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Abbreviations 

Vertical Axis Wind Turbine  .....................................VAWT 

Horizontal Axis Wind Turbine  .................................HAWT 

Small Wind Turbine  ................................................SWT 
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Hanze University of Applied Sciences  ...................HUAS 

 

Symbols 

𝐸   Wind energy in mass units 

𝑚  Displaced air mass 

𝑣  Air mass velocity 

𝑒  Produced energy per volume unit 

𝜌  Air density 

𝑄̇  Volume flow rate of air 

P  Air power 

𝐴  Area 

𝐷  Diameter 

𝐶𝑝  Power capture coefficient 

𝑃𝑟𝑜𝑡𝑜𝑟 Rotor power 

𝜆  Tip speed ratio 

𝛼  Angle of attack 

𝐹𝐿   Lift force 

𝐹𝐷  Drag force 

𝐶𝐿  Lift coefficient 

𝐶𝐷   Drag coefficient 

𝑐  Cross-section chord 

𝐹𝑎𝑐𝑡  Actuator force 

𝑇𝑠  Aerodynamic torque 

𝑥  Mechanism displacement 
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𝑥𝑚𝑖𝑛  Minimum linear position 

𝑥𝑚𝑎𝑥 Maximum linear position 

𝑅  Length in mm of the Clevis 

𝐿  Length in mm of the linkage 

β  Angle between the reference line and the clevis 

γ  Angle between the reference line and the linkage 

𝐽𝑏𝑙𝑎𝑑𝑒 Rotating inertia of the blade and motor 

𝐷𝑏𝑙𝑎𝑑𝑒 Pitch system coefficient of the viscous friction 

K  Pitch system spring constant 

𝑇𝑠  Actuation torque applied by the servo motor on the blade shaft 

𝑇𝑅  External resistance torque applied in the blade,  

𝐽𝑏𝑙𝑎𝑑𝑒  Rotating inertia of the blade and motor  

𝐷𝑏𝑙𝑎𝑑𝑒 Pitch system coefficient of damping  

𝐾    Pitch system stiffness coefficient 

𝑉𝑅    Relative velocity 
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1. Preface 

This master's thesis involves the design and control of the blade´s pitch angle for a small wind 

turbine presented to the International Small Wind Turbine Competition (ISWTC).  

The control of pitch mechanism will modify the position of the wind turbine blade by means of a 

rotation with respect to its longitudinal axis. As a result, a better control of the wind turbine power, 

a reduction of aerodynamic stresses, thus facilitating better operation and maintenance will be 

achieved. 

The main objectives of this project are as follows: 

• Design the pitch mechanism 

• Modelling of pitch mechanism for the controller design  

• Study and understanding pitch control objectives and strategies 

• Designing the controller and validating by numerical simulations  

• Realization of the controller using Arduino or equivalent device 

This work will start by introducing the main types of wind turbines and factors that can affect a 

horizontal axis generator. In addition, the aerodynamic principles that govern the operation of wind 

turbines are described in order to understand the importance of the pitch system. As well as a 

description of the blade profiles and the theories and concepts used for the aerodynamic 

calculations. 

Once the theoretical concepts of the wind turbine have been introduce, the background of the 

project is presented, which includes a brief description of the wind turbine that will be used as the 

starting point for this project. Furthermore, the requirements specified by the competition rules are 

also listed. 

Afterwards, the needed calculations for the design of the pitch mechanism, the selection of the 

actuator and the CAD design of the mechanism, as well as the actual constructed mechanism are 

presented. And immediately afterwards, the control systems are developed theoretically and the 

designs of the developed control system are described, along with the elements used and the 

Arduino code and the result obtained. 

Lastly, the plan and budget executed for the realisation of the project as well as the conclusions 

are presented with some suggestions for system improvements to be considered in the future.  
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2. Introduction 

Wind turbines are designed to capture wind energy and convert it into electrical energy [1]. The 

following sections will describe the principle of operation of a wind turbine and its classification as 

well as a summary of its components. 

2.1. Types of wind turbines (Classification) 

 According to the orientation of the axis of rotation 

The first and most classic classification is based on the position of its main axis, which is divided 

into two types: horizontal axis and vertical axis [2]. 

Horizontal axis wind turbines (HAWT) are so-called because their main shafts are located parallel 

to the ground. The connection elements, drive train, and generator are located at the height of the 

rotor in the nacelle located at the top of the tower, as can be seen in  Figure 1.  In this type of wind 

turbine, a higher energy production is obtained, but it is necessary to control its orientation to the 

wind direction. 

 

Figure 1: Horizontal Axis Wind Turbine (HAWT) [3] 

 

On the other hand, vertical axis wind turbines (VAWT) have the main axes perpendicular to the 

ground. One advantage of the use of this type of wind turbines is that they capture the wind in any 

direction and therefore, there is no need for orientation control. Another advantage is that the link 

with the drive train and generators is made on the ground and thus has a lower cost and greater 

simplicity when it comes to its assembly. The reason why these types of wind turbines are less 

used for energy production is because they have a significantly lower efficiency than horizontal 

axis wind turbines. 
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Figure 2: Vertical Axis Wind Turbine (VAWT) [4] 

 According to wind orientation 

This classification only makes sense for HAWTs because the VAWTs do not need a wind 

orientation system, as we have already mentioned. Therefore, the HAWTs can be classified into 

two different types according to the wind orientation [2]: 

- Upwind: The air encounters the rotor before the tower. They are more efficient than 

downwind wind turbines as they do not present an aerodynamic interference with the 

tower. However, they have the disadvantage of not automatically aligned with the wind 

direction, so they need to have an orientation element in the nacelle [5]. 

