine was designed in Denmark, specifically for electricity 

generation. Then in 1920 the Darrieus machine was developed, having narrow 

curved blades designed to rotate around the vertical axis. Wind electrical generators 

then evolved rapidly with new axis, rotor and blade design concepts. Constant speed 

wind turbines with rated power 100kW were developed later in the 70’s in Germany 
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having a diameter of about 15m. Thereafter the technology dramatically evolved, to 

the point where 5MW machines are proposed to exploit the offshore resource. 

1.2 Thesis organisation 

The thesis is organised as follows: 

Here in Chapter 1, an introduction, the motivation and organisation of this thesis is 

presented, as well as a brief historical background of wind energy. 

Chapter 2, provides the background to control of wind turbines. Details about the 

wind resource as well as the fatigue loads that wind turbines encounter are also 

included in this Chapter. 

Chapter 3, describes the modelling and aerodynamic background of a modern 

horizontal axis wind turbine. Apart from the modelling details, a brief assessment is 

also made of commercial aeroelastic codes widely used by the wind energy 

community. The results and simulations included in this thesis are outputs from the 

aeroelastic software package GH Bladed. 

Chapter 4, assesses fully the energy capture capability of a modern MW scale wind 

turbine. As explained in Chapter 2, one of the main and most important objectives of 

the controller during below rated operation is to ensure that the wind turbine 

maximises the amount of energy captured from the wind. It is investigated whether 

energy capture is dependent on the control strategy adopted and to what extent the 

wind turbine is exploiting the energy available in the wind. 

Chapter 5, provides a description of a detailed full envelope controller design for the 

2MW Supergen exemplar wind turbine. This wind turbine and its controller serve as 

a benchmark for comparison of the novel controller algorithms for tower load 

reduction, presented in Chapter 6.  

Chapter 6, presents novel algorithms based on a parallel path modification to the 

existing controller, using a coordinated multi-input multi-output concept which 

significantly reduces the lifetime tower fatigue loads. This concept is extended to a 

power coordinated controller design, which manages to reduce the loads with no 

compromise in the performance of the wind turbine. 
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Finally, Chapter 7 summarises the results presented in this thesis, draws some 

conclusions and discusses the proposed further work to be done in this area of 

research.  

1.3 Publications 

The outcomes of this thesis resulted in the following publications: 

1. A. Chatzopoulos, W.E. Leithead, “Ensuring maximum energy capture by wind 

turbines during below rated operation”, 5th PhD Wind Energy Conference in 

Europe, p.97-100, 30 September – 1 October 2009, Durham, UK 

 

2. A. Chatzopoulos, W.E. Leithead, “Assessing the Energy Capture Capability of a 

MW Scale Wind Turbine During Below Rated Operation”, European Wind Energy 

Conference 2010, Scientific Proceedings, p.251-254, 20-23 April 2010, Warsaw, 

Poland 

  

3. A. Chatzopoulos, W.E. Leithead, “Reducing tower fatigue loads by a co-ordinated 

control of the Supergen 2MW exemplar wind turbine”, Torque 2010: The Science of 

Making Torque From Wind, Proceedings of 3
rd

 EWEA Conference, p.667-674, 28-

30 June, Heraklion, Greece 

 

To be presented in September 2011: 

4. A. Chatzopoulos, W.E. Leithead, “The Use of a Novel Power Co-ordinated 

Controller for the Effective Reduction of Wind Turbine Tower Fatigue Loads”, 

eRA2011 – Conference for International Synergy in Energy, Environment, Tourism 

and contribution of Information Technology in Science, Economy, Society and 

Education, 19-24 September 2011, Greece 
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2 Overview of the Wind turbine and the 

Controller 

2.1 General Background 

Control plays a very important role in the efficient operation of the wind turbine. It 

allows for better exploitation of the wind energy capacity as well as the mitigation of 

fatigue loads that reduce the lifetime expectancy of the installation. Hence, active 

control has crucial impact on the cost of wind energy [69].  

Wind turbines have to account for the stochastic nature of the wind and therefore, 

they include mechanisms that limit the captured power in high wind speeds to avoid 

damage of the machine. For low wind speeds the controller needs to adjust its mode 

of operation according to an ideal strategy of the wind turbine. The most common 

practice for power limitation is to reduce the blades lift by pitching the blades and 

discarding excess power. Alternatively, passive control methods are sometimes used 

for this job. 

2.2 Preliminaries of the wind turbine controller 

The control task of a modern wind turbine is to enable the wind turbine to maintain 

the appropriate operational state as conditions change and to improve its dynamic 

properties. It is divided into two main categories: Supervisory control and 

Operational control. 

2.2.1 Supervisory Control 

Supervisory control is responsible for assigning “supervisors” that restrict the 

behaviour of a plant such that the given manufacturers specifications are fulfilled. 

States of the wind turbine that supervisory control is responsible for, include the 

following [62], [65], [69]: 
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• System check: this includes a check of the most important parameters of the 

wind turbine that may indicate a start up fault. Examples of such parameters are 

the status of the brakes, pressure levels, temperatures etc.  

• Stand by: referring to the low power mode in which the machines systems are 

checked and ready to start  

• Start up: includes the pitching of the blades at the optimum angle of attack for 

below rated operation, and the rotor starts to rotate. 

• Shut down: this is the case when the mean wind speed over a specific period of 

time remains outside of the wind speed operational limits of the wind turbine. 

The wind turbine goes back to its stand by state.   

• Power production: this state refers to the connection of the generator to the grid. 

There is a distinction in load operation according to the wind speed. When the 

wind speed is below the rated value the wind turbine operates at partial load. 

When the wind speed is above the rated value then there is maximum power 

production and the wind turbine is operating at full load. 

More states [65] can also be considered to be affected by supervisory control which, 

amongst others, includes the engagement and disengagement of the brakes of the 

shaft, the power up of the actuators and the employment of the closed loop pitch 

controller for power limitation. The supervisory controller must make sure that 

specific tasks are completed before moving to the next ones. If a test does not pass 

because of a fault or conflict then the turbine is shut down. 

2.2.2 Operational Control 

Focus on the operational controller and its design is the main goal of this thesis. The 

main goals of operational controller may be divided in two categories depending on 

whether the wind turbine is operating in the below or above rated region: 

Below rated 

The task of the controller in this region is to extract as much power from the wind as 

possible. The objective in this low wind speed region is to vary the reaction torque 

from the generator according to a measurement of either rotor speed or output power. 

In this region, pitch regulated, variable speed wind turbines which are the main type 

discussed in this thesis; operate with minimum pitch angle in order to produce as 
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much power as is theoretically possible. The full assessment of the energy capture 

capability of a modern large scale wind turbine is undertaken in Chapter 4 of this 

thesis. The results suggest that when the theoretical maximum ;<=>?  curve is 

tracked through careful choice of the controller gain, almost no energy losses are 

observed. However, on fixed speed wind turbines which are not discussed here, the 

optimum angle of attack may vary slightly and the blades may have to be pitched 

slightly in order to achieve maximum power output. Another important task of the 

controller in below rated operation is the smooth switching between the 1
st
 constant 

speed region, ;<=>?  tracking region and 2
nd

 constant speed region. A typical 

operating strategy of pitch regulated, variable speed wind turbine and the 

aforementioned regions are depicted in Figure 2.4. 

Above rated 

In above rated operation the power is limited at some pre-determined nominal value 

(reached at rated wind speed). The task of the controller in this region is amongst 

others to [2], [38], [65], [69]: 

• Maintain power at its rated value 

• Compensate for the aerodynamic nonlinearities 

• Keep the required stability margins that will ensure stability  

• Take action to alleviate increased tower and rotor loads 

• Maintain generator speed and torque within the required band of operation, 

protecting from over speed 

• Maintain pitch activity within the specified limits 

Inevitably there are trade-offs that have to be considered and analysed when 

designing the controller. Effort to improve the performance of one aspect might have 

negative influence on another. The task of the control engineer is to balance the 

advantages and disadvantages and make the best decision for overall improved 

performance.  

Many different control methods have been discussed in the literature. To name a few, 

the Linear Quadratic Gaussian control approach is discussed in [50], [51], [52] 

minimising an LQG cost function, aiming at maintaining the power output at its rated 
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value. A Model Predictive Controller is design and tested in [55], [56]. Fuzzy Logic 

approaches are discussed in [8], [53], [54] mainly in below rated wind speeds in 

order to maximize energy capture. The minimization of the H2/H∞ norm using a 

Linear Parameter Varying controller is proposed in [57], balancing the tradeoffs 

between loads and power output.  All of the methods give good results, some better 

in load reduction and some better in power output performance. The classical design 

approach, mainly used here, involves the use of PI or PID controllers for the design 

of the controller and is nowadays the industrial standard. Once rated torque is 

reached, pitch control has to regulate the rotor speed while keeping the load of the 

torque constant and thereby maintain power at the rated level.  

As discussed in [20], [33], [59], the bandwidth of a system is a very important 

indication of the benefits and drawbacks of applying classical feedback control. As 

far as performance is concerned, the speed of response of the system under study 

relates directly to the bandwidth frequency. In general a large bandwidth corresponds 

to a faster response since high frequency components are not attenuated. However, 

high bandwidth indicates a sensitivity to noise and to parameter variations. On the 

other hand a low bandwidth frequency indicates a slower but more robust system. It 

is easily understood that depending on the nature of the system, a balance of 

tradeoffs has to be made. Roughly speaking bandwidth is the frequency range over 

which the controller is effective. In the case of a wind turbine the highly stochastic 

nature of the turbulent wind requires a responsive controller.  

 

2.3 Pitch versus Stall Control strategies 

Passive stall controlled wind turbines do not pitch the blades, whereas, active stall 

controlled machines are similar to the pitch controlled ones. The existing types of 

control strategies are described below. 

Constant speed Stall Control 

The constant speed, stall regulated strategy, see Figure 2.1, involves no active 

aerodynamic control action during normal operation. There is a direct connection of 

the generator to the constant frequency grid. 
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Figure 2.1: Stall regulated, Constant speed strategy 

 

Variable speed Stall Regulated 

The concept of active stall regulation is to reduce the aerodynamic power by pitching 

the blades in the negative angle opposite to that done in active pitch control, see 

Figure 2.5. This is done in order to increase the angle of attack of the wind on the 

blades [68]. The generator is decoupled from the grid and the rotor speed is 

controlled through varying the reaction torque from the generator. In variable speed 

stall control, the rotor speed is varied to vary the aerodynamic torque and so to limit 

the output power. The torque versus speed curve of this strategy is shown in Figure 

2.2. 

Rated Power 
Stall Line 
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Figure 2.2: Variable speed Stall regulated strategy 

Constant speed Pitch Regulated 

This is another case where the generator is directly connected to a constant speed 

grid. This strategy is depicted in Figure 2.3, and the blades are pitched to limit the 

power in above rated wind speeds [31]. 

 

Figure 2.3: Constant speed Pitch regulated strategy 
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Variable speed Pitch Control 

This control strategy is used to pitch the blades in such a way as to discard excess 

wind and limit the power output at its rated value. The 2MW wind turbine analysed 

in the present thesis adopts the active pitch control strategy and is therefore the main 

control strategy discussed. Its torque versus speed curve is presented in Figure 2.4. 

 

Figure 2.4: Ideal operating strategy for Variable speed, Pitch controlled wind 

turbines (Aerodynamic Torque – Rotor Speed) 
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Figure 2.5: Active Pitch vs. Active Stall Control 
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2.4  Wind Resource 

It is common knowledge that accurate prediction of the wind turbine performance 

depends on the knowledge of the behaviour of the wind. The most obvious 

characteristic of the wind resource is its variability.  The wind speed at any location 

varies continuously in a stochastic manner and there are yearly, seasonal, daily and 

even turbulent second to second variations. All these variations make it difficult to 

accurately predict the exact energy capture performance and other aspects of the 

wind turbine behaviour. Typical wind speed time series plots are available in 

Appendix B.   

The typical Van der Hoven spectrum see Figure 2.6, depicts the variance in wind 

speeds related with the time scales mentioned above. By observing this frequency 

plot we see slow variations occurring in a range of between 10 minutes and 2 hours. 

This explains the reason why wind statistics depend on mainly this timescale range.  

 

Figure 2.6: Typical Van der Hoven spectrum 

2.5 Fatigue Loads 

Due to the nature of the wind turbine it is subjected to various kinds of loads and 

stresses which are highly variable and affect almost all of its components. This is 

even more important as the size of the wind turbine increases and their components 

become more and more flexible. Even at the initial design process of the wind 

turbine it is crucial to assess its components and analyse the loads that the machine 

will experience during its lifetime. Moreover, very importantly as their size 
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increases, the controller must cater for and actively alleviate much of the fatigue 

loads where possible. 

It is known that the wind field in which the wind turbine operates is non-uniform and 

stochastically time-varying. There is strong interaction between the stochastic wind 

field and the rotor which causes loads on the whole structure. The main categories of 

loadings that are usually taken into account are Aerodynamic, Inertial and 

Gravitational loads. These cause increased bending moments such as in the flapwise 

and edgewise modes of the blades, fore-aft modes of the tower, the drive train etc.  

On the spectrum plot of Figure 2.7, it is easy to observe the loads, caused by the in-

plane and out-of-plane moments of the blades, as large peaks placed at frequencies 

which are multiples of the frequency of the rotor. These are referred to as “nP” loads 

and may often cause damage to different components of the wind turbine. Another 

example is depicted in Figure 2.8, depicting the spectra of the fore-aft bending 

moment of the base of the tower. The large peak centred at the tower dominant 

frequency is causing excessive loads on the structure and must be alleviated through 

the controller. The reduction of the tower loads is one of the main objectives of this 

thesis and is thoroughly analysed in Chapters 5 and 6. 

 

Figure 2.7: Unbalanced “nP” loads 
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Figure 2.8: Spectrum of the fore-aft moment of the tower 
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3 Modelling and Aerodynamics of Variable 

Speed Wind Turbines 

3.1 Main Wind Turbine Components 

The most important components of a modern MW scale wind turbine are listed 

below and depicted in Figure 3.1. 

 

Figure 3.1: Main components of a HAWT [68] 

• Rotor: The rotor of a wind turbine consists of the blades, the hub, the bearings 

and the shaft. It is the part of the wind turbine responsible for capturing the energy 

of the wind and transforming it into mechanical power. Modern wind turbines, 

such as the one discussed in this thesis, follow the Danish concept (i.e. three 

blades, upwind) which is nowadays the industrial standard. The size of a rotor 

depends on the turbines rated power, the higher the power output, the bigger the 

size of the rotor. Very early wind turbines of 25kW had a rotor diameter of 10m 

whereas a modern 2.5MW wind turbine rotor has a diameter of approximately 

80m. To design a rotor, different methods are used by researchers and engineers, 



17 

 

such as the Blade Element Momentum theory, the Reynolds Navier stokes method 

(Fluid Dynamics approach) and the Vortex Lattice method. 

• Tower: The tower serves the important role of supporting the rotor and the 

nacelle. Different concepts exist (Tubular, Lattice etc.) depending on the scale and 

the purpose of the turbine. Due to the fact that wind turbines are becoming larger 

in size, today towers may be in excess of 90m tall for a 5MW machine. It is 

inevitable that as towers become taller, the loads they experience become an 

important issue. This is one of the main topics of the present thesis. 

• Gearbox: It is situated between the main shaft and the generator. Its use is to 

increase the rotational speed of the rotor to the generator rotation speed of 1000 or 

1500 revolutions per minute (rpm). The gearbox has always a constant ratio (as 

opposed to car gearboxes), however they are prone to wear and high maintenance 

needs.   

• Generator: The role of the generator is very demanding as they have to work 

under fluctuating power levels because of the nature of the stochastic wind. 

Depending on the operation and the type of the wind turbine, different types of 

generators are used. Most MW-scale wind generation plants are integrated with 

the grid, therefore three phase AC generators are commonly used. The most 

commonly commercial wind turbine configurations are the Doubly-fed induction 

generator (DFIG) wind turbines, see Figure 3.2, and the Wide-range variable-

speed wind turbine based on a synchronous generator, see Figure 3.3. 

 

Figure 3.2: Typical DFIG Configuration [73] 
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Figure 3.3: Wide range variable speed wind turbine configuration [73] 

The first configuration uses an asynchronous generator combined with power 

electronics, and as its name implies, is able to decouple from the grid and operate in 

a specific speed range. Moreover, they are efficient with relatively little maintenance 

needs. The second configuration uses a synchronous generator in which the rotor and 

the generator rotor are completely decoupled from the grid, allowing operation in a 

wide range of speeds.  

• Sensors: sensors are the electronic devices that measure various quantities from 

the different components and convert these measures to signals. Some of these are 

used by the controller in order to take corrective action while the rest allow the 

global monitoring of the system via the SCADA. One example is the 

measurement of output power several times per second. This allows orders the 

pitch control mechanism, to pitch the blades and discard the excess power. 

• Safety systems: The wind turbine must have the capability of stopping in case of 

an emergency. Examples of emergency include an over-speed, highly turbulent 

wind speeds, disconnection of the generator from the grid, failure of one of the 

subsystems etc. For such an event the turbine is designed to use aerodynamic and 

mechanical breaks. In the case of aerodynamic braking, the wind turbine pitches 

the blades in order to cancel the aerodynamic lift and therefore stop the rotor. 