- Downwind: The air encounters the tower before the rotor. A yaw system is not necessary 

as they are automatically aligned with the wind direction, but they are less efficient than 

upwind wind turbines [5]. The automatic orientation of the downwind turbine occurs 

because the blades have a certain taper with respect to the axis of rotation. When the wind 

direction changes, due to the conicity of the blades, a momentum is created that rotates 

the whole assembly (rotor, nacelle and hub) to align with it. 

 

 

Figure 3: Upwind (a) and downwind (b) wind turbines. [6] 
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 According to the number of blades 

Within the HAWTs classification we can find another one, which depends on the number of blades 

that th wind turbine has. Four types of wind turbines can be distinguished: single-bladed, two-

bladed, three-bladed, and multi-bladed. Below the different types are described. 

 

Figure 4: Designs of HAWTs: a) three-bladed, b) two-bladed, c) single-bladed, d) multibladed, e) 
multi-bladed with diffuser [7] 

2.1.3.1. Three-bladed 

This is the most widespread design in the wind production market as it is the one that offers the 

best performance. The rotor consists of 3 blades forming 120° between each one of them. Owing 

to the characteristics of their moment of inertia, they have the advantage of a smoother and more 

uniform rotation.  

This fact minimizes the stresses on the blades or the structure.  It is the rotor design that requires 

the least speed to produce the same electrical power. As the rotational speed of the wind turbine 

is lower, noise generation is reduced. In addition, the track life of the components is extended and 

maintenance costs are reduced.  

2.1.3.2. Two-bladed 

Two bladed wind turbines reduce the cost of mass and, therefore, of material with respect to the 

three-bladed one. However, it has the disadvantage of suffering greater dynamic stresses. As it 

has an even number of blades, as soon as one of them passes through the tower, it stops receiving 

wind, in other words, result what is known as tower shadow. This causes an instability of moments 

in the rotor that leads to the appearance of great stresses at the base of the opposite blade, which 

can lead to its breakage.  

Furthermore, two-bladed generators must reach a higher rotational speed than three-bladed 

generators to produce the same electrical power. A higher speed means more pronounced wear 

of shafts, bearings, ..., and also leads to an increase in noise levels [8]. 
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2.1.3.3. Single-blade 

Single bladed wind turbines present a reduction in mass and cost with respect to the two-bladed 

rotor. However, this weight reduction is focused more on the gearbox and the generator than on 

saving a rotor blade. This is because a blade counterweight is necessary to avoid unstable turbine 

operation leading to unexpected vibrations or stresses in the structure, such as fatigue loads. Even 

so, manufacturing costs are reduced as there is no need to manufacture a second blade [8].  

2.1.3.4. Multi-bladed 

Multi-bladed wind turbines are used as small turbines, mainly for water pumping applications. They 

usually have between 12 and 24 blades. This configuration has a high starting torque, rotating at 

low speeds. They are not used for electricity generation, as in the design of wind turbines for 

electricity generation it is convenient for the rotor to rotate at the highest possible number of 

revolutions due to the reduction in size and weight of the electrical generator and the drive train, 

with the consequent reduction in the cost of the machine [8]. 

Figure 5 shows how the power coefficient (related to turbine efficiency) varies according to the tip 

speed ratio. This last term is the relationship of the velocity at the extreme end of the blade and 

the wind speed. 

 

 

Figure 5: Performance coefficient of various designs of wind turbine rotors. [9] 

 

As can be seen in Figure 5, HAWTs have the highest power coefficient. Within them, it can be 

observed that the higher the number of blades, the more efficient the generator tends to be. The 
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fact that there are no high-power generators with a number of blades greater than 3 is due to the 

following points: 

− A higher number of blades means a higher initial cost of the project. 

− The efficiency gained by increasing the number of blades is increasingly less significant 

and does not make up for the additional manufacturing and installation costs of the turbine 

(going from 3 to 4 blades only increases the power coefficient by around 0.5%). 

− The most economically profitable option after the three-bladed rotor would be a four-bladed 

wind turbine. However, in this case the problem of tower shadow would arise, which would 

cause the instability of the structure and fatigue loads. 

For these reasons, the most widespread type of wind turbine in the production of electricity from 

wind energy is the three-bladed wind turbine. 

2.2. Horizontal axis wind turbine (HAWT) components 

In this section, the most important parts of an onshore horizontal axis wind turbine will be defined 

and explained ( Figure 6 ). The main components are the rotor and hub, the nacelle, and the tower 

and they will be described below. 

 

Figure 6 Most relevant components of a HAWT [2] 

• The rotor blades: They capture the wind and transmit its power to the hub [10].  

• Hub: this is the element that joins all the wind turbine blades together. It is mounted on the 

low-speed shaft, from which the torque is transmitted to the wind turbine's power 

transmission [10]. 
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• Tower: The tower gives the turbine a certain height so that it collects the wind at a greater 

height, thus avoiding turbulence and the consequent loss of wind speed due to elements 

located on the ground (trees, buildings, etc.). In addition, the wiring that transports the 

energy produced in the generator runs through the tower [10]. 

Inside the nacelle can be found the following elements: 

• High-speed and low-speed shafts: they are the shafts that connects the gearbox to the hub 

and the rotor. The high-speed shaft has a mechanical emergency disc brake which is used 

in case of a failure, or while the turbine maintenance process [10]. 

• Drive train: is the equipment that allows to the high-speed shaft to rotate 50 times faster 

than the low-speed shaft [10]. 

• Generator: also known as an asynchronous or induction generator and it transforms the 

mechanical energy of rotation into electrical energy. It is made up of a rotor, which is the 

moving part and is responsible for generating a variable magnetic field when the blades 

rotate, and a stator, which is the fixed part on which the induced electric current is 

generated [10]. 

• Pitch System: this is the electronics and mechanical system that is responsible for 

controlling the angle of attack of the blades depending on the operating conditions at any 

given time.  

• Brakes: There are two types of brakes: mechanical brakes and electromagnetic brakes. 

All wind turbines have at least one mechanical brake that causes the wind turbine to stop 

in case of an emergency. Normally the brake is placed on the output shaft of the gearbox, 

which, although the rotation speed is very high, the torque to be applied with the brake at 

this point is lower than on the input shaft. 

• Wind vane and anemometer: the wind vane is the sensor that allows the wind direction to 

be determined, while the anemometer allows the wind speed value to be known at the 

height of the nacelle. 

2.3. Aerodynamics and its application in wind turbines 

The objective of this section is to understand the aerodynamic principles that govern the operation 

of wind turbines in order to subsequently understand the importance of the pitch system. It will 

also describe the blade profiles and the theoretical concepts used for the aerodynamic 

calculations. 

Aerodynamic principles are based on the behaviour of a fluid by causing motion on a body flowing 

through it. To obtain the power of a wind turbine, the kinetic energy of the wind is extracted and 

transformed into mechanical energy, which is then converted into electrical energy. It is assumed 

that the affected air mass remains separated from the rest of the air that does not pass through 

the outline of the rotor disk (see Figure 7). Since the air inside the tube is slowed down, but not 

compressed, the airflow cross-section must be increased to allow the airflow to pass through at a 

lower velocity. This kinetic energy is extracted by pressure changes that the velocity variations 

produce in the blade profiles [2]. 
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Figure 7 Wind energy extraction [11] 

 Theory of quantity of movement 

As we have already mention, the wind has a certain amount of energy in its movement and this is 

of the kinetic energy type. If 𝑚 is a mass of air moving in one direction with a velocity 𝑣, the energy 

that this mass has is: 

 
𝐸 =

1

2
𝑚𝑣2 

1 

where, 

− 𝐸 → 𝑤𝑖𝑛𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑚𝑎𝑠𝑠 𝑢𝑛𝑖𝑡𝑠  

− 𝑚 → 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝑎𝑖𝑟 𝑚𝑎𝑠𝑠 

− 𝑣 → 𝑎𝑖𝑟 𝑚𝑎𝑠𝑠 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦  

If we indicate it in units of volume, equation 1 takes the following form: 

 
𝑒 =

1

2
𝜌 𝑣2 2 

where, 

− 𝑒 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑢𝑛𝑖𝑡 

− 𝜌 → 𝑎𝑖𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

Knowing that the volume flow rate of air 𝑄̇ that passes through an area 𝐴 is determined by the 

following expression: 

 𝑄̇ = 𝐴 𝑣 
3 

It is possible to obtain the air power going through that certain area at a specific speed and density, 

and the expression of the air power is: 

 
𝑃 = 𝑒 𝑄̇ =

1

2
𝜌 𝐴 𝑣3 

4 
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The area, 𝐴, represents the circular surface that the blades cover: 

 
𝐴 = 𝜋

𝐷4

4
 5 

where, 

− 𝐷 → 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡ℎ𝑎𝑡 𝑡ℎ𝑒 𝑏𝑙𝑎𝑑𝑒𝑠 𝑐𝑜𝑣𝑒𝑟 

From equation 4 it is possible to deduce a number of factors to be considered: 

• Wind power has a strong dependence on wind speed. 

• It is advisable to install wind turbines at sea level, since the greater the density of the air, 

the more power can be extracted from it. 

• The larger the area of the blades, the more power can be extracted from the wind. 

 Power capture coefficient (Cp) and Betz limit 

Even so, it is not possible to transform the entire kinetic energy of the wind into the mechanical 

energy used to move the rotor of the turbine. This limit does not originate from any design 

deficiency, but from the fact that the air arriving at the wind turbine cannot lose all its kinetic energy, 

as it would stop and the flow would not continue. 

The optimum value that allows a constant air flow with maximum power extraction is the Betz limit. 

This limit establishes that any wind resource utilisation system can transform a maximum of the 

power indicated in equation 4. Therefore, the maximum energy that could be extracted from the 

air in an ideal machine would be [12]: 

 
𝐶𝑝 =

16

27
= 59.2% 

6 

The Betz limit provides an upper limit to the possibilities of the wind turbine, but it is not entirely 

realistic given that the energy transformation that takes place in a wind turbine is inevitably 

associated with power losses in the different components of the system.  

In order to get an idea of the overall efficiency of a wind power plant, the data provided in the 

document "Windenergie und ihre ausnutzung durch windmühlen" were considered. In this 

document, Dr. Albert Betz formulated for the first time the theoretical maximum power that could 

be extracted from the wind and, in addition, the following efficiencies of the different system 

components were considered [13]: 

− Propeller efficiency .......................................  85%. 

− Gearbox efficiency ........................................ 98% 

− Alternator efficiency  ..................................... 95% 

− Transformer efficiency  ................................. 98% 

This results in an overall maximum efficiency of the installation of approximately 46%, Figure 8 

shows the difference between the energy available from the wind, the energy set by the Betz limit, 

and the energy actually obtained. 



Fachbereich Technik 

Maria Roggero Asensio 

 

 

                Blade pitch mechanism design and control for a small wind turbine 10 
 

 

Figure 8: Comparison of wind power, usable energy (Betz-limit) and power output [14] 

To represent the fraction of power extracted from the wind, it is necessary to define a new factor 

called the power coefficient [2]: 

 
𝐶𝑝 =

𝑅𝑜𝑡𝑜𝑟 𝑝𝑜𝑤𝑒𝑟

𝑃𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑
=

𝑃𝑟𝑜𝑡𝑜𝑟

1
2

𝜌 𝐴 𝑣3
 

7 

This power coefficient can be interpreted as the efficiency of the wind rotor and depends mainly 

on the wind speed, the rotational speed of the turbine and the draft angle of the blades. More 

concisely, this dependence can be summarised in two dimensionless parameters: the blade pitch 

angle, β, and the specific speed coefficient, λ, which is the ratio between the linear speed at the 

blade tip and the incident wind speed. 