Mechanical brakes, usually discs braking are used as backup devices and are also 

used for parking the blades.  
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3.2  Basic Aerodynamics 

The operating principal of a wind turbine is to extract kinetic energy from the wind. 

The aerodynamics of the rotor refers to the mutual interaction between the wind and 

the rotor. This interaction is most commonly described by Blade Element 

Momentum Theory (BEM), which considers the rotor as a disk, see Figure 3.4. 

 

Figure 3.4: Disc representation of the turbine and the wind flow [65] 

According to the BEM theory, the turbine extracts the energy by inducing a change 

in pressure across the swept disk. This causes part of the wind to slow down and this 

part is transformed from kinetic to mechanical energy by the turbine.  

The ratio of the power extracted from wind over the energy going through the swept 

rotor area is called Power coefficient and is given by: 

;< = A
12 DEFG 

 (1) 

 

In the above expression ;< is the power coefficient, A is the electrical power, E is 

the rotor area swept, F is the wind speed and D the air density (1.225JKL/NG). 

The denominator of eq. (1) stands for the power available in the air if the rotor disk 

did not exist (theoretical power), hence the power coefficient is equal to [65], [68]: 

;< = 4P(1 − P)T (2) 

where, P represents the axial inflow factor. 
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To find the maximum value we set the derivative of (2) equal to zero: 

U;<
UP = 0 ⇒ P = 0.33     (3) 

Therefore the maximum possible value of the power coefficient is, ;<=>? = 0.59, 

which is also known as the Betz limit or Betz coefficient. 

  

3.3 Aeroelastic Design Codes 

Detailed dynamic models are essential in any application where simulation is used to 

evaluate the design of a system. Especially for wind turbines, aeroelastic codes are an 

absolute must at all steps throughout the design and test process. For the task of 

designing and testing a controller such design codes provide the linear and nonlinear 

models.  There are several commercial packages available, all with different levels of 

complexity and detail. The requirements that such a code must have are amongst 

others [70]: 

• The ability to adapt to different wind turbine configurations. Standalone 

simulation software has to face the challenge of accounting for different number 

of blades, different types of generators, drive train configurations, masses 

changes, rotor imbalances etc. 

• Exporting of linear models is an essential characteristic of such a piece of 

software. These are extremely useful when designing and tuning a controller, as 

well as when assessing the wind turbines dynamic behaviour. 

• Accounting for couplings between different modes of the turbine that interact 

together. 

• Ideally it must have a user friendly interface that allows for straightforward 

parameter adjustments for simulation and post-processing of data. 

• Experience shows that easy exporting of data files, which can be read by other 

programs for manipulation and analysis (e.g. Matlab), is also very helpful. 

A substantial presentation and comparison of most of the existing aeroelastic codes is 

also made in [70]. A brief description of a few of these codes follows: 
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• GH Bladed: It is “an integrated software package for wind turbine performance 

and loading calculations” [31]. It has a friendly user interface and is able to carry 

out sophisticated tasks having to do with: 

1. Manipulation of all the parameters of a wind turbine 

2. Specification of environmental inputs and load cases 

3. Rapid calculation of steady-state performance characteristics 

4. Dynamic simulation covering all turbine states and allowing the use of a 

user-defined controller 

5. Post-processing of results 

GH Bladed has been certified by Germanischer Lloyd, and it is developed by Garrad 

Hassan & Partners in Bristol, England. This software package was used for the 

validation and simulation results presented in this thesis. 

• FAST: Stands for Fatigue, Aerodynamics, Structures and Turbulence and was 

developed in the Oregon State University in collaboration with NREL. It is 

relatively fast because of the limited degrees of freedom and can model any 

wind turbine configuration [28]. It uses modal representation for the flexible 

parts of the wind turbine and also uses AeroDyn for the representation of the 

dynamics of the rotor. It is a public domain piece of software available to 

anyone. 

• FLEX5: This software package was developed in the Technical University of 

Denmark. It can simulate wind turbines with different number of blades whether 

they are pitch controlled or stall controlled and fixed or variable speed. The user 

interface is not as friendly as in the previous codes mentioned, yet the 

simulations are very fast. 

• GAST: It is a General Aerodynamic and Structural Prediction Tool, and was 

developed by the National Technical University of Athens in Greece. It is able to 

perform full simulations of wind turbines over a wide range of operational 

conditions [29], as well as post-processing of data and load analysis. 

Other Design Codes, such as DUWECS, FOCUS, GAROS, PHATAS, GAROS, 

YawDyn, AeroDyn, etc., exist having similar possibilities with the ones described 

and a more complete discussion of these may be found in [70].  
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3.4 Wind Turbine Modelling and Dynamics 
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Figure 3.5: Modelling parameter representation of the Wind Turbine 

The derivation of the dynamic wind turbine models used here in the Simulink 

simulation for the controller design is described in detail in [12], [13]. It includes all 

necessary components for a full wind turbine operation and includes, wind speed, 

aerodynamics, rotor dynamics, tower dynamics, drive-train dynamics, actuator 

dynamics, converter dynamics and of course the control dynamics.  

As far as rotor dynamics are concerned, the structural (low frequency) modes that 

interact directly with the drive train are included. Each blade has two dominant 

modes, the flapwise and the edgewise. Both modes contribute to the dynamics of the 

drive train. There are three modes of the rotor with, one blade stationary and two 

oscillating at the same frequency but out of phase. Adding these motions together the 

result is zero and therefore they constitute only two independent modes of the rotor. 

The third mode is that with all three blades oscillating at the same frequency in 

phase. The frequency of the edgewise motion of the rotor is the same as the edgewise 

frequency of one individual blade. This third mode is the most important contribution 

to the rotor dynamics as it is the only low frequency mode to directly transmit low 

frequency loads to the drive train. Similarly, the only flapwise rotor mode essentially 

affecting the dynamics of the drive train is the one with all three blades oscillating in 
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phase (and having the same frequency). Therefore, the rotor can be modelled as a 

single blade.  

The fore and aft movement of the tower, as well as the out of plane mode of the rotor 

couple with the rotor and drive train. As mentioned earlier all the dynamics affecting 

the design of the controller are included in the model. Therefore, dynamics, such as 

the in-plane and out-of-plane rotor modes and the first dominant mode of the tower, 

are modelled, as they may cause Right Half Plane Zeros (RHPZ’s) and limit the 

controller design. These RHPZ’s are apparent in the dynamics linking pitch angle to 

generator speed, and are thoroughly discussed in Chapter 6.  

Z = 1
2

D[;\(], ^)_TFT
]  

(4) 

where ^ is the pitch angle, _ is the radius of the rotor and ] the tip-speed ratio. 

The in-plane aerodynamic torque Z,  is given by (4) and the out-of-plane 

aerodynamic torque Z2, is given by (5) and (6). 

Z2 = 1
`ab^ (Zc − Zbde^) (5) 

Zc = 1
2

f
_ D[_G;g(], ^)FT (6) 

where, f is the effective length of the blade and ;g is the thrust coefficient. 

The dynamics of the drive train comprise the hub, low speed shaft, gearbox, high 

speed shaft, generator, and the tower side-to-side movement, caused by the generator 

reaction torque. Different distributions of the inertias within the drive train may be 

made, however the dominant frequency of the drive train will remain the same. In 

order to keep the model simple the drive train is modelled as a two mass lumped 

parameter model (hub and generator rotor). The inertia of the hub is incorporated 

into the gearbox through the low speed shaft. The inertias of the two shafts are 

distributed to both their ends i.e. the hub and the generator rotor. The equations for 

the aerodynamics, rotor dynamics and tower dynamics are given in equations (7) to 

(9). The parameters are explained in the nomenclature and some of the parameters 
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regarding the movement of the blades and tower are depicted in Figure 3.5, in which 

hi is the in-plane rotational displacement of the centre of mass of the blade, is the 

angular position of the hub, ji  is the out-of-plane rotational displacement of the 

centre of mass of the blade, jk is the in-plane rotational displacement of the tower 

and hgl is the side to side position of the tower. 

Aerodynamics: 

mhni = −opq + mhsiTtu(hi −)`ab^ − (ji − jk)bde^v`ab^
− owx + mhsiTtu(hi − hy)bde^ + (ji − jk)`ab^vbde^ + z{ 

(7) 

 

Rotor dynamics: 

1 − m|Tmmg
1 + m|mg

mjn i = +opq + mhsiTtu(hi − hy)`ab^ − (ji − jk)bde^vbde^

− owx + mhsiTtu(hi − hy)bde^ + (ji − jk)`ab^v`ab^
+ }zT + m|mg ~gjs g + m|mg pgjg� /(1 + m|mg) 

(8) 

 

Tower dynamics: 

1 − m|T/mmg1 + m|/mg mjn g
= −opq + mhsiTtu(hi − hy)`ab^ − (ji − jk)bde^vbde^
+ o+mhsiTtu(hi − hy)bde^ + (ji − jk)`ab^v`ab^
− }~gjs g + pgjg + m|m zT� /(1 + m|m ) 

(9) 
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3.5 Full State Space Model  

In order to take full advantage of the benefits that classical control provides it is 

convenient to convert the wind turbine model to a form that may be easily 

manipulated. The modern engineering trends are towards more complex models so 

that they may accommodate more degrees of freedom. The state space representation 

of a complex system gives access to all the input, output and state variables. 

Although the state space representation of a system is not unique and depends on the 

needs of the designer, the number of states remains always the same. The 

significance of state space equations is that the input, output and state variables are 

related to each other through first order differential equations. As this representation 

helps in the analysis and modelling of the wind turbine system, it is convenient to 

start by presenting the linearised dynamics of the entire system (aerodynamics, rotor 

dynamics, drive train dynamics and tower dynamics) in the state space format. These 

equations are the results of the research presented in [12], [13] and [41]. For ease of 

manipulation of the system it is presented in two state space models for two separate 

subsystems. The first one consists of the rotor dynamics and the other one contains 

the rest of the drive-train dynamics.  

3.5.1 Rotor State Space Model 

The state space model is represented by two subsystems. One consists of the rotor 

dynamics and the second one of the drive train dynamics. 

Ηθ&
β
ω

ΗΤ

genΤ

Ηθ&

GθuBxAxS 111 +=&
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uBxAxS 222 +=&

uDxCy 22 +=

Figure 3.6: Wind Turbine State Space Representation 
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The states of the rotor dynamics are as follows: 

�{ = hi − hy,  �T = ji, �G = jk, �� = hsi, �� = js i, �� = js k, �{ = �,  
�T = ^, � = �y 

 

The state space model is presented below: 

�s{ = �� − hs� 

�sT = �� 

�sG = �� 

�s� = −(�qT ∙ `abT^� + �xT ∙ bdeT^�) ∙ �{ + (�qT − �xT) ∙ bde^� ∙ `ab^� ∙ �T − 

           −(�qT − �xT) ∙ bde^� ∙ `ab^� ∙ �G + 1
m

�z{
�hsi ∙ �� − f

m
�z{�� ∙ �� − ℎ

m
�z{�� ∙ �� + 

           + 1
m

�z{�� ∙ �{ + 1
m z{� ∙ �T 

1 − m|Tmgm
1 + m|mg

∙ �s� = (�qT − �xT) ∙ �{ − (�qT ∙ bdeT^� + �xT ∙ `abT^�) ∙ �T + 

                     +�ω�T ∙ sinTβ� + ω�T ∙ cosTβ� + ����
�(�����)� ∙ xG + ��

�(�����)
�� 
�¡s ¢ ∙ x� − 

                       −L J¥J(J¥ + J¦)
∂FT∂ω ∙ x�  J¥J(J¥ + J¦) ©h ∂FT∂ω − J¦J¥ B¥¬ ∙ x� + 

                   + ­®
­(­®�­¯)

°x 
°± ∙ �{ + ­®

­(­®�­¯) zT� ∙ �T 
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1 − m|Tmgm
J + m| mg ∙ �s� = −(�qT − �xT) ∙ bde^� ∙ `ab^� ∙ �{

− (�qT ∙ bdeT^� + �xT ∙ `abT^�) ∙ �T      
− ©�qT ∙ bdeT^� + �xT ∙ `abT^� + pgm + m|¬ ∙ �G − m|m(m + m|)

�zT
�hsi ∙ ��

+ L m|m(m + m|)
�zT�� ∙ �� + 1

m + m| }h m|m
�zT�� − ~g� ∙ �� − m|m(m + m|)

�zT��
∙ �{ − m|m(mg + m|) zT� ∙ �T 

 

� = m(�qT ∙ `abT^� + �xT ∙ bdeT^�) ∙ �{ − m(�qT − �xT) ∙ sinβ� ∙ cos^� ∙ �T+ 

                            +m(�qT − �xT) ∙ sinβ� ∙ cos^� ∙ �G + ��z1
�^ − z{�� ∙ �{ 

 

3.5.2 Drive-Train State Space Model 

The states and state space model for the drive-train model are presented below: 

�{ = �{ 
�T = �� 

�{ = �y 

�T = �²³´ 

�s{ = 1
µ¶·

(�{ − ¸¶· ∙ �{ − �̅) 

�sT = pº¶· »�{ − e − 1
e ∙ �G + 1

e Ţ∗
∙ �� − 1

e ∙ �� − 1
eT Ţ∗

∙ �̅¼ 

�sG = 1
mgl ©e − 1

e ∙ �̅ − B¥½ ∙ �G − ��¬ 

�s� = K¥½ ∙ �G 
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�s� = py·
Ţ∗

©�̅
e − ��¬ 

�s� = 1
µy· ©1

e ∙ �̅ − ¸y· ∙ �� − �T¬ 

where, 

�̅ = » eT¸T∗
{̧∗ + eT Ţ∗

¼ ¿¸{∗ ∙ �{ + �T − e − 1
e ¸{∗ ∙ �G + ¸{∗e Ţ∗

∙ �� − ¸{∗e ∙ ��À 

 

Having defined the full state space model, it is extensively used in the following 

chapters and serves as the basis for the design of all the controllers discussed. The 

derivation of all the Bode plots linking different inputs and outputs are derived from 

the above equations.  
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4 Energy Capture Assessment for Large 

Wind Turbines 

The operational strategy in below rated operation of a variable speed wind turbine is 

frequently chosen to maximise the energy capture. To do so the operating state of the 

wind turbine is caused to track the maximum aerodynamic efficiency curve, the so-

called Cp-max curve. Whether it does so accurately depends on the wind turbine 

controller. It is sometimes claimed that the energy capture can be increased by better 

design of this controller. This claim is thoroughly examined in the present Chapter. 

The energy capture per year achieved by different control algorithms and strategies is 

assessed as a percentage of the total energy available with an ideal strategy. These 

estimates are obtained using a Simulink simulation of a large 1.7MW commercial 

wind turbine that enables the latter to be determined. The results from the Simulink 

model imply that the energy capture is very weakly dependent on the control 

algorithm. There is more dependence on the choice of control strategy but even here 

the potential gains are limited. As is thoroughly discussed here the Simulink 

simulation enables the use of an effective wind speed as an input to the wind turbine. 

To support the use of Simulink to investigate the energy capture, the model is 

validated against a GH Bladed model of the same wind turbine. This validation also 

supports the claim that the Simulink model of the wind turbine described here 

provides an accurate guide for tuning the controller.  

4.1 Introduction 

The aim of this chapter is to assess the effectiveness of a MW scale wind turbine in 

extracting energy from the wind, and to examine the claim that better design of the 

below rated controller would increase the energy capture. Much research has been 

done on the hunt for new methods of control to maximize the energy captured by the 

wind turbine. Different approaches are present in the literature concerning the issue 

of energy capture.  
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In general modern large machines have ;\ − ] curves with a broad flat peak. This is 

further flattened through the “averaging” of the variation in wind speed over the rotor 

disc. In studies on rotors with sharper ;\ − ] curves and large rotor inertia, there are 

cases when energy capture may be increased by better tuning of the controller. For 

example, in [1] it is suggested that by modifying the controller gain by 10% an 

increase of 0.5% in energy capture may be achieved. The issue of determining the 

optimum controller gain is also discussed in [1], and an adaptive controller is 

proposed that seeks the best gain that maximizes energy capture, catering for changes 

to the optimal operating point because of turbulence. The effect of different rotor 

characteristics and their corresponding ;\ − ]  curves, together with the tracking 

errors associated with these characteristics, is thoroughly analysed in [6]. Different 

approaches have also been analysed, such as the one proposed in [7], presenting a 

complete fuzzy logic control based generation system, one component of which 

checks online for the desired generator speed for optimal aerodynamic efficiency. An 

adaptive fuzzy controller approach is presented in [8] to maximise energy capture, by 

continuously optimizing the internal parameters and adapting them to the system. A 

self optimizing controlled scheme called “Extremum Seeking Control (ESC)” is 

presented in [9], promising better practical implementation of the controller, to 

achieve a significant increase in power output. Other approaches include Nonlinear 

robust control, as in [10], optimizing the blade pitch for a better tracking of the 

maximum coefficient curve, and Neural network solutions, as in [11], to compensate 

for the fluctuations of the generator speed from Cp maximum curve.  All these 

different control methods seek to maximise energy capture from the wind. In 

contrast, the more basic question of whether the controller has a significant impact 

on energy capture is conducted here. 

The present Chapter is organised as follows. In section 2, a brief description (the 

detailed description is given in Chapter 3) is given of the Simulink model and the 

controllers used for the aerodynamic efficiency analysis of this research. Section 3, 

provides a description and the reasoning for use of the effective wind model used in 

the Simulink simulation. Section 4, presents a detailed validation of the Simulink 

model, which is given through extensive comparisons with the commercially and 

industrially accepted software GH Bladed. These comparisons are presented through 
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mainly determined by the control strategy of the wind turbine. The rotor of the wind 



32 

 

turbine continuously interacts with a complex wind field which is responsible for 

causing lift on the blades and therefore rotor torque that drives the machine.  