In Figure 9 it can be seen an example of the extracted power output of a horizontal axis wind 

turbine with a variation of the pitch angle.  

 

Figure 9 Power coefficient curves as a function of tip speed ratio and pitch angles [15]. 
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Systems such as pitch control use these ratios to maintain the optimal operating point of the 

turbine. When the turbine starts up, for speeds lower than nominal, the wind turbine needs to get 

the greatest possible benefit from the wind, so the optimum value of 𝜆 is chosen for each value of 

the pitch angle and the one that places the wind turbine at the point of maximum power coefficient 

is selected (see Figure 9).  

However, when the wind speed exceeds the nominal wind speed, the loads on the wind turbine 

could lead to a collapse, so the pitch system comes into play. The blades are now rotated about 

the pitch axis to let some of the air flow through and keep the generated power constant, thus 

lowering the power coefficient. In this way, for constant power and rotational speed, the loads on 

the wind turbine remain constant for rotational speeds above the rated speed.  

 Blade profile aerodynamics characteristics 

For the control system design it is of great importance to know the behaviour of airfoils and the 

forces exerted by the wind on them.  

The rotor of a wind turbine is composed of a certain number of blades. If a radial cut is made at a 

distance r from the axis of rotation, Figure 10, the airfoil with the angles of flow corresponding to 

the local element are observed, as can be seen in Figure 11. 

 

Figure 10 Rotor of a three-bladed wind turbine with rotor radius R [16]  

The total local angle is the sum of the local twist angle, the angle of attack and the active or passive 

pitch control system angle. This twist angle is dependent on the blade geometry and invariant in 

time, while the pitch angle is constant along the blade but can change in time with the variation of 

the wind speed. For convenience, we will refer to β as the pitch angle, although it will also contain 
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the twist and angle of attack. As can be seen in Figure 11, the angle of attack α is the angle of 

attack formed by the chord line with the relative wind speed. 

 

Figure 11: Blade profile of an HAWT [10] 

When an airfoil is placed in a gust of air, the wind goes through the upper and lower surfaces of 

the blade. Due to the curvature of the blade, the air flowing on the upper side has a higher velocity 

than the air flowing on the lower side; according to Bernoulli's principle, the fluid particles with 

higher velocity will produce a low pressure on the upper side, while a higher pressure will be 

produced on the lower side.  

This pressure difference will produce a resultant force F acting on the airfoil and it can be divided 

into two different forces [4] (see Figure 12 ): 

- A component perpendicular to the incident current at infinity upstream, called lift and 

considered positive if it is towards the top surface.  

- A component in the same direction of the undisturbed incident current, called drag. 

 

Figure 12: Drag and Lift forces [17] 

The coefficients can be obtained by wind tunnel tests, measuring wind speed, lift and drag using 

specialised sensors. In wind turbines, the aim is to maximise lift and reduce drag. Thus, it is equally 
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important to place the airfoil at a suitable angle of attack so that the ratio between the drag 

coefficient and the lift coefficient (𝐶𝐷/𝐶𝐿) is reduced. It should also be mentioned that the velocity 

observed by the airfoil is a resultant vector called relative velocity (𝑉𝑅).  

The velocity of the blade section increases as a function of the radial distance from the centre of 

the rotor towards the blade tip, so the angle of the vector 𝑉𝑅 varies as it approaches the base of 

the rotor. 

In order to maintain constant, the relative velocity along the entire length of the blade and to keep 

the ratio (𝐶𝐷/𝐶𝐿) optimal throughout the blade profile, the blade is designed with a warp shape. 

If the lift and drag coefficients are known, the lift and drag forces per unit length are known as well: 

 
𝐹𝐿 =

1

2
𝜌𝑐𝑣2𝐶𝑙 

 
8 

 

 
𝐹𝐷 =

1

2
𝜌𝑐𝑣2𝐶𝑑 

 
9 

Where 𝑐 is the element cross-section chord. 

 

2.4. Wind turbine control strategy 

The main objectives for power control in wind turbines should be the following: 

(1) Capture of energy from wind: maximise energy capture considering operating 

constraints such as rated power, rated speed, ... 

(2) Mechanical loads: Prevent excessive mechanical loads on the wind turbine due to sudden 

fluctuations in the system. 

(3) Power quality: Condition the generated power to meet interconnection standards. 

 

For the purposes of this thesis, the control main objective will be focused on power regulation. 

For each wind turbine, the relationship between wind speed and generated power is defined by 

the so-called P-V curve, or power-speed curve. This curve clearly shows the cubic law between 

wind speed and generated power. 

Most wind turbines start generating power at 2 to 3 m/s, and the rated power is reached at 12 to 

13 m/s wind speed. The rated wind speed is the lowest of the wind speeds at which the wind 

turbine produces the rated or maximum power. Above the rated wind speed, the power cannot 

increase with the wind speed due to the operation of the wind turbine's power control mechanisms.  

There are three ways to regulate the power output which can be seen in Figure 13 and are 

explained below. 
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Figure 13: Power-speed curves for Pitch, Stall and Active Stall Control [18] 

 Pitch control 

In blade pitch angle control systems, the rotor blades must be able to rotate around their 

longitudinal axis (vary the pitch angle). The reaction time of the pitch angle change mechanism is 

a critical factor in wind turbine design. The design of pitch-angle controlled wind turbines requires 

highly developed engineering to ensure that the blades rotate at exactly the desired angle [19]. 