 

Figure 4.3: Non-uniform wind field representation [72] 

The power coefficient is the main quantification of efficiency and depends on pitch 

angle ^, the wind speed F, and the rotor speed Á. In the below rated operating region 

the rotor is regulated to achieve constant speed for the first and third operating 

regions, and maximization of energy capture by tracking the optimum power 

coefficient curve for region two (see Figure 4.15). This is a region in which the 

torque value at each time corresponds to the maximum value of the power coefficient 

curve and is given by (10). 

where, � is the generator reaction torque, pÂ\Ã is the controller gain for tracking the 

power coefficient curve and � the generator speed. 

 As far as the controller is concerned, torque is used for below rated wind speeds to 

control the rotor speed. In above rated wind speeds, pitch is used to control the rotor 

speed and torque is used to control the power of the wind turbine. The torque 

controller includes a classical controller for the two constant speed regions shown in 

Figure 4.15, whereas the ;<=>? region is tracked through (10) with no active control 

being involved. Of course a full envelope switching scheme is embedded in the 

controller to achieve smooth switching between the different modes (described in 

Section 5.9). In above rated wind speeds, the pitch controller deploys “gain 

� = pÂ\Ã�T    (10) 
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scheduling” techniques, to compensate for the aerodynamic nonlinearities arising 

from the dependence of aerodynamic torque on the rotor speed, pitch angle and the 

wind speed. The detailed design and analysis of the controller is presented in Chapter 

5.  

4.3 Effective Wind Speed Model 

Effective wind speed is the uniform wind speed over the rotor area that induces the 

same aerodynamic forces as the non-uniform wind field [14]. This effective wind 

speed model, see Figure 4.4, may be produced by filtering the point wind speed. 
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Figure 4.4: Effective wind speed model 

The effective wind speed spectrum, in contrast to the point wind speed, has its power 

enhanced at integer multiples of the rotational angular velocity  Á� , but power is 

depleted elsewhere as described in [14], [15], [16]. 

The dynamics of the “spatial filter” applied to the wind speed in Figure 4.4 are given 

by (11), which represents the rotational averaging of the wind speed. 

JG(b + Ä)
(b + `)(b + U) =

1Å »b + √2Å ¼
»b + √2

√P′Å¼ »b + √P′Å ¼
  (11) 
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Where: 

Å = ¸_
ÇÈ  

(12) 

 

¸ being the turbulent wind speed decay factor, ÇÈ  the short term mean wind speed and 

suggested values ¸ = 1.3 and P ′ = 0.55. 

The input to the spatial filter is a point wind speed. Quite a few models have been 

presented for wind speed fluctuations. Their general form is given by   (13). 

ÉÊ(�) = pÊ|�|Ì
u1 + (�ÍÊ)>vÎ     (13) 

In the model of equation (13), pÊ  and �Ê , are constants mainly affected by the 

turbulence of the wind, the surface roughness and the mean wind speed. The 

parameters P, Ï and J, are powers depending on the spectrum in question. Examples 

of widely used models for point wind speeds are the Von Karman, Dresden, Kaimal 

and the Davenport. The one that was used for the simulations included here in both 

Bladed and Simulink (before the spatial filtering) is the Von Karman spectrum, 

which is said to be the most appropriate for a few minutes duration of simulations of 

point wind speed, and is given by (14). 

ÉÐÑ(�) = 0.475ÅÊT
(f/ÇÈ)

(1 + (�f/ÇÈ)T)�/� (14) 

Where, ÅÊ is the wind turbulence intensity, ÇÈ  is the 10 minute mean wind speed and 

f is the length scale of the turbulence. The spectra of the point and spatially filtered 

wind speeds are depicted in Figure 4.5. 
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Figure 4.5: Power spectral density of point and spatially filtered wind speed 

 

4.4 Validation of the Model 

Amongst others, one software package that is widely accepted in the wind energy 

community is GH Bladed. Therefore, the Simulink model that is being used for the 

assessment of the aerodynamic efficiency of the wind turbine is compared with 

Bladed. This is done in order to verify that by conducting the aerodynamic efficiency 

analysis using the Simulink model, similar results and operational behaviour would 

have been acquired by using Bladed. For the purpose of this study the wind turbine is 

extensively tested using the same controller but different controller gains for the 

tracking of the below rated ;< curve. The simulations are conducted for uniform 

wind speeds, as well as for turbulent wind for turbulences of 5% and 10%. The 

vertical axis of Figure 4.6 through Figure 4.8 depict the normalised energy capture 

for the two models compared for seven different controller gains and three different 

seeds of wind.  
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Figure 4.6: Comparison of Bladed Vs Simulink for different controller gains for 

uniform wind speed 

Each of the two models is run for wind speeds from cut-in (4m/s) to cut-out (24m/s) 

and for the controller gain values shown on the plots. After obtaining and averaging 

the results from all the runs, they where normalized. This is done by subtracting the 

average value of all the runs, from each individual run. This allows the two models to 

be brought to the same scale for comparison reasons. Wind is stochastic; therefore 

three different seeds are averaged for the accurate presentation of the results. As may 

be observed from Figure 4.6 through Figure 4.8 there is significant agreement 

between the trends that the two models follow. The peaks of all the graphs, which 

shows the maximum energy capture possible and the associated controller gain, 

coincides for the two models, as does the overall nature of the curves. Moreover, it 

can be inferred that the Simulink simulation model can be effectively used to tune 

the wind turbine controller with, similar results to Bladed. 
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Figure 4.7: Comparison of Bladed Vs Simulink for different controller gains and 5% 

turbulence intensity. 

Moreover, in addition to the previous comparisons for validation of the Simulink 

model, the power spectral density functions of the hub torque for both Bladed and 

Simulink models are also compared in Figure 4.9. As previously mentioned GH 

Bladed uses a 3D turbulent wind field whereas in the Simulink effective wind speed 

filter only the 3P and 6P components of the spectrum are enabled. Even in this case 

an accurate match is observed between the two models. 
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Figure 4.8: Comparison of Bladed Vs Simulink for different controller gains and 

10% turbulence intensity. 

 

Figure 4.9: Power spectral density of hub torque for both the Simulink and the 

Bladed model 
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4.5 Efficiency Analysis 

The potential energy capture capability of a wind turbine is dependent on the 

aerodynamic properties of the rotor, and its operating mode. The purpose of the 

efficiency analysis done here is to compare the actual input power extracted from the 

wind by the wind turbine rotor with the ideal maximum input power that 

theoretically could be extracted from the wind. The actual input power curve is 

combined with the wind speed probability distribution function to obtain the yearly 

energy capture and thereby the aerodynamic efficiency. The optimum gain for the 

controller, as obtained in Section 4.4, is used for this assessment and full runs for 

wind speeds from cut-in to cut-out are conducted. The results are then compared to 

results from runs, using controller gains others than the optimum one. This is done to 

investigate the extent to which maximizing the energy capture of a wind turbine 

depends on the chosen operating strategy of the turbine. The rotor efficiency is given 

by the following ratio: 

Rotor efficiency=
Actual Input Power

Ideal Input Power
 

For the efficiency plots shown below the ideal Input power is calculated directly 

from the steady state characteristics of the wind turbine. Note, this is only possible 

due to using the effective wind speed in the Simulink wind turbine model. Input 

power is defined as the product of the Aerodynamic torque on the rotor times the 

rotor speed. A full set of simulation runs is conducted and the Bin method is used to 

obtain the dependence of input power on wind speed.  

The Bin method refers to the procedure whereby data (in this case input power) is 

sorted into discrete groups (Bins) for a set of wind speed intervals. Each bin 

(interval) is allocated the average of the input power values allocated by wind speed 

to that Bin for a particular time series. The full efficiency envelopes for wind 

turbulences of 5%, 10% and 15% are presented in Figure 4.10 through Figure 4.12.   
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Figure 4.10: Efficiency plot for 5% turbulent wind 

It is obvious from the plots (Figure 4.10 through Figure 4.12) that the efficiency is 

very close to one, with one being the theoretical maximum efficiency. As expected, 

as turbulence increases the rotor gets disturbed further from its operating strategy 

curve, resulting in a slight loss of energy. This energy loss occurs in the below rated 

region between the wind speeds of 4m/s and 12m/s, in which the rotor is controlled 

to extract as much energy from the wind as possible. 

 

Figure 4.11: Efficiency plot for 10% turbulent wind 
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During the above rated operating region, the blades of the wind turbine pitch in order 

to discard wind disturbances, while the rotor speed and consequently the generator 

speed is constant, maintaining the power output to its nominal (rated) value. 

Therefore energy capture depends on rotor efficiency and is relevant in the below 

rated operation of the wind turbine. 

 

Figure 4.12: Efficiency plot for 15% turbulent wind 

In the Weibull distribution the wind speed and its variations are described by two 

functions. The first one is the probability density function which indicates the 

probability each wind speed lies at a certain speed. The second one is the probability 

function, which is the integral of the probability density function. The Weibull 

distribution [71] used is given by (15). 

c(Ç) = J
` ©Ç

` ¬ÌÓ{ ÄÓ�ÐÔ�Õ
  (15) 

 

where J is the Weibull shape factor and ` is the Weibull scale factor. The mean wind 

speed at any site following the Weibull distribution is given by (16). 
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is multiplied by the mean values of the input power values for each wind speed 

obtained from the simulation, giving the annual energy distribution of the specific 

site. 

 

Figure 4.13: Annual energy distribution 

The annual distribution shown in Figure 4.13 is for site conditions with an annual 

mean wind speed of 7.5m/s and a shape factor of  J = 2.  

The annual energy capture of the wind turbine assessed, is given by the integration of 

the product of the mean of the input power values, times the probability distribution 

and is shown in Figure 4.14. 

4 6 8 10 12 14 16 18 20 22 24
0

2

4

6

8

10

12

14

16
x 10

6

Wind Speed (m/s)

A
n
n
u
a
l 
e
n
e
rg
y
 d
is
tr
ib
u
ti
o
n
 (
W
.h
o
u
rs
/y
e
a
r)

 

 

Actual energy distribution

Ideal energy distribution



43 

 

  

Figure 4.14: Annual energy capture curve 

The ratio of the end values of the actual over the ideal annual energy capture curve, 

provides the annual efficiency of the rotor of the wind turbine. 

The results for turbulences of 5%, 10% and 15% are tabulated altogether in two 

tables. Table 1, considers a site with an annual mean wind speed of 7.5 m/s and 

Table 2, a site with an annual mean wind speed of 8.5m/s. Both sites record 

consistent results. 

 

Table 1: Aerodynamic efficiency results for a mean wind speed of 7.5m/s for 

different turbulence and different controller gains 

Turbulence intensity 

(%) 

Controller Gain Aerodynamic efficiency 

(%) 

5% 

0.2 99.75% 

0.1753  99.93% 

0.15 99.79% 

0.12 99.33% 

10% 

0.2 99.68% 

0.1753  99.87% 

0.15 99.74% 

0.12 99.29% 

15% 

0.2 99.57% 

0.1753  99.77% 

0.15 99.66% 

0.12 99.22% 
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The results from the aerodynamic assessment are significant as they reveal almost no 

energy losses if the operating strategy of the wind turbine is chosen carefully, 

namely, the simple control law, (10), with optimal gain, J = 0,1753. Changing the 

operating strategy, i.e. changing the below rated maximum power coefficient 

tracking curve, results in losses in energy capture but these are still small. The ideal 

and desired operating strategy curve for the wind turbine is presented in Figure 4.15, 

and the objective of the controller is to track this curve as closely as possible. There 

is little significance on the control method used to achieve this objective.   

 
Figure 4.15: Ideal Operating Strategy of the wind turbine 

Table 2: Aerodynamic efficiency results for a mean wind speed of 8.5m/s for 

different turbulence and different controller gains 

Turbulence intensity 

(%) 

Controller Gain Aerodynamic efficiency 

(%) 

5% 

0.2 99.79% 

0.1753 99.93% 

0.15 99.82% 

0.12 99.46% 

10% 

0.2 99.70% 

0.1753 99.88% 

0.15 99.78% 

0.12 99.42% 

15% 

0.2 99.62% 

0.1753 99.79% 

0.15 99.71% 

0.12 99.30% 
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By choosing the optimum controller gain it is observed from Figure 4.16, that the 

wind turbine operates as desired and from Table 1 & 2, a 99.93% of rotor efficiency 

is the efficiency in this case. When using a slightly different controller gain, see 

Figure 4.17 and Figure 4.18, an obvious deviation in the tracking of the ideal curve is 

recorded. Tracking a curve above or below the ideal one, both result in losses in 

energy capture.  

 

Figure 4.16: Actual Vs Ideal Operating Strategy of the wind turbine 5% turbulent 

wind and the optimum controller gain. 

 

The same trend of results also appears when the investigation is done using higher 

turbulences. This is verified in the results presented earlier in the two tables 1 & 2.  
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Figure 4.17: Actual Vs Ideal Operating Strategy of the wind turbine 5% turbulent 

wind, and decreased controller gain. 

 

Figure 4.18: Actual Vs Ideal Operating Strategy of the wind turbine 5% turbulent 

wind, and increased controller gain. 
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4.6 Concluding Discussion 

A thorough analysis of a Simulink simulation of a large wind turbine is presented in 

this Chapter using spatially filtered wind speed as an input. A comparison with the 

industrially accepted software GH Bladed is done, in support of the claim that the 

Simulink model may be used to tune a wind turbine controller and assess its energy 

capture. The results for a wind turbine with aerodynamic characteristics typical of a 

modern multi-MW design, reveal that, even with a basic controller that tracks the 

correct operating strategy curve, the efficiency is very high. There is only very 

marginal gains to be obtained by improving the controllers thus little dependence on 

the control methodology used. More dependence is on the operating strategy adopted 

and how close this is to the ideal strategy but the losses incurred by deviating from 

the latter are still small. 
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5 Baseline Controller Design for the 2MW 

Supergen Exemplar Wind Turbine 

5.1 Introduction 

This Chapter discusses the design of a full envelope controller for the 2MW 

Supergen exemplar wind turbine. This controller is used as a benchmark for the 

newly developed controllers described in the succeeding chapter. It is a new full 

envelope controller for this wind turbine. All the design information is obtained from 

a GH Bladed model of the 2MW Supergen exemplar wind turbine. The first step of 

the design process is to gather all the parameter values available for the wind turbine, 

see Appendix A, as well as the aerodynamic power and thrust coefficients. This is 

essential information needed at the beginning of a controller design process as these 

values define the blades, rotor, drive train, tower, operating points and pitch actuator 

of the wind turbine.  The next step is to extract the linear models in order to validate 

them with the control models and begin the design process. 

The present Chapter is organised as follows: 

The first section presents the validation of the control models (referred to as 

“Simulink” in the legends) against the GH Bladed ones (referred to as “Bladed” in 

the legends) used for the design of the controller. All the comparison plots, mainly 

consisting of Bode diagrams, are provided and good agreement between the two 

models is required for the efficient design of the controller. The next section provides 

all the steady state operational curves of the wind turbine i.e. the ideal power curve, 

ideal pitch angle curve, operating strategy etc. Section 5.4 discusses the nonlinear 

global gain scheduled controller and its design, used to effectively compensate for 

the aerodynamic nonlinearities that are naturally inherent to the wind turbine. A 

comparison between the scheduled and the non-scheduled plant is provided in order 

to illustrate its effectiveness. The next sections involve the design of the Drive train 

filter, the Tower Feedback Loop, the below and above rated linear controllers, the 
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phase advance strategy for switching between above and below rated, as well as the 

complete switching strategy. The tuning of the controller is done using a Simulink 

version of the designed controller and wind turbine, described in Chapter 3. The full 

evaluation of the designed controller, consisting of time series, frequency plots and 

fatigue load results, for different wind speeds is presented in Appendix B.   

5.2  Model Validation for Linear Models and Bladed linear Models  

The parameters for the linear models used for the full envelope controller design are 

assigned for the specific wind turbine and the linear control models are validated 

against linearised models extracted from GH Bladed. The first step in this task is to 

extract the linear models of the wind turbine from GH Bladed. At the same time the 

power coefficient and thrust coefficient tables must be extracted from Bladed for a 

relatively wide range of pitch angles. The Cp and Ct tables for the current wind 

turbine model are obtained for the range of pitch angles between -5 and 60 degrees. 

All the parameters and data defining the 2MW wind turbine model are given in 

Appendix A. The controller here is designed using classical control theory combined 

with feedback and feedforward control methods, and nonlinear “gain-scheduling” 

techniques. In the design process, loop-shaping in the frequency domain using Bode 

plots is mostly employed. 

The validation is done by comparing the linear models to the GH Bladed ones. This 

is done by producing the open loop Bode plots for different inputs and outputs 

critical to the control design, and comparing them for the two models. Such inputs 

and outputs are Torque demand to Generator speed, Pitch demand to Generator 

Speed and Pitch demand to tower acceleration. The objective of this comparison is to 

ensure that the dynamic modes coincide for the two models. 

5.2.1 Torque Demand to Generator Speed 

The first comparison is for Torque demand to Generator Speed. The Bode plots are 

presented in Figure 5.1 and Figure 5.2 for below rated wind speeds. As may be 

observed, there is good agreement sufficient for control design between the two 

models. Spikes that exist in the GH Bladed linear models that do not coincide with 

the linear models correspond to dynamics that are not modelled, and are not 
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necessary for designing and tuning of the controller. The same also holds true for the 

following validation sections.  

 

Figure 5.1: Plant Bode plot, Torque Demand to Generator Speed for 6m/sec 

 

 

Figure 5.2: Plant Bode plot, Torque Demand to Generator Speed for 10m/sec 
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5.2.2 Pitch Demand to Generator Speed 

The second comparison involves comparison of input/output Bode plots for Pitch 

Demand to Generator speed. Once again as it may be seen from the open loop Bode 

plots, see Figure 5.3 to Figure 5.5, there is sufficient agreement between the two 

models and the linear control models can be therefore used for control design 

purposes. 

 

Figure 5.3: Plant Bode plot, Pitch demand to Generator Speed for 13m/sec 
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Figure 5.4: Plant Bode plot, Pitch demand to Generator Speed for 17m/sec 

 

 

Figure 5.5: Plant Bode plot, Pitch demand to Generator Speed for 20m/sec 
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5.2.3 Pitch Demand to Tower Acceleration 

The third part of the validation compares Bode plots of the two linear models with 

Pitch Demand as the input and Tower Acceleration as the output, see Figure 5.6 

through Figure 5.8. This is required for the design of the Tower Damper (Tower 

Feedback Loop) later in this Chapter. 

 

 

Figure 5.6: Bode plots from Pitch Demand to Tower acceleration for13m/s 
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Figure 5.7: Bode plots from Pitch Demand to Tower acceleration for 17m/s 

 

 
Figure 5.8: Bode plots from Pitch Demand to Tower acceleration for 20m/s 
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5.3  Operational Curves of the wind turbine 

Having available all the parameters that define the linear control models of the wind 

turbine, all the steady state operating points and the ideal strategies may now be 

defined.  

5.3.1 Operating Strategy 

The operating strategy for a wind turbine can be defined in many different ways [25]. 

The one adopted here is by means of the Torque/Speed plane. Wind turbines have 

different modes of operation in different wind speeds. The control system is required 

to ensure the wind turbine operates in the appropriate mode with wind speed. There 

are four modes consisting of two constant speed modes, power coefficient tracking 

mode (Cp max tracking) and blade pitching mode. From cut-in wind speed which is 

the speed that the wind turbine starts to operate, until the aerodynamic torque reaches 

some value Í�, the generator speed is kept constant at a value of ��, see Figure 2.4. 

When the aerodynamic torque reaches Í� then the controller changes its mode so that 

the turbine tracks the maximum power coefficient curve.  

In this mode, Cp is maintained at its maximum value such as in eq. (10). Little 

control is required in this region. As also discussed in Chapter 4, the purpose is to 

extract as much power from the wind as possible. When the generator speed reaches 

a value, �{, the controller keeps it at that value allowing the torque values to vary 

according to wind speed. When the wind speed has reached the rated value the blades 

begin to pitch, to keep the output power at a maximum constant safe level. 

5.3.2 Ideal Power curve 

The power curve is the graph that indicates the relationship of generated electrical 

power to wind speed. Actual power curves are found through field testing 

measurements. These are done for several reasons, one of them being the validation 

of wind turbine models and to establish its performance for benchmarking reasons. 

The IEC has developed specific standards for wind turbines that must be used by 

manufacturers. These standards include power performance, fatigue loads, blade 

testing etc. Given the characteristics of the 2MW wind turbine under study, which 

are detailed in Appendix A, its ideal (theoretical) power curve is depicted in Figure 

5.9. 
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Figure 5.9:  Ideal Power curve 

According to the type of wind turbine (pitch regulated, stall controlled etc) the shape 

of the power curve may vary significantly. The wind turbine investigated here is 

variable speed and pitch regulated to maintain the rated power at 2MW. The modes 

previously discussed in the operating strategy section are shown by dashed-lines in 

Figure 5.9. 

5.3.3 Cp-lambda (λ) curve 

One common method of presenting power performance is the non-dimensional Cp-λ 

curve [65]. Figure 5.10 presents the Cp-λ of the 2MW wind turbine which represents 

a modern 3-bladed machine. The Cp-λ curve is plotted using Matlab. Once the Cp 

table of the wind turbine is loaded into Matlab, the interpolation method is used to 

interpolate the values of available pitch angles and tip speed ratios of the Cp table to 

find the ones associated to their steady state values.   
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Figure 5.10: Cp-λ curve 

It is worth noting that this machine has a maximum power coefficient of 0.47 which 

is lower than the Betz limit which was discussed in Chapter 3 of this thesis. This is 

typical for a machine of this size and the reduction from the Betz limit is caused by 

imperfect blade design, drag and tip losses or a combination of those. In [65] it is 

shown how drag, tip and stall losses may affect the shape of such curves. 

 

5.3.4 Ideal Pitch Angle versus Wind Speed 

The ideal pitch angle strategy sets the ideal pitch angle that the wind turbine blades 

should have in each wind speed in order to achieve maximum performance. The 

2MW wind turbine for which the controller is designed in the present chapter, 

follows the theoretical strategy presented in Figure 5.11. To obtain this curve the 

steady state values of pitch angles associated with wind speeds are calculated with 

the help of Matlab and these pitch angles are plotted against wind speed.  
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Figure 5.11: Ideal pitch angle strategy 

A close look at Figure 5.11 reveals important aspects of the characteristics of the 

wind turbine. The first important piece of information that we get that is also seen in 

the ideal power curve is the rated wind speed. The moment the controller starts 

pitching the blades of the wind turbine, it has reached rated power and the task is to 

maintain it while discarding excess power. By observing Figure 5.11 it can be seen 

that in high wind speeds there is much less effort made by the blades pitching in 

order to maintain rated power. This may be seen by comparing the gradients of the 

curve in wind speeds just above rated to the ones close to cut-out. In other words 

pitching the blades slightly in high wind speeds produces the same aerodynamic 

result as pitching the blades significantly in lower wind speeds close to rated. This 

plays an important role when compensating for the aerodynamic nonlinearities 

described in the next section.  

 

5.4  Nonlinear Control Design – Global Gain Scheduling 

The “Gain Scheduling” nonlinear control design technique may be successfully 

applied in controller design cases where severe nonlinearities appear. It is not easy to 
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formally assign a definition for this technique as it is used in different ways 

according to the engineering practice applied to. Nevertheless, it may be inferred, 

that it is the act of exploiting a state of the system, for example the pitch demand to 

get information as to how the controller must change as the wind speed varies [17], 

[18].  

 

Figure 5.12: Dynamic relationship of pitch, wind and torque [17] 

This technique is able to accommodate nonlinearities by continuously changing the 

structure of the controller according to some local set points. In this context, for the 

dynamics of a pitch regulated variable speed wind turbine, the controller must be 

able to cater for the nonlinearities existing between the aerodynamic torque, the rotor 

speed as well as the pitch angle of the blades [68]. Figure 5.14, depicts the 

nonlinearity of the plant dynamics in above rated wind speeds 13-24 m/s (the pitch 

angle has a specific associated value for every wind speed [18], [19]).  

Although we may not say that the wind turbine experiences the actual wind speed, as 

it is impossible for it to be directly measured on the rotor, it may be stated that the 

wind turbine experiences an effective wind speed which is simply an average of the 

wind speed over the rotor disc (as discussed earlier in Chapter 4). The nonlinear 

dependence of the aerodynamic torque (�) on the rotor speed (Á), pitch angle (^) 

and effective wind speed (Ç) is described by (17). 

The nonlinearity can be separated as seen in Figure 5.12, thus it is possible to include 

the inverse of ℎ in the controller, cancelling it [17], see Figure 5.13.  

 

� = �(^, Á, Ç) = ℎ(^, Á) − K(Ç)  (17) 
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For every set of (Á�, Ç�) the rated aerodynamic torque �� is accomplished at a unique 

pitch angle ^. By using the Taylor expansion series the nonlinearity described in the 

above equation may be linearised within these specific operating points as described 

in [17], [18]. 

 

 

Figure 5.13: Global (separable) reformulation of aerodynamic nonlinearity [17] 

 

 
Figure 5.14: Plant dynamics before applying gain scheduling 13-24m/s 
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Figure 5.15: Plant dynamics after gain scheduling 13-24m/s 

The in-plane partial derivative of aerodynamic torque is derived, see Figure 5.16, and 

then a linear fit to this curve is found. This is obtained by using the Aerodynamic 

torque expression of (4). Then the partial derivatives are calculated with the help of 

Matlab by calculating the gradient of the torque with respect to pitch angle, and 

finally the steady state values for the partial derivatives are obtained through 

interpolating the steady state values of wind speed, pitch angle and rotor speed 

within the calculated gradient. 

� = 1.3688 + 14.1635 ∗ (<d/180) ∗ �  (18) 

The straight line fit, best describing the gradient, is depicted by the grey line in 

Figure 5.16 and its equation is given by (18) which is the gain scheduling function 

which is implemented in the controller. The slope (before conversion to radians) and 

the offset are then expressed as a constant and a slope parameter for implementation 

in the controller.  

The Bode plots for the “gain-scheduled” dynamics are depicted in Figure 5.15. For 

comparison the Bode plots before gain scheduling are depicted in Figure 5.14.  
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Figure 5.16: dQa/dβ against pitch angle – Linear fit 

 

5.5  Drive Train Filter Design 

In variable speed pitch regulated wind turbines like the one under study, there are 

serious risks of damage caused by the vibrations of the components of the drive train. 

Methods to mitigate these loads are widely used most of which are discussed in [48], 

[49], [58], [41].  From the Bode plot in Figure 5.17, depicting the dynamics from 

Torque demand to Generator speed of the 2MW Supergen exemplar wind turbine it 

is obvious that the first Drive train mode is lightly damped. This is the general case 

for variable speed wind turbines and it may lead to large variations in the generator 

speed and fatigue, which need to be actively damped.  The large peak at 13rad/sec of 

Figure 5.17, which is the drive train frequency of this wind turbine, is indicative of 

this very low damping that may cause large torque transients and eventually lead to 

component damage. From the spectrum of Generator speed as well as its cumulative 

spectrum in Figure 5.18, the same damaging pattern is seen. In order to alleviate this 

effect, there is a need to increase the damping at this frequency by adding a term 

proportional to the Generator speed, internally to the model.  
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Figure 5.17: Bode Plot depicting the dynamics from Torque demand to Generator 

speed 

 

Figure 5.18: Spectrum and Cumulative spectrum of Generator speed at 8m/s wind 

speed 
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The approach adopted here, as discussed in [41], is to select a filter of the form of 

(19) centered at the frequency of the dominant Drive train mode.  

ÚUÛL(b) = pUÛL 2Ü�b
b2 + 2Ü�b + �2 (19) 

 

This filter feeds back only the oscillations at the resonant frequency and does not 

affect any other modes. The block diagram of the modification to the system is 

depicted in Figure 5.19. 

 

Figure 5.19: Plant with the below rated controller and the drive train damping filter 

The transfer function for the controller ÚÝÃÞ(b) designed to damp the oscillations of 

the drive train of the 2MW exemplar wind turbine, is shown in equation (20), and its 

Bode plot is depicted in Figure 5.20. To obtain this transfer function the design starts 

with the general form of a band pass filter of the form of (19) centered at the 

frequency of the first drive train mode, i.e. 13rad/sec. The purpose is to suppress the 

“peak” at the frequency of the first drive train mode by managing to bring the peak 

of the dynamics of ß� ∗ ÚÝÃÞ  well above 0dB, see Figure 5.21. The dynamics 

linking Torque Demand to Generator Speed are continuously monitored using 

Matlab until the result shown in Figure 5.22 is obtained. 

 

ÚUÛL(b) = 5721.6831s
bT + 10.09942s + 180.2924 (20) 
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Figure 5.20: Bode plot of drive train filter 

Having applied this filter, the dynamics of the Wind turbine from Torque demand to 

Generator speed, compared to the dynamics before the application of the filter, are 

depicted in the Bode plot of Figure 5.22.  Moreover the spectra of the Generator 

speed signal comparing “before and after” application of the damper is shown in 

Figure 5.23. The damping of the drive train mode is significantly increased and the 

oscillations caused to the generator speed signal are dramatically reduced as well, see 

Figure 5.24, depicting the time series of the Bladed simulation run, for before and 

after the application of the damper.  
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Figure 5.21: Bode plot from Pitch Demand to Drive Train Filter Output at (8m/s) 

 

Figure 5.22: Torque demand to Generator speed at 8m/s 
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Figure 5.23: Spectra of the Generator speed signal, with and without the Drive train 

filter 

 

Figure 5.24: Time series of the Generator speed signal before and after the 

application of the Damper 
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5.6  Tower Feedback Loop Design 

The approach adopted in the last few years for the cancellation of the fore-aft mode 

of the tower, is the augmentation of the pitch demand by an additive adjustment in 

response to a measurement of the tower head velocity or acceleration [21]. In [42] 

similar results are obtained using linear eigenvalue stability estimations in 

combination with the non-linear simulations. Another similar approach is that 

discussed in [43], in which the rotor thrust is varied to account for tower vibrations. 

Individual pitch control methods for mitigating tower vibrations are also proposed in 

the literature as the two algorithms of [44]. In the first one all blades have different 

angle of attack and the second one uses de-rating to eliminate the forcing function 

that causes the instability. They are both proposed for active stall machines and they 

help in minimising the number of shutdowns caused by excessive tower vibrations.  

The method adopted here is that of [21]. Consequently, there are two pitch feedback 

loops; an inner tower feedback loop and an outer rotor speed feedback loop. The 

block diagram of the system augmented by the tower feedback loop is depicted in 

Figure 5.25. 

ΤΦ&

 

Figure 5.25: Block diagram of system with Tower feedback loop 

Acceleration is easily measurable, and speed may be derived from that by simple 

integration. Therefore, the tower head speed is fed back to improve the damping 

[21]. The goal of the Tower Feedback Loop (TFL) is to reduce the first tower 

frequency mode. If the additional pitch coming from the TFL is added onto the 

demanded pitch, see Figure 5.25, when the Anti-Windup scheme is limiting the 

variation of the pitch angle, the pitch rate exceeds its maximum value. In order to 
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prevent this from occurring, the implementation must be done so that the TFL signal 

is added before the anti-windup scheme. The transfer function of the tower feedback 

loop of this 2MW wind turbine is given by (21).  

ÚÃàá(b) = 7.11 bT + b + 6.24
bT + 0.71b + 5.74 ∙ 1

b + 0.61 
(21) 

 

 

The design of this controller begins with a filter to raise the gain of the tower relative 

to the frequency of the blade flapwise mode. Then the phase should be fixed to 180º 

and the overall gain should be raised so that the dynamics from Pitch to the filter 

output is above 0dB, see Figure 5.29.  To achieve this, loop-shaping (moving, adding 

the poles and zeros) is partially employed by continuously monitoring the dynamics 

of the system from Pitch Demand to Tower Acceleration, the poles and zeros are 

modified in a way so that the resonant peak of the tower is suppressed as much as 

possible without exciting any frequencies important to the overall operation of the 

wind turbine. The sensitivity function of the system from Pitch Demand to Tower 

Acceleration is also monitored to ensure that no damage is done to any important 

mode of the wind turbine. The dynamics of the wind turbine form Pitch Demand to 

Tower acceleration, with and without the feedback loop are depicted in Figure 5.26 

and Figure 5.27. The region where the dominant Tower mode lies at the frequency of 

2.45rad/sec is distinct and marked with a dashed vertical line. The purpose of the 

TFL is to alter the dynamics in such a way, so that the mode is as much dampened as 

possible without compromising the performance of the wind turbine. The sensitivity 

function of the system is depicted in Figure 5.28 and the Bode plot from Pitch 

demand to the Tower acceleration filter output in Figure 5.29 and Figure 5.30 which 

shows that the peak at tower frequency is well above 0dB, which means that control 

will be effective in reducing it. Results of the effectiveness of the Tower Feedback 

Controller are presented in Chapter 6, as well as in Appendix B. 
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Figure 5.26: Open-loop Bode plot from Pitch demand to Nacelle acceleration for 

18m/s (Aeroelastic linearised model) 

 

Figure 5.27: Zoomed-in, Open-loop Bode plot from Pitch demand to Nacelle 

acceleration for 18m/s (Aeroelastic linearised model) 

-60

-40

-20

0

20

40

M
a
g
n
itu
d
e
 (
d
B
)

10
-2

10
-1

10
0

10
1

10
2

-180

0

180

360

540

P
h
a
s
e
 (
d
e
g
)

 

 

Bode Diagram

Frequency  (rad/sec)

 Tow er f ilter OFF

Tow er f ilter ON

-10

0

10

20

30

M
a
g
n
itu
d
e
 (
d
B
)

10
0

10
1

-180

0

180

360

P
h
a
s
e
 (
d
e
g
)

 

 

Bode Diagram

Frequency  (rad/sec)

 Tow er filter OFF

Tow er f ilter ON



71 

 

 

Figure 5.28: Sensitivity function of system with Tower filter, from Pitch Demand to 

Tower acceleration for 18m/s 

 

Figure 5.29: Dynamics from Pitch demand to Tower acceleration and Pitch Demand 

to the designed Tower Acceleration filter output at 18m/s 
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Figure 5.30: Pitch Demand to Tower Acc. filter output at 18m/s 

5.7  Phase Advance Design 

The issue discussed in this paragraph concerns the lag that exists in the pitching of 

the blades when switching from torque control (below rated wind speeds), to pitch 

control (above rated wind speeds). The idea for the Phase advance addition to the 

controller arose from the need for a solution for sudden changes in the wind when the 

blade does not pitch fast enough to satisfy the operating strategy’s demand and 

prevent overspeed [18], [19]. The addition implemented to the controller is depicted 

in Figure 5.31 and it will enable the blade to pitch earlier, see Figure 5.33 and Figure 

5.34, in order to prevent the problem described earlier, and achieve the desired 

control in time [46]. 