This system allows a nominal power extraction for wind speeds higher than the nominal wind 

speed, also allowing for a safety system against high wind speeds. The disadvantages are that 

they require a more complicated hub design and the incorporation of mechanical, hydraulic or 

electronic actuators with sufficient power to move the blades. 

With this type of regulation, the electronic controller checks the generated power several times 

per second. When this reaches a value that is too high, the controller sends a command to the 

pitch angle change mechanism, which immediately rotates the rotor blades slightly away from the 

direction of the wind flow lines. When the wind speed decreases, the blades are rotated in the 

reverse direction back to the position of maximum energy utilisation.  

Hence, in this type of wind turbines, the computer will generally rotate the blades a few degrees 

each time the wind changes to maintain an optimal angle that provides maximum performance at 

all wind speeds [18]. 

 

Figure 14: Power curves of fixed pitch and variable pitch wind turbines. [20] 
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By increasing the pitch angle when the wind increases, as the mechanical loads on the blades are 

reduced when the wind increases. In addition, this system dampens aerodynamic oscillations 

better and provides a higher starting torque than when the blade pitch is fixed. Mechanical 

stresses are reduced, as reducing the angle of attack also reduces lift. 

 Passive stall control 

In this case the blades are attached at a fixed angle to the hub. The profile of the blade has been 

aerodynamically designed to ensure that turbulence is created at the back of the blade as soon 

as the wind speed becomes too high for the boundary layer to detach [18]. It is important to ensure 

that such a loss of lift does not occur abruptly, but rather gradually, for which the blade is designed 

slightly twisted along its longitudinal axis. The main advantage of aerodynamic stall control is that 

it avoids moving rotor parts and a complex control system. On the other hand, this system 

represents a very complex aerodynamic design problem, with the complications arising from the 

vibrations caused by the loss of lift [2]. 

In addition, there is also the inconvenient of obtaining a less regular power curve for wind values 

higher than nominal if compared to variable pitch regulation systems (see Figure 14). The blades, 

as they cannot be aligned with the wind, suffer a higher static load. These turbines also need more 

wind for the blades to start turning, as the starting torque is low. 

 

 Active stall control 

In higher power wind turbines, above 1 MW, the blades can rotate only a few degrees to better 

adjust the stall profile. These types of machines are programmed to rotate their blades in the same 

way as pitch-angle control machines in order to have a reasonable high torque at low wind speeds. 

However, when the machine reaches its rated power, this type of wind turbines has a major 

difference: if the generator is going to be overloaded, it will rotate the blades in the opposite 

direction to a pitch-angle control, i.e. it will increase the pitch angle of the blades to bring them to 

a position of higher lift loss, thus consuming the excess energy from the wind and generating 

turbulence [19]. 

The main advantage is that the output of power is more accurately controlled and the machine 

can operate at near rated power over a wide range of wind speeds. The control mechanism is 

usually hydraulic or electric as well as in the pitch control systems. 
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3. International small wind turbine contest 

As mentioned, the pitch mechanism controller has been designed for the wind turbine submitted 

to the International Small Wind Turbine Contest (ISWTC). In annex A.1 and A.2 can be find the 

people involved in the project and the supervisors respectively. 

The ISWTC is an international competition organized for the first time in 2013 by the NHL 

University of Applied Sciences, but it was not until 2018 when the Hanze University of Applied 

Sciences (Hanze UAS) organised it and since then it has been held every year in Groningen. It is 

a competition for the design and construction of a small wind turbine (SWT) and is open to teams 

of university students [21]. 

The contest consists of two phases, the first one is the design part, in which the team write a 

design report and describe the design choices, where the performance of the turbine plays an 

important role. The second phase is the construction part where each team realises the wind 

turbine proposed in the design report and as a last step tests it in the wind tunnel of the Technical 

University of Delft [21].  

The detailed tasks that each team has to carry out and that are determined by the contest are 

listed below [22]. 

− Design a small wind turbine according to the design requirements and further conditions 

of the contest and write a design report on this. 

− Manufacture, assemble, and test the turbine in the TU Delft wind tunnel. 

− Make a product poster for display on the final symposium. 

− Optional: teams are more than welcome to make a promotional leaflet for handing out 

during the TORQUE conference. 

− Give a short 10-minute technical presentation/pitch about your design on the final 

symposium. 

3.1. Design requirements 

Due to the regulations, the contest organization has determined the design parameters [22]: 

− Rotor area ≤ 2𝑚2 (maximum rotor diameter 1,6 𝑚 𝑜𝑓 𝐻𝐴𝑊𝑇). 

− Design height of the rotor top will not exceed 3m. Considering that the mounting pile will 

be provided in the contest and will also have to be considered for the final height. 

− Design wind climate at hub height has to consider the following Weibull parameters: A = 

5.5 m/s, k = 2.5 and standard atmospheric conditions. (Based on rural regions in Sub-

Saharan Africa). 

− The turbine will be provided with standard interfaces for mounting and electric connection. 

− All control and safety functions must be integrated within the interface boundaries. 

(Remark: net power is produced at the electric interface) 

− The turbine should be designed for automatic operation and achieve a maximum power 

output, with a DC output of 0-60 Volts and a maximum current of 20 Amps. 
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− The rotational speed and produced power shall under no circumstances exceed the design 

limits for all load cases. 

− The turbine shall have provisions for a manual emergency stop and for blocking of the 

rotor. 

3.2. Wind turbine of the University of Applied Science Emden 

The following section briefly describes the components of the wind turbine designed by the Emden 

team. 