 

Figure 5.31: Phase advance controller addition mechanism 
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In the block diagram shown in Figure 5.31, A> is a phase advance transfer function, 

given by eq. (22), A>Ó{ is the inverse of A> and at the point � both are cancelled out. If 

the phase advance scheme did not exist, switching would occur at point �. Having 

implemented the phase advance scheme the switching from torque control to pitch 

control is done at point  �\ which is ahead of �. Between these two points there is the 

transfer function of eq. (22) which enables the switching to be ahead by 

approximately 0.5sec. Then the controller returns to the initial configuration at point 

�, where the two transfer functions are cancelled out. The same activity is repeated 

when switching from above rated to below rated. The decay in pitch is anticipated 

and smoothly implemented. 

A> = b + 0.6
b + 1.6 (22) 

Expression (22) is a simple lead transfer function, see Figure 5.32, acting only at the 

moment of pitching from below rated to above rated and vice versa. It is designed to 

ensure that the blades will pitch about 1 second later in the case of a sudden gust. To 

test the efficiency of this pitch predicting mechanism, simulations both in Simulink 

and Bladed are run and compared in Figure 5.33 and Figure 5.34. In both it is 

observed that whenever the blades are about to pitch and the Phase advance 

mechanism is turned on, the blades pitch about 1sec earlier. More simulations 

assessing the performance of this mechanism can be found in Appendix B, in the 

section where the Basic controller is compared with controllers containing the 

addition of components such as the tower damper, anti-windup and phase advance 

(referred to as Basic+ALL). 
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Figure 5.32: Lead Transfer function for Phase Advance Design 

 

Figure 5.33: Phase advance demonstration using effective wind speed (Simulink 

simulation) 
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Figure 5.34: Demonstration of the Phase advance addition using point wind speed 

(GH Bladed simulation) 

 

5.8  Linear Control Design 

Apart from nonlinear global “gain-scheduling” techniques the controller design is 

carried out using classical control employing loop-shaping in the frequency domain 

to obtain the required dynamics for the overall system. Nowadays the industrial 

standard for designing commercial wind turbine controllers is the classical PID. 

Ideally the controller design procedure should be strongly integrated with the overall 

design of the wind turbine.  The general objectives of the controller are to maximize 

energy capture in below rated wind speeds and to regulate power in above rated wind 

speeds.  

5.8.1 Below Rated Controller (Torque Control) 

Torque is used for below rated wind speed to control the rotor speed. The transfer 

function of the controller used for below rated operation is given by eq. (23) which is 

designed using loop shaping having in mind that it needs to provide very good 

disturbance rejection at low frequencies, the required 1rad/sec bandwidth and good 
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high frequency roll-off, see the open loop bode plot of Figure 5.35, and the 

sensitivity function of Figure 5.38.  

;âÞ(b) = −1762.6146s − 163.98337
bT + 2.2b  

(23) 

 

 

The torque controller is a classical controller for the two constant speed regions 

shown in the operating strategy of Figure 2.4, whereas the ;<=>? region is tracked 

through eq. (10) with no active control being involved. The closed loop Bode plots 

for two below rated wind speeds, see Figure 5.37, indicate the frequencies for which 

the controller is most effective. In general closed loop Bode plots are used to identify 

how disturbances dampen or propagate at different frequencies. In this case it is 

observed that there is no need for any extra control action as the controller dampens 

the disturbances very effectively; this fact is also verified from the sensitivity plot of 

Figure 5.38. The Nyquist plot is also depicted in Figure 5.36 indicating satisfactory 

stability margins. 

 

Figure 5.35: Open loop Bode plot of Reference torque demand to Generator Speed 

for 4m/s and 10m/s 
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Figure 5.36: Open loop Nyquist plot of Reference torque demand to Generator speed 

for 4m/s and 10m/s 

 

Figure 5.37: Closed loop Bode of Reference torque demand to Generator speed for 

4m/s and 10m/s 
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Figure 5.38: Sensitivity function Bode plot of Reference torque demand to Generator 

speed for 4m/s and 10m/s 

5.8.2 Above Rated Controller (Pitch Control) 

Pitch is used to control the rotor speed and torque is used to control the power of the 

wind turbine in above rated wind speeds. A complete switching system, which is 

described later in this Chapter, is used in the controller, for smooth switching 

between the different modes. In above rated wind speeds, the pitch-PI controller 

includes “gain scheduling” techniques as described in the non-linear design section, 

for the compensation of the aerodynamic nonlinearities occurring from the 

dependency of aerodynamic torque on the pitch angle, rotor speed and the wind 

speed. The transfer function implemented in the controller for the above rated 

operation is given by eq. (24). This is again a classical controller tuned using again 

loop shaping and aiming to achieve the low frequency disturbance rejection, high 

frequency roll-off and the required 1rad/sec bandwidth.  

 

;>Þ(b) = −0.098689b − 0.0054599
bT + 2.2b  

(24) 
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As previously mentioned in section 5.4, the wind turbine aerodynamic behaviour is 

dependent on wind speed and is naturally highly non-linear. The usual approach to 

designing a controller involves performing the design at one wind speed and 

applying it for the full envelope using global “gain-scheduling”. For the specific 

controller design, the wind speed chosen for the controller design is 15m/s. Good 

stability margins should always be aimed for in the design of the controller, 

otherwise the system might destabilize (not necessarily become unstable), and cause 

excessive load fluctuations [2]. Because the rotor continuously interacts with a very 

complex wind field, it is impossible to quantify the aerodynamic model uncertainty 

and is therefore impossible to establish a rule about the specific values of gain and 

phase margins that should be achieved in the design. However, practical experience 

suggests that a close to 10dB gain margin and close to 60 degrees phase margin is 

known to be sufficient [2], [46]. As the wind turbine increases in size these margins 

tend to become impossible to achieve, as the structural elements of the wind turbine 

get bigger, more flexible and dynamically more active. This does not mean that the 

controller for bigger wind turbines becomes unstable; however it suggests that the 

stability margins are reduced and the controllers need to be tuned more carefully. 

 

Figure 5.39: Open loop Bode plot of reference Generator speed to Generator speed 

for 14m/s and 17m/s wind speeds 
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Figure 5.40: Nyquist plot of reference Generator speed to Generator speed for 14m/s 

and 17m/s wind speeds 

In this case, it may be inferred from Figure 5.39, that stability margins of 7.1dB gain 

margin and 45 degrees of phase margin are achieved which give a satisfactory 

performance in conjunction with the 1rad/sec of bandwidth. Moreover, the closed 

loop Bode plot of Figure 5.41, along with the sensitivity function assessment of 

Figure 5.42, suggests that the design of the controller meets the requirements. 

Moreover, Figure 5.39 demonstrates very good low frequency disturbance rejection 

for the rejection of wind speed gusts and significant high frequency roll-off helping 

the reduction of the actuator activity.  
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Figure 5.41: Closed loop Bode plots of reference Generator speed to Generator speed 

for 14m/s and 17m/s wind speeds 

  

Figure 5.42: Sensitivity function Bode plots of reference Generator speed to 

Generator speed for 14m/s and 17m/s wind speeds 
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5.9  Switching Strategy 

The switching strategy used here for the design of the controller of the wind turbine 

was developed by [46]. However, the full scheme description is given here for the 

sake of completeness, as it was tailored and applied to the 2MW exemplar wind 

turbine under study. 

In order to achieve the desired operating strategy depicted in Figure 2.4, a series of 

events must be embedded into the controller through gains, switches, comparators 

and offsets. The switching strategy is perhaps the most important component of the 

controller. Switching is responsible for the selection of which parts of the controller 

are active at a given time and ensures smooth operation while minimising possible 

transient loads [26]. The schematic representation of the switching strategy used is 

shown in Figure 5.43. In this figure every signal is passed through the switch only if 

the condition of the switch is met. 

Figure 5.43: Controller switching strategy 

The switching in the controller below rated is done on the basis of the value of the 

demanded torque of the generator which is represented in this case by �= . The 

overall switching strategy may be split between above rated and below rated 

according to: 

1. Below rated 

• Mode 0: First constant speed mode 

• Mode 1: ;<=>? tracking mode 

• Mode 2: Second constant speed mode 
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2. Above rated 

• Pitch control region 

The main task of the switching strategy is to tightly follow the operating strategy 

discussed previously in section 5.3.1, which is depicted in Figure 2.4. 

Kp

C *
0C

iC

*C

Kp

Kp

Tqset

Figure 5.44: Basic switching structure [24] 

The linear controller developed in the previous section needs to be split into ;Â(b) 

and ;ã(b), the outer and the inner components of the controllers such that ;âÞ(b) =
;Â(b);ã(b)  as in [24]. The separation is carried out so that  

|ä(å)∙|æ(å)
{Ó|æ(å)   is a low 

pass filter. From the analysis that follows this split of the controller helps in keeping 

different parts of the controller active at all times (;Â(b) & ;ã(b) are in series) which 

is essential for maintaining smooth switching without increased dynamic transients. 

By keeping the controller dynamics active at all times we effectively avoid switching 

between dynamically active paths which would cause transient loads appearing as 

spikes in the time series plots every time the controller switches to a different mode.  

 

Figure 5.45: Switching between regions 1 and 2 
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5.9.1 Switching between modes 2 and 1 

Mode 2, is a constant speed region, in which constant generator speed needs to be 

achieved by varying generator torque. In mode 1, the wind turbine is not actively 

controlled because generator torque is directly determined according to the power 

coefficient and the generator speed as in eq. (10). The switching from the 2nd 

constant speed mode to the Cpêëì tracking mode is done when the generator torque 

value is less than the generator torque corresponding to the end of the Cpêëì curve, 

according to the operating strategy of Figure 2.4. A controller structure that is 

implemented here and achieves smooth switching between these modes is that of 

Figure 5.45. In mode 1, ωí < ω{ , and therefore ε > 0  which implies, given the 

negative gain of Cñ, that Tm < 0. Therefore S1 = 1, closing that loop, and S2 = 0, 

opening Loop2. Therefore the relationship between Tm and ε is, �N = ;� |æ
{Ó|æ õ =

öõ, ö being a constant gain until 3 rad/sec.  

To obtain an estimate of the error −õ = �² − �{, we set: pÔ\ = {
y at the output of 

the pÔ\ block. Therefore adding �{, õT is an estimate of the generator speed with the 

high frequencies removed. Squaring it and multiplying it by pÂ\Ã the torque for the 

;<=>?  tracking region is obtained as in eq. (10). This torque should always be 

smaller than �{, which is ensured by subtracting �{, giving õG which goes through S3 

after which �{ is added. When the rotational speed has reached �{, �² will be greater 

than �{ , changing the sign of �=  and õG  which changes the state of all three 

switches. The relationship between �= and õ  is now: �= = ;�;ãõ = ;âÞõ, being the 

constant speed controller. 

5.9.2 Switching between modes 1 and 0 

Similarly, as the wind speed decreases, the rotational speed decreases to �� when the 

controller must change to the constant speed mode in order to maintain it at that 

speed. This is done controlling on �{−�² which introduces the need of the addition 

of an offset in the first summation of Figure 5.45 in order to correct the output 

equilibrium set-point. The value of that offset is given by (25). 

 

accbÄÛ = −;�(0)(�{−��) = −p�÷� (25) 
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The low frequency gain of Loop 1, being 1, it can be inferred that at the switching 

point the value of Tm is precisely −p�÷�  and therefore, the offset can be 

implemented as part of the switch S1 as a saturation level so that the output of this 

loop is never smaller than −p�÷�, see Figure 5.46. Since the switching in both 

directions must be done continuously, the value of �= when controlling in constant 

generator speed for an output of �� , that is when it is about to switch, must be equal 

to the value of �= in mode 1.  

 

 

Figure 5.46: Switching between modes 1 and 0 

5.9.3 Switching from below rated to above rated 

The controller must be active in all modes at all times in order to avoid any switching 

transients.  

First constant speed region 

In the first constant speed region, Loop 1 is open since the gain of ;ã is negative and  

�= > 0. S2 is a switch allowing positive signals to pass through.  

Since �� = pÂ\Ã∙�²�, and �² < �²� it follows that õG < 0, and therefore S3 is open.  
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Tqset

Tqset
 

Figure 5.47: switching from below to above rated 

When �² > �²�, �= < 0 and therefore S1 is open, closing Loop 1 which is then 

described by (26). 

;âÞ(b)
1 − ;âÞ(b) 

  (26) 

 

Equation (26) is basically an all pass filter. Since �= is negative, S2 is open and õT is 

an estimator of the generator speed. This is because: õT = p ∙ �= + �²� ≈ �² with 

p = −1. In this case  õG ≈ pÂ\Ã�²T − �� > 0 and therefore �Ý ≈ pÂ\Ã ∙ �²T. 

Representative results from the of the 2MW turbine as given from the GH Bladed 

simulation are given in Figure 5.48 and Figure 5.49. These demonstrate the accuracy 

of the switching during moving from 1
st
 constant speed mode to Cpmax tracking, and 

then switching from Cpmax tracking mode to the 2
nd

 constant speed mode. The data 

in these two figures represents the buffers placed in the loops monitoring the 

switching between these modes; see Figure 5.45 and Figure 5.46. The results indicate 

fast and smooth transition with no overlapping operation of any two modes, i.e., 

when the buffer of one mode is active, the buffer of the other modes is zero. 
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Figure 5.48: 4m/s switching between 1st constant speed and Cpmax tracking 

 

 

 

Figure 5.49: 8m/s switching between 2nd constant speed region and Cpmax tracking 
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5.10 Anti - Windup Scheme 

One common possible source of performance degradation of a system is integrator 

windup effect. All physical systems have some kind of actuator saturation. A typical 

example is a valve, controlling a flow rate. This can operate between the limits of being 

open and completely closed. Apart from this simple example, all existing actuators are 

restricted by some form of hard limits, as seen in Figure 5.50. Usually, in the 

beginning of a process after a set-point change has been applied to the system, the 

control variable is likely to quickly reach the actuator limits during the transient 

response. In such a case the control signal finally reaching the plant is different than 

the control signal assigned by the controller. The control error decreases slower than 

it should and the integral term sums up (winding process) becoming unusually large. 

As a consequence there may be a reduction in stability margins or reach instability 

[2].  

 

Figure 5.50: Basic system with saturation 

 

The actuator anti-windup prevents the pitch rate from exceeding its maximum value. 

The estimation of the pitch rate is compared with the maximum value it can reach. In 

the case the latter is greater than the maximum value, the anti-windup loop is closed.  
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Figure 5.51: Reformulation for controller start-up to avoid the windup effect 

The anti-windup strategy adopted here is discussed in [2], [38] and is depicted in 

Figure 5.51.  This approach adopts a dynamic feedback as opposed to other strategies 

adopting a static approach [5]. The controller here is partitioned into inner and outer 

loops and the anti-windup feedback only affects the inner dynamics of the controller. 

The feedback loop measures the difference between the outputs of the actual and a 

model actuator and the difference is filtered through z, and is fed back. The task of 

the filter z is to activate or isolate the integrator in order not to “wind up” in the 

event of actuator saturation. In the case of a wind turbine, apart from the constraint 

limits existing in the actuators, velocity and acceleration limits may reduce the 

stability margins by a significant percentage [2]. 

Since the controller is discrete and in order to avoid the delay in the feedback loop, 

the transfer functions have been implemented in such a way that its output value 

depends on the previous input plus the current input times a constant.  

 

5.11 Conclusions and Performance assessment 

Having design and discussed all the necessary aspects that the baseline wind turbine 

controller involves, it is thoroughly tested by full envelope simulation runs in GH 

Bladed. The results are presented in Appendix B. Initially, the results using the basic 

SISO controller on its own are presented. This controller is referred to as 

SISO(Basic) and does not contain a tower feedback loop, a phase advance 
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mechanism or an anti-windup scheme. Then it is assessed against the same controller 

but with the addition of a tower feedback loop, referred to as SISO(Basic+TFL). 

Finally, the SISO(Basic) controller is compared to a controller with the addition of 

the tower feedback loop, the anti-windup scheme and the phase advance mechanism 

altogether, referred to as SISO(Basic+ALL). The objective of presenting these results 

is first of all to verify that these controllers meet the design requirements and 

secondly to show that there is no compromise in the performance by augmenting the 

controller with additional loops (e.g. TFL, Phase advance etc.).  The outputs 

presented in the appendix are: 

• Wind speed time series  

• Generator speed time series and spectrum 

• Generator torque time series and spectrum 

• Electrical power output time series and spectrum 

• Pitch angle time series and spectrum 

• Blade root lifetime edgewise bending moment loads 

• Blade root lifetime flapwise bending moment loads 

• Tower base lifetime side to side moment loads 

• Tower base lifetime fore and aft moment loads 

The presentation and comparison of the above includes assessment in above and 

below rated wind speeds and for different seeds of wind. 
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6 Design of a Co-ordinated controller for 

Tower Fatigue Load Reduction 

 

As wind turbines increase in size, the tasks being assigned to the controller increase 

and their design becomes more demanding; in particular, the controller may be 

required to reduce the tower fatigue loads. The basic approach to tower load fatigue 

reduction is to employ a tower feedback loop (TFL) as described in Chapter 5. It 

typically achieves a 4%-7% fatigue load reduction depending on the configuration 

details of the wind turbine. In this Chapter, two schemes of a Co-ordinated 

controller, one regarding speed control and the second regarding power control 

which is an extension-improvement to the first one, are introduced and analysed. 

They aim to increase the tower fore-aft load reduction whilst simultaneously 

reducing the pitch activity and circumventing the limiting right-half plane zeros. As 

there is relatively little literature about new controller designs dealing with tower 

load reduction, this Chapter serves as a new guideline and framework dealing with 

this issue.  

6.1  Review and problem description 

It is a fact that the biggest contribution to the cost of offshore wind turbines is the 

tower and foundations. Therefore it is clear that addressing the tower loads, and 

managing to reduce them even by a small percentage is well worthwhile. The 

exponential increase in the size of wind turbines in recent years has led to more 

flexible structural elements, thus making the controller design task more demanding 

and challenging. Apart from the traditional requirements on the controller described 

earlier, i.e. regulation of rotor speed with pitch to maintain constant power output 

and maximization of energy capture in below rated wind speeds, more demanding 

tasks such as tower fatigue load reduction are nowadays of particular interest. Size 

related issues such as the tower dominant frequency becoming lower as the wind 
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turbine size increases also need to be taken into account as described in [20]. 

Moreover the tower fore-aft movement interacts with the drive-train introducing a 

pair of right half plane zeros causing limitations to the controller design. 

The idea for the research done here occurred from the observation that reducing the 

blade actuator activity effectively reduces the fore-aft loads of the tower. Preliminary 

results of applying a low pass filter to achieve this are presented in [61], however no 

attempt is made to develop a complete design approach that would maintain the full 

performance required of a controller. In order to illustrate this claim a comparison is 

done using the 2MW exemplar wind turbine under study.  

 

Figure 6.1: Demonstration of load reduction by reducing pitch activity 

Firstly, the very basic controller is run for all wind speeds, then the pitch controller 

gain is reduced by around 50% and the full envelope simulation is repeated. 

Reducing the actuator activity results in a clear fore-aft moment tower load reduction 

of about 9%, and this comparison is depicted in Figure 6.1. However, reducing the 

gain of the pitch controller, results in a significant degradation of the wind turbine 

performance. The speed control performance and the Power output are greatly 

compromised, which is clearly observed in Figure 6.2 and Figure 6.3 respectively. 

This occurs because the bandwidth is dropped significantly and the stability margins 

are greatly reduced. However, the fact that reducing the actuator activity reduces the 
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fore-aft moment loads of the tower motivates us to explore new control algorithms 

that achieve significant reduction of the tower loads without compromising the 

performance of the wind turbine. 

 

Figure 6.2: Gen. Speed performance comparison for Baseline and Reduced Pitch 

Controller gain 

 

Figure 6.3: Electrical power performance comparison for Baseline and Reduced 

Pitch Controller gain 
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A co-ordinated controller design is presented in this Chapter and applied to the 2MW 

Supergen exemplar wind turbine. This approach introduces an additional parallel 

path to the controller that takes care of the right half plane zeros, increases the 

stability margins of the system and gives a substantial reduction in the lifetime loads 

of the tower, especially when combined with the traditional Tower Feedback Loop.  

In the present chapter, a description of the linear models used to design and tune the 

Co-ordinated controller is given. An assessment of the performance of the traditional 

approach tower feedback loop to cancelling the fore-aft mode of the tower is 

presented. This will serve as a benchmark to which the new co-ordinated approach is 

compared. The problem of right half plane zeros which impose limitations on the 

traditional controller design is also thoroughly discussed. The approach of the co-

ordinated controller design is analysed and all the results regarding its performance 

assessment are presented. Moreover, the results obtained from the combination of the 

traditional approach and the Co-ordinated controller approach, are even more 

significant. However, this scheme has some drawbacks concerning fluctuations that 

occur in the output power and aerodynamic torque, although speed is controlled 

sufficiently. To overcome these drawbacks, an improvement to this scheme is 

presented and designed in Section 6.7, based on power control, while maintaining 

similar results on tower load reduction. 

6.2  Linear Models and Validation 

The linear models of the wind turbine which are used for representing the wind 

turbine dynamics are presented in Chapter 3. These models take into account the 

tower and blade modes as well as their interaction. The importance of this lies in the 

fact that the tower and blades may introduce right half plane zeros, which cause 

restrictions discussed in the following sections. For the context of this research, these 

linear models are used for the design and tuning of the controller as seen in the 

previous chapter. The controllers are then compiled in C++ appropriately for use in 

GH Bladed. All the linear models are validated against the GH Bladed ones, and all 

the results are obtained from full GH Bladed aeroelastic simulations as done in the 

previous chapters of this thesis.  
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Figure 6.4: Dynamics linking Pitch demand to Generator speed 

The dynamics of the 2MW machine linking pitch demand to generator speed, as well 

as the dynamics linking pitch demand to tower speed are depicted in Figure 6.4 and 

Figure 6.5.  

 

Figure 6.5: Dynamics linking Pitch demand to Tower speed 
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6.3  Traditional Approach 

The usual approach adopted recently for the reduction of the fore-aft mode of the 

tower, is to augment the pitch demand by an additive adjustment in response to a 

measurement of the tower head velocity or acceleration as discussed in Chapter 5. In 

effect there are two pitch feedback loops; an inner tower feedback loop and an outer 

rotor speed feedback loop. The simplified block diagram of the system augmented by 

the tower feedback loop is depicted in Figure 5.25.  

For benchmarking reasons the results of the usual approach to the tower feedback 

loop are presented here in terms of fatigue load reduction. The spectra of the tower 

fore-aft signal for the basic controller and its augmentation with the TFL are depicted 

in Figure 6.6 and Figure 6.7, for wind speeds of 14m/s and 20m/s respectively. 

Taking into account the dominant frequency mode of the tower lies at 2.45rad/sec, it 

can easily be observed that there is a significant amount of reduction of that mode. 

The integral of the frequency c times the spectrum É?(c)  given by eq. (27), is also 

given in the same graph, which gives a reasonable first estimate of the fatigue loads 

of the signal. In eq. (27)  ùú is the upper limit of the frequency range of the plot. 

 

× c ∙ É�(c)Ucùú

0
 

(27) 
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Figure 6.6: Spectra of tower base fore-aft moment for the two SISO controllers at a 

mean wind speed of 14m/s 

 

Figure 6.7: Spectra of tower base fore-aft moment for the two SISO controllers at a 

mean wind speed of 20m/s 
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The full fatigue load results for all wind speeds and each of the two different wind 

seeds is given in Figure 6.8. These are obtained by Rainflow counting methods, see 

Appendix C, which are well established and widely used for fatigue load assessment. 

 

Figure 6.8: Tower lifetime fatigue load comparison of the two SISO controllers for 

each wind speed 

Figure 6.8, along with Table 1, show a reduction of 6.67% in the fore and aft lifetime 

loads of the tower by augmenting the speed loop with the tower feedback loop. 

Table 1: Life time tower fatigue loads for two controllers and two wind seeds 
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6.4  Right Half Plane Zeros 

There is a large category of plants including wind turbines that have naturally 

occurring right-half plane zeros present in their dynamics, the so called non-

minimum phase plants. These zeros can limit the advantages of applying feedback 

control on the specific system [32], [33]. From the Bode plots linking the dynamics 

of pitch demand to generator speed, a phase loss of 180° can be observed around the 

frequency of 2.45rad/sec, the dominant mode frequency of the tower, see Figure 6.9. 

The limitations that RHPZ’s impose on the system and the design of the controller 

are thoroughly analysed in [22]. These limitations especially affect the bandwidth 

and stability margins of the system.  

There are two pairs of right half plane zeros present in the dynamics of the wind 

turbine. As mentioned earlier, the first pair linking pitch angle to generator speed is 

due to the tower, and the second pair is due to blade flapwise mode. They impose 

limitations on the stability margins of the power loop. The physical interpretation of 

these zeros is as follows. Given an increase in wind speed, the pitch demand 

increases in order to decrease the aerodynamic torque captured from the wind. This 

causes the thrust on the blade to be decreased, and as a result the rotor/nacelle moves 

forward. The associated increase in the relative wind speed causes a temporary 

increase in torque. Therefore, the control activity which initially aimed at decreasing 

the torque causes an initial unwanted increase in the aerodynamic torque. The 

proposed design of a co-ordinated controller counteracts and removes these zeros as 

is discussed in the succeeding section. 
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Figure 6.9: Dynamics of the wind turbine linking Pitch demand to Generator speed 

6.5  The Coordinated controller 

A novel approach to the tower fatigue load reduction is presented here. It addresses 

the interaction of the controllers for the inner and outer loops; in particular, the rotor 

speed controller is designed to simultaneously minimise the tower loads. This is 

achieved by adopting a parallel path structure for the controller, see Figure 6.10. 

Other than the aerodynamic nonlinearity that can be globally removed by the pitch 

controller employing gain-scheduling techniques as discussed in the previous 

Chapter, the plant is essentially linear. Dynamics at different wind speeds are the 

same in the range of frequencies important to the design of the controller. Therefore 

there is no need for additional gain-scheduling and the controller may be designed 

for a single wind speed.  

The modification made to the rotor speed controller is such, as to reduce the pitch 

activity over a region near the frequency of the tower mode, 2.45rad/sec, as well as 

to remove the right half plane zeros resulting from the tower mode. As discussed 

earlier the right half plane zeros will make the system instantly perform worse before 

they perform well again. The fact that by adding a parallel path modification to the 

system will remove the existing pair of zeros is extremely significant, as the plant is 
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altered for a specific range of frequencies without compromising the overall 

operation and performance of the wind turbine. For the context of wind turbines it 

can be observed from the Nyquist diagram of Figure 6.17 that this gives room for 

exploiting higher gains that will further improve the speed control loop. Also, as 

wind turbines get bigger in size these RHPZ’s become more restrictive, therefore it is 

very important to be able to remove them. 

 

Figure 6.10: Block diagram implementation of the Coordinated controller scheme 

A closer view of the dynamics of the plant is given in Figure 6.11 and Figure 6.12, 

which is helpful when designing the coordinating function later on this chapter. In 

both figures E  is the dynamics from Pitch demand to Generator speed, ~  the 

dynamics from Torque demand to Generator speed and ; the dynamics from Torque 

demand to Generator torque. 

 

Figure 6.11: Wind turbine internal view 

The region of interest for this study is the above rated one, although the simulations 

are always carried out for the full operational envelope of the wind turbine. The 

above rated pitch controller transfer function is given by eq. (24), and its design 

procedure is detailed in Chapter 5. 
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Figure 6.12: Coordinated scheme with internal view of the wind turbine 

 

6.5.1 The Tower Filter Design 

The tower filter ü, is a filter designed to reduce pitch activity in the vicinity of the 

frequency of the tower. Two types of filter sets were explored for suitability, one 

being a high and a low pass filter and the second being a notch and a band pass filter 

see Figure 6.13 and Figure 6.14. 

 

 

  

Figure 6.13: Low and high pass filters centred at tower frequency 

  

Figure 6.14: Notch and band pass filters centred at tower frequency 

Tower frequency 2.5rad/sec 

Tower frequency 2.5rad/sec 
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Figure 6.15: Bode plot of notch filtered designed for the CCD scheme 

The low and high pass filters are quickly ruled out of the choice palette as they act on 

a wide range of frequencies, therefore, causing increased variations in the torque and 

power compared to the notch filter, see Figure 6.26 and Figure 6.27. Moreover, a 

direct comparison of the two filters in terms of fore-aft moment tower load reduction 

reveals a clear advantage of using a notch filter, see Figure 6.28 and Table 4.  

However the results obtained from using both sets of filters is presented here for the 

sake of completeness. The low pass filter used for the initial tests is given by 

equation (28). 

ü¶ý = 0.3
b + 0.3 (28) 

 

Amongst others tested, the notch filter designed for the specific wind turbine has the 

transfer function of eq. (29) and is depicted in Figure 6.15. A guideline for designing 

the appropriate notch filter for a specific wind turbine is given in the conclusions of 

this Chapter. 

ü = bT + 3.2b + 6.003
bT + 9b + 6.003      (29) 

 

-10

-8

-6

-4

-2

0

M
a
g
n
itu
d
e
 (
d
B
)

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

-30

0

30
P
h
a
s
e
 (
d
e
g
)

Bode Diagram

Frequency  (rad/sec)



104 

 

The design of the filter starts with a simple notch filter centred at the frequency of 

the tower mode i.e. 2.45rad/sec, and is then amended according to the guidelines 

discussed later on to achieve optimum performance. Designing the notch filter too 

wide will result in degradation of performance of the speed loop which will lead to 

unwanted variations in the generator speed signal. On the other hand designing it to 

be too narrow will not guarantee significant results in tower load reduction. The 

overall design depends on the configuration of the specific wind turbine. It must be 

kept in mind that as wind turbines increase in size the frequency of the dominant 

tower mode becomes lower. 

6.5.2 Design of the Coordinating Transfer Function 

The co-ordinating function is the function that coordinates the operation between the 

pitch and the torque control as they are both simultaneously used in this scheme. The 

co-ordinating transfer function, which is not dependent on wind speed, must be 

designed in such a way that the overall system dynamics remain unchanged. Taking 

into account Figure 6.11 through Figure 6.14, the co-ordinating function þ and the 

notch filter ü must be designed so that eq. (30) holds true. The exact implementation 

of this function contains all the dynamics of the wind turbine and has a very high 

order. An approximation of these dynamics is necessary for the implementation of 

the coordinating function and for the specific 2MW wind turbine is given by 

equation   (31). 

;�L ∗ ü ∗ E + ;�L ∗ (1 − ü) ∗ � ∗ ~ ≡ ;�L ∗ � (30) 

It must be made clear that the function þ should be designed on a case to case basis 

as it depends on the below and above rated dynamics of each wind turbine.  

þ = 4.8027 ∙ 10�
(bG + 19.17bT + 122.5b + 260.9) 

  (31) 
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6.5.3 Performance Assessment 

The open loop dynamics from the reference generator input to the actual generator 

speed, using the Basic controller, is compared to the co-ordinated one, in Figure 6.16 

and Figure 6.17. The Bode plot in Figure 6.16, reveals that the right half plane zeros 

causing the limitations discussed earlier, have now been removed, whereas the rest of 

the speed loop dynamics remain relatively unchanged. 

 

Figure 6.16: Open loop dynamics from generator ref. input to generator speed 

The Nyquist plot of Figure 6.17, reveals a clear improvement in the stability margins 

and the sensitivity of the system. This could be interpreted as providing scope for 

increase of the bandwidth of the controller, but this is not done here.   
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Figure 6.17: Open loop Nyquist plot of the speed loop for 16m/s 

The spectra of the fore-aft signal of the tower of the basic controller versus the co-

ordinated controller are given in Figure 6.18 and Figure 6.19. Comparing the 

magnitudes of the spectra around the frequency of 2.45rad/sec (tower frequency), a 

significant reduction is observed. As the wind speed increases, see Figure 6.19 and 

Figure 6.20, the reduction in loads becomes more pronounced. 
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Figure 6.18: Basic SISO vs CCD controller spectra of the fore-aft tower signal for a 

mean wind speed of 14m/s 

 

 

Figure 6.19: Basic SISO vs CCD controller spectra of the fore-aft tower signal for a 

mean wind speed of 20m/s 
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Figure 6.20: Fatigue load comparison the basic SISO with the basic CCD controller 

for each wind speed 

The bar graph depicting the comparison of the basic versions of the SISO and CCD 

controllers is shown in Figure 6.20, and the values of the full envelope lifetime loads 

are listed in Table 2.  

Table 2: Life time tower fore-aft fatigue loads for two controllers 

 

As mentioned earlier the CCD approach also reduces the activity of the pitch actuator 

and this is depicted in Figure 6.21. This reduction is done without any compromise in 

the performance of the generator speed loop. The generator speed time series for the 

basic SISO and CCD controllers are shown in Figure 6.22, for a wind speed of 

16m/s. 
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Figure 6.21: Spectra depicting the reduction in pitch activity when using the co-

ordinated controller at a mean wind speed of 18m/s 

 

Figure 6.22: Time series of Generator speed for the basic SISO and CCD controllers 

at a mean wind speed of 16m/s 
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6.6  Combining co-ordinated controller with the Tower Feedback     

Loop 

In this section an assessment of the loads of the wind turbine is made, when 

combining the traditional tower feedback loop approach with the alternative 

coordinated design. The reduction in loads in this case is an improvement in 

comparison to the two methods on their own, and is up to a value of 10.86%. The 

spectra of the fore-aft movements of the turbine for the three controllers at two wind 

speeds are given in Figure 6.23 and Figure 6.24. 

 

Figure 6.23: Spectra of Fore-aft motion of the tower comparing the three controllers 

for 14m/s wind speed 
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Figure 6.24: Spectra of Fore-aft motion of the tower comparing the three controllers 

for 20m/s wind speed 

The bar graph comparing the loads in this case is given by Figure 6.25, while Table 3 

lists the lifetime values of fatigue loads for all three cases. 