 Design description 

The design of the wind turbine is based on the specifications of the tender (detailed in section 3.1) 

and from those restrictions the following parameters have been determined: 

• Design point Windspeed → 7 𝑚/𝑠  

• Maximum operating windspeed → 15 𝑚/𝑠  

• A horizontal axis turbine with 3 Blades 

• The design Betz power → 245𝑊 

• 𝑇𝑆𝑅𝐷𝑒𝑠𝑖𝑔𝑛 of 4.488 (300 rpm at 7m/s) 

• Power generated by the rotor at the given conditions  → 117.87 𝑊 

Figure 15 shows an overview of the wind turbine. And afterwards, the main components will be 

described, which can be divided into 3 parts (as we have done in section 2.2 ): Rotor and hub, 

nacelle and tower. 

 

Figure 15 Hochschule Emden´s designed wind turbine 
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− Blades and Hub 

The basic prerequisite for an efficient wind turbine is an aerodynamically good rotor blades design. 

For that an airfoil Eppler 216 have been chosen (see Figure 16). Also, in order to identify possible 

unwanted aerodynamic behaviours of the blades before the production and to discover ways to 

increase efficiency, several simulations have been made by the team using CFD.  

 

Figure 16 Airfoil E216 

Once the correct design has been checked, the different forces and moments present for each of 

the blades have been obtained. In Figure 17 the coordinate system used to define those 

parameters is shown. 

 

Figure 17 Reference system on blades 

 

It should be pointed out that for this master thesis, given that we are going to design the 

mechanism that will modify the pitch angle of the blades, the mechanism has to overcome the 

inertia of the blades as well as the resisting torques of aerodynamic loads at the root of the blade, 

in this case, the y-axis resultant momentum will be considered. 
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Table 1 Forces and moments on the blades 

 Force (N) Momentum (Nm) 

Axis x 3.22 6.43 

Axis y 0.28 0.16 

Axis z 12.87 -1.22 
 

For the connection between the blade and the hub the mounting pin is used, and in order to be 

able to fix the blades to it several boreholes and a pocket have been made in each blade (see 

Figure 18).  

 

Figure 18 Blade connection to the mounting pin 

 

Lastly, the rotor hub is the component that holds the blades and connects them to the main shaft 

of the wind machine. It is a key component not only because it holds the blades in their proper 

position for maximum aerodynamic efficiency, it transfers the rotation to the generator shaft.  

For this contest the team decided that the hub will be rigidly fixed to the shaft and it have been 

designed from a single piece where we connect the blades, taking into consideration that the 

blades will have a pitching axis. Down below, in Figure 19 it can be seen a representation of the 

hub from the front and bac side. In order to reduce the weight of this component it has been 

removed some of the material without compromising the structure. 

 

Figure 19 Hub design front and back sides 
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Finally, the hub and rotor assemblies are shown in the Figure 20. 

 

Figure 20 Blades and hub overview 

− Nacelle  

The main components mounted inside the nacelle are shown in the Figure 21 and described 

as follows: 

 

Figure 21 Nacelle components overview 
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• Brake system: The aim of our braking system is to ensure safety in the operation of 

the wind turbine. In order to stop the wind turbine, in case of over speeding or electrical 

failure, it is necessary to implement a well-suited braking system. Furthermore, the 

regulations demand that the system should be able to be stopped remotely from a 

distance of at least 10 meters [22]. 

Dude to the dimensions of the actuator and the space available in the nacelle plate, 

the linear actuator and the brake calliper have been connected through a hole beneath 

the main plate (see Figure 22). 

 

Figure 22 Connection of cable to actuator 

 

• Powertrain: The powertrain transfers the power from the blades to the generator and 

the shaft is the central element of it. The shaft transmits the torque from the rotor to the 

generator and consists of many different functional sections for the individual elements 

mounted. These elements are shown in Figure 23. 

 

Figure 23 Section view of the powertrain 
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• Bearings and couplings: To connect the shaft with the generator different coupling 

and bearings have been used. As we want to have a non-switchable coupling because 

of the brake power which goes to the generator can be controlled, an elastic coupling 

has been chosen by the team.  

• Generator: The generator will be responsible for transforming the mechanical energy 

coming from the shaft into electrical energy. In this case the generator that fits is the 

Arend D8, shown in the Figure 24. 

 

Figure 24 Generator Arend D80 PMG 

 

• Nacelle cover: The final design of the nacelle cover is shown in the Figure 25 and it 

has a cut-out in the front is for the shaft and the operation of the pitch mechanism 

actuator. There is a whole cut-out instead of hole because like this the cover can be 

removed pulling upwards. On each side there are three holes to assemble it with the 

main plate with screws. 

•  

 

Figure 25 Nacelle cover 
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− Tower 

The tower of the wind turbine holds all the elements describes above. If the tower fails and fall, 

it can cause extreme damage to nacelle and blades. The finite element analysis has been 

carried out by the team to make sure that the wind turbine stands on strong tower. However, 

this tower will only be used for pre-contest tests, as the tower provided by the organisers will 

have to be used for the final tests in the competition [22]. 

 

Figure 26  Manufactured tower of the wind turbine 

− Other components 

In order to protect the circuit boards, the battery and smaller components like voltage 

regulators and relays, a plastic box for electrical installation has been used, which we will refer 

to it as the control box in this thesis.  
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4. Design of the pitch mechanism  

Therefore, as we have already mentioned, the pitch mechanism control will allow us, in addition 

to ensuring the highest slip coefficient, to regulate and control the speed of the rotor, maintaining 

the turbine's rotational speed between the design values even if the real wind speed is above its 

nominal speed. 

The pitch angle is adjusted for the entire blade from its root and small variations in its value can 

lead to significant changes in the machine's performance. The great utility of these systems is that 

turbines designed to work in certain wind conditions can work optimally in other conditions by 

varying the pitch angle, which means that, by changing the angle we can change the characteristic 

curve of the wind turbine.  