 

Figure 6.25: Comparison of lifetime fatigue loads for fore-aft movement of the tower 

for the three controllers 
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Table 3: Life time tower fore-aft fatigue loads for three controllers 

Tower fore-aft moment lifetime loads 

Controller Normalised lifetime fatigue loads 

SISO(Basic) 7.2186e+06 

SISO(Basic+TFL) 6.7369e+06 

CCD(Basic+TFL) 6.4341e+06 

10.86% Reduction 

 

 

 

Figure 6.26: Electrical power output comparison for a Low pass and a Notch filter 
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Figure 6.27: Generator torque comparison for a Low pass and a Notch filter 

Figure 6.28: Lifetime fore-aft tower load comparison for Low pass and Notch filter 

options in the context of CCD 
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Table 4: Comparison of the lifetime fore-aft tower loads for two filters 

Lifetime fore-aft tower loads for a Low pass and a High pass filter in the 

context of CCD 

CCD(Basic+TFL)_High-Low Pass 6.4791e+06 

CCD(Basic+TFL)_Notch-Band Pass 6.4341e+06 

 

6.7  Extension to the Power coordinated controller 

The results observed by the above scheme are very significant but induce 

fluctuations to the output power and the torque, see Figure 6.26 and Figure 6.27, 

because power is not directly controlled by this scheme. A controller is required that 

gives the same results in terms of tower load reduction but does not compromise the 

performance of the wind turbine in terms of power, torque or speed.  

Because of the fact that the wind disturbance is concentrated at low frequencies such 

that effective regulation of rotor speed requires a closed loop bandwidth of around 1 

rad/sec, as mentioned in Chapter 5, and the fact that the rotor inertia is large and 

therefore the response of the generator speed to perturbations in the generator 

reaction torque is weak, little increase in the speed fluctuations are expected to occur 

but all within acceptable limits that do not compromise the overall performance of 

the wind turbine. 

The approach adopted in the previous sections involved looking at the dynamics of 

the generator speed loop. The extension of the controller to a power coordinated 

controller involves looking at the same dynamics but with power as the output as 

shown in Figure 6.29. 

 

Figure 6.29: Power loop of overall system 
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Assuming the aerodynamic nonlinearity is counteracted by the controller through the 

nonlinear gain scheduling control technique described in Chapter 5, the only 

nonlinearity now present is �²�. By considering the attribute that the response of the 

generator torque to perturbations in demanded pitch angle is very weak, the 

perturbations in output power arise almost entirely from the perturbations of 

generator speed. Hence, if output power is controlled well then so is generator speed.  

Figure 6.30: Reformulation of System  

All the controllers acting through the demanded pitch angle and generator torque 

may be reformulated as in Figure 6.30, which is finally equivalent to Figure 6.31 and 

includes the reappearance of speed control. As mentioned earlier the large rotor 

inertia reduces the fast response of generator speed to perturbations in generator 

reaction torque and the torque also responds very slowly to perturbations in 

demanded pitch angle, but there are large fluctuations in generator torque and 

demanded pitch angle that stem from the demanded torque and pitch (at lower 

frequencies). Hence, in general it is possible to have good regulation of A/�� at low 

frequency but with large fluctuations in both o�² − �Þ³àt and  (� − ��) provided 

they cancel. At higher frequencies, this possibility is excluded by the weak response 

of �²  because of the large rotor inertia and A/��  could be regulated through 

demanded torque when generator speed is essentially unregulated. The lack of 

regulation of �²  causes little increase in fluctuations in �² , since the wind is 

concentrated at low frequency. Consequently, choosing ü ≈ 0 at low frequencies and  

(1 − ü) ≈ 0 at high frequencies ensures that controlling A/��  well, also causes �² 

to be regulated well. 
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Figure 6.31: Final formulation with the re-appearance of speed control 

The same rule applies when designing the coordinating function as with the initial 

coordinated controller. Since a modification is made so that to regulate power, torque 

and indirectly generator speed, eq. (32) must now hold true.  

;�L ∗ ü� ∗ E + ;�L ∗ o1 − ü�t ∗ þ� ∗ (~ + ��Í� ) ≡ ;�L ∗ � 
(32) 

 

 

Once again the full order of the coordinated function is very high, therefore a low 

order approximation is designed, see equation (33), that achieves very good results in 

coordinating the pitch and torque controllers whilst not compromising any aspects of 

the performance of the wind turbine.  

þ� = −2.504 ∗ 106
b4 + 30.1b3 + 303b2 + 1030b + 100 

   (33) 

 

 

The dynamics of the exact and approximated coordinating functions are compared in 

the Bode diagram of Figure 6.32. 
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Figure 6.32: Exact vs approximated dynamics of the coordinating function 

The localised tower filter ü5, which is a notch filter, chosen using the same criteria as 

earlier, is given by eq (34). 

ü� = b2 + 1.4b + 6.1
b2 + 3.2b + 6.1 

(34) 

 

 

The new open loop dynamics of the overall system by using the basic test-bed 

controller and the “extended” coordinated one are compared in the Bode plot of 

Figure 6.33. The Bode plot, spectra and time series plots validating the claim that the 

performance of the wind turbine is not compromised in any way are provided in 

Figure 6.34 to Figure 6.44. These comparisons include the signals of: generator 

speed, electrical power, generator torque and pitch activity. 
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Figure 6.33: Open loop dynamics for the Basic vs Power coordinated controller 

 

Figure 6.34: Spectra comparison between the Baseline and the Power coordinated 

controller 
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Figure 6.35: Spectra depicting the comparison of the basic versus the power 

coordinated controller 

Figure 6.36: Comparison of lifetime fatigue loads for the fore-aft moment of the 

tower for the three controllers and two seeds of wind 
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Figure 6.37: Generator speed signal comparison for Basic SISO controller vs Power 

coordinated controller at a mean wind speed of 14m/s 

 

Figure 6.38: Electrical power signal comparison for Basic SISO controller vs Power 

coordinated controller at a mean wind speed of 14m/s 
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Figure 6.39: Generator torque signal comparison for Basic SISO controller vs Power 

coordinated controller at a mean wind speed of 14m/s

 

Figure 6.40: Blade pitch angle signal comparison for Basic SISO controller vs Power 

coordinated controller at a mean wind speed of 14m/s
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Figure 6.41: Generator speed signal comparison for Basic SISO controller vs Power 

coordinated controller at a mean wind speed of 18m/s 

 

Figure 6.42: Electrical power signal comparison for Basic SISO controller vs Power 

coordinated controller at a mean wind speed of 18m/s
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Figure 6.43: Generator torque signal comparison for Basic SISO controller vs Power 

coordinated controller at a mean wind speed of 18m/s 

 

Figure 6.44: Pitch angle signal comparison for Basic SISO controller vs Power 

coordinated controller at a mean wind speed of 14m/s 

0 50 100 150 200 250 300
1.24

1.26

1.28

1.3

1.32

1.34

1.36

1.38

1.4

1.42
x 10

4

Time (s)

G
e
n
e
ra
to
r 
to
rq
u
e
 [
N
m
]

 

 

SISO(Basic)_18m/s_Generator torque [Nm]

PCC(Basic+TFL)_18m/s_Generator torque [Nm]

0 50 100 150 200 250 300
0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Time (s)

P
it
c
h
 a
n
g
le
 [
ra
d
]

 

 

SISO(Basic)_18m/s_Blade pitch angle [rad]

PCC(Basic+TFL)_18m/s_Blade pitch angle [rad]



124 

 

6.8  Discussion of results 

A co-ordinated controller in the form of a parallel path modification to the existing 

controller is presented in this chapter. A full assessment of its impact on lifetime 

fatigue loads of the tower is presented, as well as a comparison to the traditional 

tower feedback loop approach. Results show that the reduction in loads when using 

the CCD controller on its own, is 7.13% compared to the 6.67% of the traditional 

method. The results are significant when combining the two approaches to the 

controller design. In this case the reduction reaches 10.1% which is clearly better 

than any of the methods on their own. As a first approach to this scheme might 

induce some fluctuations in aerodynamic torque and power, a modification of this 

method controlling power and torque (and generator speed indirectly) was 

implemented and analysed, giving significantly better results. Additionally, the co-

ordinated approach overcomes the limitations in the controller design induced by the 

presence of a pair of right-half plane zeros in the dynamics linking pitch to generator 

speed. The results presented in Figure 6.33 through Figure 6.44, which depict a 

thorough comparison between the basic benchmark controller and the newly 

designed one, suggest that almost no compromise is being made to the overall 

performance of the wind turbine whilst achieving the aforementioned results 

regarding lifetime tower fatigue load reduction. A guideline for designing the notch 

filter designed earlier in this Chapter is given here. 

Having ruled out the use of a low pass filter in order to reduce pitch activity in the 

region around tower frequency it is worthwhile providing a guideline for designing 

the notch filter for application in wind turbine. It has to be kept in mind that we aim 

at minimum impact in generator speed control whilst reducing tower loads as much 

as possible. Firstly, the notch filter must be wide enough to cover a range of 

frequencies bigger than the range of frequencies that the dominant mode of the tower 

lies in. Then the loads and the generator speed must be checked. If the notch filter is 

too wide, unacceptable variations in the generator speed signal are present. It must be 

kept in mind that if the notch is too wide its poles are underdamped and can cause 

undesirable transients due to interfering with the switching. This might also cause 

dips in the power. Therefore, if such signal behaviour is observed in the time series 

plots then the notch filter should be narrowed until the variations in generator speed 
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become acceptable. According to the observations made in the current research, the 

depth of the filter has a value at which it is most effective. After all it must be kept in 

mind that the notch filter is responsible for allocating frequencies to the pitch and 

torque controller respectively. Therefore there is a balance that needs to be found for 

the optimum result. Initially the depth of the notch filter should match the “bump” of 

the dominant mode of the tower occurring from the spectrum plot. In the case of the 

2MW wind turbine under study an 8dB depth was needed. At some point if the filter 

becomes too deep, although not increasing them, it does not make a difference in the 

loads. An initial start point of 10dB is usually appropriate to start testing the filter 

from. 
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7 Conclusions and Future Research 

The biggest percentage of the lifetime of a wind turbine is spent in below rated wind 

speed especially in the maximum power coefficient tracking region. Careful design 

of the controller in that region is important as the results of this thesis demonstrate. 

Many control design approaches have been proposed in the literature for this region. 

The research done in Chapter 4 establishes the following: 

• The Simulink model based on effective wind speed is sufficiently good to enable 

the performance to be assessed and controllers to be tuned in this region. The 

Simulink model is much simpler than the GH Bladed model and enables certain 

aspects of performance such as efficiency of the energy capture to be estimated 

much more efficiently. 

• The overall energy efficiency is particularly high, up to 99.9% for some cases.   

• Only large changes in the choice of the maximum power coefficient tracking 

curve have significant impact on the energy capture.  

• The controller which achieves the tracking does not require high performance. 

• The potential improvement in energy capture through advanced control in this 

region is very modest. 

The design task for a wind turbine controller is demanding and as the size of the 

wind turbine increases the difficulty also increases. The structural elements are more 

flexible and the stability margins become tighter. The increasing number of tasks that 

the controller is assigned, makes the design even more complex and the designer 

needs to assess carefully the trade-offs involved. A full envelope baseline controller 

is successfully developed for the 2MW exemplar wind turbine addressing all aspects 

of the design. These aspects include the following: 

• Dealing with the transition from below rated to above rated through the phase 

advance, whilst predicting sudden wind gusts. 
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• Maintaining smooth switching between different operating modes avoiding 

transients and frequency excitations using a full envelope switching scheme. 

• Avoidance of actuator saturation using an anti-windup scheme. 

• Design of controllers for each of the four operating modes i.e. 1
st
 constant speed, 

;<=>? tracking, 2
nd

 constant speed and pitching mode above rated. 

• Exploitation of the separation of the aerodynamics through global “gain-

scheduling”. 

• Addition of drive train damping through additional feedback loop in torque. 

• Addition of tower damping through additional feedback loop on pitch. 

• Regulation according to the operational strategy, the speed and power of the 

wind turbine over its full operating envelope. 

The tower lifetime fatigue loads are a central focus of this research and Chapter 6 

presents and analyses the design of a novel coordinated controller, addressing this 

important issue. Two approaches have been developed; one based on controlling 

generator speed and the second on controlling power directly and speed indirectly. 

Both give similar results in terms of tower load reduction. Of course the results 

depend on the specific wind turbine that the controller is designed for; however the 

significance here lies in the fact that this wind turbine did not have a very prominent 

tower mode. The advantages of the approach are the following: 

• There is a final lifetime tower fore-aft bending moment reduction of more than 

10% for the exemplar 2MW wind turbine which is about 45% improvement on 

the traditional tower feedback loop. 

• The approach does not compromise other aspects of the wind turbine 

performance such as speed or torque variations as well as loads on other 

components. 

• There is a reduction of actuator activity which further reduces the fatigue of the 

machine. 

• The parallel path modification to the controller improves the dynamics of the 

pitch control loops through removing the RHPZ’s. 
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One of the important aspects of the coordinated power controller is that it can easily 

be implemented as an addition to an existing controller that does not already address 

the issue of reducing the tower loads.  

Future research concerning this work involves the further improvement of the 

performance of the controllers where possible. It is demonstrated in Chapter 6, that 

by removing the RHPZ’s from the dynamics of the wind turbine, the stability 

margins slightly increase. It is recommended that future work takes advantage of this 

outcome by increasing the gain, therefore the bandwidth of the controller. This could 

possibly result in a bigger improvement in the control of the speed loop of the wind 

turbine. Moreover, it is recommended that the switching strategy is improved further 

in order to accommodate wider notch filters in the coordinated control scheme. A 

very interesting piece of work would be to try the coordinated controller scheme in 

wind turbines with a “dominant” mode less modest than the one of the wind turbine 

discussed here. Preliminary tests show that the same approach could demonstrate a 

lifetime tower load reduction of more than 15% on other machines.  

Finally, it is recommended that future work addresses issues such as the 

accommodation of the coordinated scheme in larger machines using individual pitch 

control as their main strategy. By doing this it is expected that tower loads will be 

reduced effectively whilst minimising the effect of any existing rotor imbalances. 
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Appendix A: Wind turbine parameters 

A.1 Parameters defining the 2MW Supergen Wind turbine 

The parameters, which are necessary for the definition and formulation of the 

Simulink model, as well as the control models, of the exemplar 2MW Supergen wind 

turbine, are extracted from Bladed and are listed below: 

Parameters of the 2MW Supergen Exemplar Wind Turbine 

Blade & Rotor parameters 

Rotor radius [m] R = 37.5 

Effective blade length (for wind speed 

correction) [m] 
L = 26.25 

Distance of the centre of mass from the hub 

axis [m] 
Rc = 11.94 

One blade mass [Kg] Mblade = 5320 

One blade mass*3 [Kg] Mbl = Mblade*3 

Hub height [m] h = 65 

Tower/Rotor cross-coupling inertia 

[Kg*m^2] 
Jc = Rc*h*Mbl 

Flap natural frequency [rad/s] w_f = 6.66 

Rotor inertia [Kg*m^2] J = 4.26849e+006 

Blade flapwise stiffness [Nm/rad] Kf = w_f^2*J 

Edge natural frequency [rad/s] w_e = 9.99 

Blade edgewise stiffness [Nm/rad] Ke = w_e^2*J 

Rotor and nacelle mass [Kg] Mr_n = 97961 

Tower parameters 

Tower fore-aft inertia [Kg*m^2] Jt = h^2*(Mr_n-Mbl) 

Tower fore-aft frequency [rad/s] w_t = 2.5133 
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Tower fore-aft damping Bt_param = 0.005 

Tower fore-aft damping moment [Nm] Bt = 2*Bt_param*w_t*Jt 

Tower fore-aft stiffness [Nm/rad] Kt = w_t^2*Jt 

Tower side-side natural frequency [rad/s] w_ts = 2.5133 

Tower side-side inertia [Kg*m^2] Jts = h^2*Mr_n 

Tower side-side stiffness [Nm/rad] Kts = w_ts^2*Jts 

Tower side-side damping Bts_param = 0.005 

Tower side-side damping moment [Nm] Bts = 2*Bts_param*w_ts*Jts 

Coefficient to adjust tower/nacelle 

displacement 
Ka = 1.4 

Pitch Actuator parameters 

Pitch actuator transfer function Ú\>(b) = 39.48
bT + 10.05b + 39.48 

Operational parameters 

Minimum generator speed in generation 

mode [rad/s] 
WMIN = 89.0118 

Maximum generator speed in generation 

mode [rad/s] 
WMAX = 157.07 

Cut in wind speed [m/s] WCUTIN = 4 

Cut out wind speed [m/s] WCUTOUT = 25 

Nominal generator torque [Nm] TQSET = 13403 

Minimum pitch angle [deg] PITMIN = -3 

Maximum pitch angle [deg] PITMAX = 90 

Sampling time [s] sample_time = 0.05 

Air density [Kg/m^3] rho = 1.225 

Drive-train parameters 

Hub inertia [Kg*m^2] ILs = 12000 

Low speed shaft damping gls = 1e-007 

High speed shaft damping ghs = 5 

Low speed shaft stiffness [Nm/rad] KLsb = 1.9e+008 
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Low speed shaft material damping g1s = 1.6e+006 