There are different types of mechanisms depending on the size. In larger turbines, the pitch of the 

blades is usually controlled by a set of gears that rotate the blades individually. But even though 

they are individually rotated they are usually regulated by the same controller. Thus, avoiding an 

uneven pitch angle as this is one of the main causes of rotor failure due to unbalanced forces on 

the blades. 

Since our wind turbine is small and in order to use fewer components and eliminate the possibility 

of having unsynchronised pitching blades, it has been decided to design a pitching mechanism 

that launches the blades simultaneously driven by the same actuator.  

The following subsections describe the design and manufacturing of the pitch mechanism. 

4.1. Preliminary design calculations 

The pitch mechanism will be positioned on the shaft, specifically, in the free space between the 

hub and the nacelle. The space available to position the mechanism and perform the control is 

shown in the Figure 27. 

 

Figure 27 Available space in the shaft 
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Moreover, as the mechanism will be located in that space, it will limit the total course of motion of 

the centre of the mechanism (see Figure 28). This is why for in the following calculations it has 

been considered that the total displacement of the pitch mechanism will be only 20 𝑚𝑚. 

Due to this limited space available, it will be necessary to carry out a kinematic and aerodynamic 

analysis to optimize the space as much as possible. 

For the calculation, it will be considered a slide-crank type mechanism as in Figure 28, which is 

composed of a slider that will maintain a linear movement and the crank that will perform the 

rotational movement of radius (R), which will be connected by a link of length (L).  

  

Figure 28 A Slide-crank mechanism scheme 

Since the space available on the shaft is limited, it will be of vital importance to select the most 

suitable R and L values. Hence, there must be a compromise between the range of the pitch angle 

to be obtained and the force that the actuator must exert on the mechanism to obtain this angle.  

First of all, the relationship between the linear movement and the pitch angle will be obtained. In 

order to do so, we will consider that due to the geometry of the mechanism, there will be two 

positions that we must avoid, known as dead points (Figure 29).  As can be seen, these points 

take place when the linkage is linear with the connecting crank so that the mechanism tends to 

stop. This happens in crank-slider mechanisms when the slider is the input and the crank link is 

the follower.  

 

Figure 29 Dead point position of the mechanism 
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As there is a linear movement limit restriction there are two different possible configurations that 

can take place (see Figure 30): (a) the maximum linear position when the beta angle is minimum 

and b) the minimum linear position when the beta angle is maximum. Also, it can be seen in the 

figure the variables that will be used to calculate the limit values of the pitch angle at the available 

actuation range. This points are points, in which the mechanism can be locked and will need a 

large magnitude of external actuating force to move the mechanism from these positions. 

 

Figure 30 Representation of the mechanism in the remarkable positions 

 

To perform the relation between the beta angle (𝛽) and the actuator movement (𝑥), it will be 

considered the last scenario (a), when the linear position is maximum (see Figure 31). 

 

Figure 31 Pitch mechanism at the maximum linear position 

 

Hence, we used trigonometry to obtain the equation that relates the parameters, and to make it 

easier, we will get two equations concerning the two right triangles that have been defined in 

Figure 32.  As we will see, these two equations will depend on three parameters but, by combining 

them we will obtain the final equation needed. 
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Figure 32 Right triangles used to obtain the relation of the pitch angle and linear movement 

 

 𝑔 = 𝑅 sin 𝛽 = 𝐿 sin 𝛾 10 

 

 𝑥 = 𝑙 + 𝑘 = 𝑅 cos 𝛽 + 𝐿 cos 𝛾 11 

 

By clearing the term containing the angle we want to make disappear ( 𝛾) and squaring the 

equations, results in the following: 

 𝑅2 𝑠𝑖𝑛2 𝛽 = 𝐿2 𝑠𝑖𝑛2 𝛾 12 

 

 𝑥2 + 𝑅2 cos2 𝛽 − 2𝑥𝑅 cos 𝛽 = 𝐿2 cos2 𝛾 
 

13 

 

Adding both equations we obtain the following one: 

 𝑥2 + 𝑅2(𝑐𝑜𝑠2 𝛽 + 𝑠𝑖𝑛2 𝛽) − 2𝑥 𝑐𝑜𝑠 𝛽 = 𝐿2 (𝑠𝑖𝑛2 𝛾 + 𝑐𝑜𝑠2 𝛾) 14 

 

By operating to simplify equation 14 and using the following trigonometric relation (15) the angle 

𝛾 will disappear and we obtain the final equation 16. 

 1 = 𝑠𝑖𝑛2(𝛽) + 𝑐𝑜𝑠2(𝛽) 15 

 

 𝑥2 + 𝑅2 − 2𝑥R cos β = 𝐿2 16 
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As the aim is to obtain the best values for R and L, Matlab has been used to obtain the graphs to 

be able to discern between those values and make a choice regarding them. 

From equation 16, the relationship between the beta angle and the rest of the parameters can be 

obtained: 

 
𝛽 = 𝑐𝑜𝑠−1

𝐿2 − 𝑥2 − 𝑅2

−2𝑥𝑅
 

17 

As we can see in Figure 33, to optimize the space available between the nacelle and the hub, it is 

important to use small R values. In addition, since the mounting pin of the blades has a radius of 

15 𝑚𝑚, the value of R will have to be greater or equal to that value to comply with the geometry 

of the slider-crank mechanism. Regarding L values, to obtain a more stable movement, it is 

convenient to set values higher than 40 𝑚𝑚.  

 

Figure 33 Pitch angle range in as a function of the variables R and L (Eq.17) 

 

Therefore, the range of R and L values that will be taken into consideration for the comparison 

with the aerodynamic analysis will be 15-25 mm and 40-60 mm respectively (Figure 34). 
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Figure 34 Relation between beta and the possible values of R and L to be considered 

 

4.2. Equations of motion for blade pitch system 

To find the necessary blade dynamic equation we will assume the rotor as a single mass system 

as shown in Figure 35. 