High speed shaft material damping g2s = 1000 

High speed shaft stiffness [Nm/rad] KHs = 1e+010 

Gearbox ratio N=n = 84.15 

High speed shaft inertia [Kg*m^2] J_Hs = 5 

Generator inertia [Kg*m^2] J_gen = 130 

Drive-train efficiency below rated EtaFL = 0.96 

Drive-train efficiency above rated EtaVS = 0.96 

High speed shaft + generator inertia 

[Kg*m^2] 
IHs = J_Hs+J_gen 
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Appendix B 

B.1  Performance of the SISO controller 

Below rated 8m/s 

 

Figure B.1: Wind speed time series for 8m/s

 

Figure B.2: Generator speed time series for 8m/s 
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Figure B.3: Generator speed spectrum for 8m/s

 

Figure B.4: Generator torque time series for 8m/s 
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Figure B.5: Generator torque spectrum for 8m/s

Figure B.6: Electrical power output time series for 8m/s 
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Figure B.7: Electrical power output spectrum for 8m/s 

Above rated 14m/s 

 

Figure B.8: Wind speed time series for 14m/s 
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Figure B.9: Generator speed time series for 14m/s 

 

Figure B.10:  Generator speed spectrum for 14m/s 
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Figure B.11: Generator torque time series for 14m/s 

 

 

Figure B.12: Generator torque spectrum for 14m/s 
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Figure B.13: Electrical power output time series for 14m/s 

 

Figure B.14: Electrical power output spectrum for 14m/s 
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Figure B.15: Pitch angle time series for 14m/s 

 

Figure B.16: Pitch angle spectrum for 14m/s 
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Figure B.17: Pitch rate time series for 14m/s 

 

Figure B.18: Pitch rate spectrum for 14m/s 
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Above rated 20m/s 

 

Figure B.19: Wind speed time series for 20m/s 

 

 

Figure B.20: Generator speed time series for 20m/s 
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Figure B.21: Generator speed spectrum for 20m/s 

 

Figure B.22: Generator torque time series for 20m/s 

10
-1

10
0

10
1

10
2

10
3

10
-6

10
-4

10
-2

10
0

10
2

10
4

10
6

Frequency (rad/s)

P
S
D
 (
ra
d
/s
e
c
2
/r
a
d
)

 

 

10
-1

10
0

10
1

10
2

10
3

4.165

4.17

4.175

4.18

4.185

4.19

4.195

4.2

x 10
4

C
u
m
u
la
ti
v
e
 s
p
e
c
tr
a
 (
2
)

20m/s_Generator_speed_[rad/sec]

0 50 100 150 200 250 300
1.26

1.28

1.3

1.32

1.34

1.36

1.38

1.4

1.42
x 10

4

time (sec)

G
e
n
e
ra
to
r 
to
rq
u
e
 (
N
m
)

 

 

20m/s_Generator_torque [Nm]



151 

 

 

Figure B.23: Generator torque spectrum for 20m/s 

 

Figure B.24: Electrical power output time series for 20m/s 
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Figure B.25: Electrical power output spectrum for 20m/s 

 

Figure B.26: Pitch angle time series for 20m/s 
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Figure B.27: Pitch angle spectrum for 20m/s 

 

Figure B.28: Pitch rate time series for 20m/s 
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Figure B.29: Pitch rate spectrum for 20m/s 

Blade root edgewise moments 

 

Figure B.30: Blade edgewise bending moment spectrum for 14m/s 
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Figure B. 31 Blade edgewise bending moment spectrum for 20m/s 

 

Figure B.32: Blade edgewise bending moment loads 
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Table 5: Lifetime blade root edgewise bending moment loads 

Lifetime blade root edgewise bending moment loads 

Controller type Loads 

SISO(Basic) 3.2116e+06 

 

 

Blade root flapwise moments

 

Figure B.33: Blade flapwise bending moment spectrum for 14m/s 
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Figure B.34: Blade flapwise bending moment spectrum for 20m/s 

 

Figure B.35: Lifetime blade root flapwise bending moment loads 
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Table 6: Lifetime blade root flapwise bending moment loads 

Lifetime blade root flapwise bending moment loads 

Controller type Loads 

SISO(Basic) 1.8698e+06 

 

 

Tower base side to side moment loads 

Figure B.36: Tower base side to side moment spectrum for 14m/s 
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Figure B.37: Tower base side to side moment spectrum for 20m/s 

 

Figure B.38: Lifetime tower base side to side moment loads 
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Table 7: Lifetime tower base side to side moment loads 

Lifetime tower base side to side moment loads 

Controller type Loads 

SISO(Basic) 3.1154e+06 

 

 

Tower base fore-aft moment loads 

Figure B.39: Tower fore and aft moment spectrum for 14m/s 
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Figure B.40: Tower fore and aft moment spectrum for 20m/s

Figure B.41: Lifetime tower base fore and aft moment loads 
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Table 8: Lifetime tower base fore and aft moment loads 

Lifetime tower base fore-aft moment loads 

Controller type Loads 

SISO(Basic) 7.2186e+06 

 

 

B.2  Performance of the SISO controller with TFL 

 

Above rated 14m/s 

 

Figure B.42: Wind speed time series for 14m/s 
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Figure B.43: Generator speed time series for both controllers at a mean wind speed 

of 14m/s 

 

Figure B.44: Generator speed spectra for both controllers at 14m/s 
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Figure B.45: Generator torque time series for both controllers at a mean wind speed 

of 14m/s 

 

Figure B.46: Generator torque spectra for both controllers at 14m/s 
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Figure B.47: Electrical power time series for both controllers at a mean wind speed 

of 14m/s 

 

Figure B.48: Electrical power spectra for both controllers at 14m/s 
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Figure B.49: Pitch angle time series for both controllers at a mean wind speed of 

14m/s 

 

Figure B.50: Pitch angle spectra for both controllers at 14m/s 
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Figure B.51: Pitch rate time series for both controllers at a mean wind speed of 

14m/s 

 

Figure B.52: Pitch rate spectra for both controllers at 14m/s 
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Above rated 20m/s 

 

Figure B.53: Wind speed time series for 20m/s 

 

Figure B.54: Generator speed time series for both controllers at a mean wind speed 

of 20m/s 
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Figure B.55: Generator speed spectra for both controllers at 20m/s 

 

Figure B.56: Generator torque time series for both controllers at a mean wind speed 

of 20m/s 
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Figure B.57: Generator torque spectra for both controllers at 20m/s 

 

Figure B.58: Electrical power time series for both controllers at a mean wind speed 

of 20m/s 
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Figure B.59: Electrical power spectra for both controllers at 20m/s 

Figure B.60: Pitch angle time series for both controllers at a mean wind speed of 

20m/s 
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Figure B.61: Pitch angle spectra for both controllers at 20m/s 

 

Figure B.62: Pitch rate time series for both controllers at a mean wind speed of 

20m/s 
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Figure B.63: Pitch rate spectra for both controllers at 20m/s 

Fatigue loads 

Blade root edgewise moments 
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Figure B.64: Blade edgewise bending moment spectra for two controllers at 14m/s 

 

Figure B.65: Blade edgewise bending moment spectra for two controllers at 20m/s 
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Figure B.66: Lifetime blade root edgewise bending moment loads for the two 

controllers 

Table 9: Blade root edgewise bending moment lifetime loads 

Blade root edgewise bending moment lifetime loads 

Controller type Loads 

SISO(Basic) 3.2113e+06 

SISO(Basic+TFL) 3.2098e+06 

 

 

Blade root flapwise moments 

 

Figure B.67: Figure B.68: Blade flapwise bending moment spectra for two 

controllers at 14m/s 
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Figure B.69: Blade flapwise bending moment spectra for two controllers at 20m/s 

 

Figure B.70: Lifetime blade root flapwise bending moment loads for the two 

controllers 
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Table 10: Blade root flapwise bending moment lifetime loads 

Blade root flapwise bending moment lifetime loads 

Controller type Loads 

SISO(Basic) 1.8698e+06 

SISO(Basic+TFL) 1.8898e+06 

 

 

Tower base side to side moment loads 

 

Figure B.71: Tower base side to side moment spectra for both controllers at 14m/s 
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Figure B.72: Tower base side to side moment spectra for both controllers at 20m/s 

 

 

Figure B.73: Lifetime tower base side to side moment loads for the two controllers 

 

10
-1

10
0

10
1

10
2

10
3

10
0

10
20

Frequency (rad/s)

S
p
e
c
tr
a
 (
N
m
2
/r
a
d
)

 

 

10
-1

10
0

10
1

10
2

10
3
0

5
x 10

14

10
-1

10
0

10
1

10
2

10
3
0

5
x 10

14

C
u
m
u
la
ti
v
e
 s
p
e
c
tr
a
 (
N
m
2
)

20m/s_Tower base side to side moment_Basic [Nm]

20m/s_Tower base side to side moment_Basic+TFL [Nm]

4 4 6 6 8 8 10 10 12 12 14 14 16 16 18 18 20 20 22 22 24 24
0

0.5

1

1.5

2

2.5
x 10

7

Wind speed (m/s)

E
q
u
iv
a
le
n
t 
lo
a
d

Tower base side-to-side moment lifetime loads

4 4 6 6 8 8 10 10 12 12 14 14 16 16 18 18 20 20 22 22 24 24
0

2

4

6

8

10

Wind speed (m/s)

R
e
la
ti
v
e
 D
a
m
a
g
e

 

 

SISO(Basic)

SISO(Basic+TFL)



179 

 

Table 11: Tower base side-to-side moment lifetime loads 

Tower base side-to-side moment lifetime loads 

Controller type Loads Load reduction 

SISO(Basic) 3.1154e+06  

SISO(Basic+TFL) 3.0164e+06 3.17% 

 

 

Tower base fore-aft moment loads 

 

Figure B.74: Tower base fore and aft moment spectra for both controllers at 14m/s 
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Figure B.75: Tower base fore and aft moment spectra for both controllers at 20m/s 

 

Figure B.76: Lifetime tower base fore and aft moment loads for the two controllers 
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Table 12: Tower base fore-aft moment lifetime loads 

Tower base fore-aft moment lifetime loads 

Controller type Loads Load reduction 

SISO(Basic) 7.2186e+06  

SISO(Basic+TFL) 6.7369e+06 6.67% 

 

 

B.3  Performance of the SISO controller with ALL 
 

(ALL: Addition of the Tower Feedback Loop, Phase Advance Mechanism, Anti-

Windup Scheme) 

Above rated 14m/s 

 

Figure B.77: Wind speed time series for 14m/s 
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Figure B.78: Generator speed time series for both controllers at a mean wind speed 

of 14m/s 

 

Figure B.79: Generator speed spectra for both controllers at 14m/s 
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Figure B.80: Generator torque time series for both controllers at a mean wind speed 

of 14m/s 

 

Figure B.81: Generator torque spectra for both controllers at 14m/s 
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Figure B.82: Electrical power time series for both controllers at a mean wind speed 

of 14m/s 

 

Figure B.83: Electrical power spectra for both controllers at 14m/s 
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Figure B.84: Pitch angle time series for both controllers at a mean wind speed of 

14m/s 

 

Figure B.85: Pitch angle spectra for both controllers at 14m/s 
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Figure B.86: Pitch rate time series for both controllers at a mean wind speed of 

14m/s 

 

Figure B.87: Pitch rate spectra for both controllers at 14m/s 
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Above rated 20m/s 

 

Figure B.88: Wind speed time series for 20m/s 

 

Figure B.89: Generator speed time series for both controllers at a mean wind speed 

of 20m/s 
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Figure B.90: Generator speed spectra for both controllers at 20m/s 

 

Figure B.91: Generator torque time series for both controllers at a mean wind speed 

of 20m/s 
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Figure B.92: Generator torque spectra for both controllers at 20m/s 

 

Figure B.93: Electrical power time series for both controllers at a mean wind speed 

of 20m/s 
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Figure B.94: Electrical power spectra for both controllers at 20m/s 

 

Figure B.95: Pitch angle time series for both controllers at a mean wind speed of 

20m/s 
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Figure B.96: Pitch angle spectra for both controllers at 20m/s 

 

Figure B.97: Pitch rate time series for both controllers at a mean wind speed of 

20m/s 
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Figure B.98: Pitch rate spectra for both controllers at 20m/s 

Fatigue Loads 

Blade root edgewise moments 

 

Figure B.99: Blade edgewise bending moment spectra for two controllers at 14m/s 
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Figure B.100: Blade edgewise bending moment spectra for two controllers at 20m/s 

Figure B.101: Lifetime blade root edgewise bending moment loads for the two 

controllers 
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Table 13: Blade root edgewise bending moment lifetime loads 

Blade root edgewise bending moment lifetime loads 

Controller type Loads 

SISO(Basic) 3.2113e+06 

SISO(Basic+ALL) 3.2168e+06 

 

 

 

Blade flapwise moments 

 

Figure B.102: Blade flapwise bending moment spectra for two controllers at 14m/s 
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Figure B.103: Blade flapwise bending moment spectra for two controllers at 20m/s 

 

Figure B.104: Lifetime blade root flapwise bending moment loads for the two 

controllers 
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Table 14: Blade root flapwise bending moment lifetime loads 

Blade root flapwise bending moment lifetime loads 

Controller type Loads 

SISO(Basic) 1.8698e+06 

SISO(Basic+ALL) 1.8868e+06 

 

 

Tower base side to side moment loads 

 

Figure B.105: Tower base side to side moment spectra for both controllers at 14m/s 
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Figure B.106: Tower base side to side moment spectra for both controllers at 20m/s 

 

Figure B.107: Lifetime tower base side to side moment loads for the two controllers 

 

10
0

10
1

10
2

10
0

10
5

10
10

10
15

Frequency (rad/s)

S
p
e
c
tr
a
 (
N
m
2
/r
a
d
)

 

 

10
0

10
1

10
2

0

x 10
14

10
0

10
1

10
2

0

x 10
14

C
u
m
u
la
ti
v
e
 s
p
e
c
tr
a
 (
N
m
2
)

20m/s_Tower side to side moment_Basic [Nm]

20m/s_Tower side to side moment_Basic+ALL [Nm]

4 4 6 6 8 8 10 10 12 12 14 14 16 16 18 18 20 20 22 22 24 24
0

1

2

3
x 10

7

Wind speed (m/s)

E
q
u
iv
a
le
n
t 
lo
a
d

4 4 6 6 8 8 10 10 12 12 14 14 16 16 18 18 20 20 22 22 24 24
0

5

10

Wind speed (m/s)

R
e
la
ti
v
e
 D
a
m
a
g
e

 

 

SISO(Basic)

SISO(Basic+ALL)



198 

 

Table 15: Tower base side-to-side moment lifetime loads 

Tower base side-to-side moment lifetime loads 

Controller type Loads 

SISO(Basic) 3.1154e+06 

SISO(Basic+ALL) 3.0913e+06 

 

 

 

Tower fore-aft moment loads 

 

Figure B.108: Tower base fore and aft moment spectra for both controllers at 14m/s 
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Figure B.109: Tower base fore and aft moment spectra for both controllers at 20m/s 

 

Figure B.110: Lifetime tower base fore and aft moment loads for the two controllers 
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Table 16: Tower base fore-aft moment lifetime loads 

Tower base fore-aft moment lifetime loads 

Controller type Loads Load reduction 

SISO(Basic) 7.2186e+06 
6.97% 

SISO(Basic+ALL) 6.7150e+06 
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Appendix C 

Fatigue Load Estimation  

For the estimation of the lifetime fatigue loads in the current thesis, Rainflow 

counting algorithms are employed which are well established and widely used for 

this purpose. A Weibull distribution function in the form of eq. (35), is used for the 

wind speed distribution, see Figure C.1. 

c(Ç) = J
` ©Ç

` ¬ÌÓ{ ÄÓ�ÐÔ�Õ
    (35) 

This function is used in conjunction with the fatigue estimation algorithms, to 

describe the distribution for each different wind speed and finally to obtain the total 

Equivalent loads for a twenty year lifetime of the wind turbine. A site with a mean 

wind speed of 7.5m/s and a Weibull Shape Factor of J = 2  are assumed in the 

distribution. At each wind speed, 10 minutes of simulation data are used.  

 

Figure C.1: Weibull distribution for the estimation of wind speed 
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rule is employed for evaluating the damage corresponding to each of the load cases 

[35], [65]. This is estimated by using the S-N curve (magnitude of cyclic stress S, 

against logarithmic scale of cycles to failure N), [47], with a Wöhler exponent of 

M=3 (slope of the fatigue line), see Figure C.2 .  

 

Figure C.2: Stress versus cycles to failure curve (S-N curve) 

According to this rule, the cumulative damage �, is estimated according to (36). 

� = � eã
�ã

=

ã	{
   (36) 

In eq. (36), e is the number of stress cycles of the stress range É, of Figure C.2, and 

� is the number of cycles to failure at the same stress range. 

The cumulative damage over the twenty year lifespan of the wind turbine, is 

evaluated for all the simulation runs (i.e. each wind speed), and the Equivalent loads 

is a combination of the fatigue damage corresponding to every load case using the 

Weibull distribution. The lifetime Equivalent loads for every wind speed is shown in 

the Bar graphs for each different controller considered in Chapter 6. Moreover, the 

Bar graph depicting “Relative damage”, which is defined as the Ratio of the 

percentage of the lifetime Equivalent loads of each wind speed, over the total 

Equivalent loads, is presented for each load case. Tower fore-aft (longitudinal) 

movement is examined here since it is the main driver of fatigue in the tower.  
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