 

Figure 35 Representation of the blade rotating mass model 

We know that the relationship between position (the pitch angle), angular speed, and angular 

acceleration is the following: 
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𝛽̈ =

𝜕𝛽̇

𝜕𝑡
=

𝜕2𝛽

𝜕𝑡2  
18 

 

Therefore, assuming the rotor as a single mass system, the dynamic equation can be developed 

as [2]: 

 𝑇𝑠 − 𝑇𝑅 = 𝐽𝑏𝑙𝑎𝑑𝑒 𝛽̈ + 𝐷𝑏𝑙𝑎𝑑𝑒 𝛽̇ + 𝐾 𝛽 19 

Where, 

− 𝑇𝑠 →    Actuation torque applied by the servo motor on the blade shaft 

− 𝑇𝑅 →   External resistance torque applied in the blade, caused by aerodynamic loads 

− 𝐽𝑏𝑙𝑎𝑑𝑒 → Rotating inertia of the blade and motor  

− 𝐷𝑏𝑙𝑎𝑑𝑒 →Pitch system coefficient of damping  

− 𝐾 →    Pitch system stiffness coefficient 

At this point two scenarios can be differentiated: when the wind turbine is in the maximum load 

and when the wind turbine is in the minimum load. In this last scenario the external resistance 

torque will be zero so the equation above will result: 

 𝑇𝑠 = 𝐽𝑏𝑙𝑎𝑑𝑒 𝛽̈ + 𝐷𝑏𝑙𝑎𝑑𝑒 𝛽̇ + 𝐾 𝛽 20 

 
As far as the external force applied by the servo motor in the blade is concerned, it will be 

necessary to find the equation relating the actuator force and the final force exerted. This depends 

directly on the geometry of the pitch mechanism, i.e. the values of 𝐿 and 𝑅 (see Figure 36). Once 

again, to obtain the expression relating to these variables, the mechanism has been considered 

at the position of maximum linear distance (𝑥𝑚𝑎𝑥). 

 

Figure 36 Relationship between actuator force and torque exerted on the blade 

Analysing the forces exerted on each element of the Figure 36, we obtain the following 

relationships: 

 𝐹𝑎𝑐𝑡 = 𝐹𝐿 cos 𝛾 21 

 

 𝑇𝑆 = 𝑅 𝐹𝐿 cos(𝛿 − 90) = 𝑅 𝑇𝐿  sin 𝛿 22 
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Replacing equation 21 in equation 22: 

 
TS = R

Fact

 cos γ
 sin δ 

23 

 

Setting the equation in terms of the desired values and considering the obtained relation (Eq. 11) 

and the sine theorem for any triangle, the following expression is obtained: 

 

 
𝐹𝑎𝑐𝑡

𝑇𝑠
=

cos 𝛾

R sin 𝛿 
=

𝑥 − 𝑅 cos 𝛽
𝐿

𝑥
𝐿

 𝑅 sin 𝛽
=

𝑥 − 𝑅 cos 𝛽

𝑥 𝑅 sin 𝛽
 24 

 

Finally, Matlab has been used to obtain the graph that relates the coefficient between the force 

exerted by the servo and the torque that will be exerted on the blade with the different values of 

𝑅 and 𝐿 that have been selected previously. As can be seen in Figure 37, using this relationship 

we manage to further reduce the values of 𝐿 to between 50 and 60 𝑚𝑚, given that with values of 

less than 50 𝑚𝑚 the curves tend to infinity and therefore, are unstable areas to be avoided.  

 

Figure 37 Relationship between the actuator force and the parameters R and L (Eq. 24) 

Taking all the above into consideration, the values of beta have been calculated for the different 

possible configurations of the mechanism (see Table 2). From this table, four configurations have 

been selected according to the range of beta and will be analysed along the linear movement 𝑥. 

We are interested in a mechanism that makes maximum use of the available space, but it is also 
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of great importance that the variation of the force to be exerted by the actuator along 𝑥 is as 

constant as possible. 

Table 2 Values of beta for the different possible configurations of the mechanism 

 

 

Among the different possible configurations, those with a value of R equal to  25 𝑚𝑚 have been 

discarded, since the range of beta is much smaller compared to the rest of the values. And among 

the rest of the configurations, the extreme values have been considered.  

Therefore, the four final cases to be analyzed in more detail are the following: 

− 𝑪𝒂𝒔𝒆 𝟏 → 𝑅 = 15 𝑚𝑚 𝑎𝑛𝑑 𝐿 = 50 𝑚𝑚 

− 𝑪𝒂𝒔𝒆 𝟐 → 𝑅 = 15 𝑚𝑚 𝑎𝑛𝑑 𝐿 = 60 𝑚𝑚 

− 𝑪𝒂𝒔𝒆 𝟑 → 𝑅 = 20 𝑚𝑚 𝑎𝑛𝑑 𝐿 = 50 𝑚𝑚 

− 𝑪𝒂𝒔𝒆 𝟒 → 𝑅 = 20 𝑚𝑚 𝑎𝑛𝑑 𝐿 = 60 𝑚𝑚 

 

Lastly, it can be concluded from the following graphs that the lower the value of L, the more 

constant the force that the actuator has to exert. Furthermore, in case 2 the mechanism is not 

valid for the entire linear range and has therefore been discarded. With three possible 

configurations remaining, we have opted for the configuration of case 3, where the range of beta 

is sufficient for our wind turbine and also ensures that the force to be exerted by the actuator is as 

constant as possible. 
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Figure 38 Analysis of the mechanism in terms of linear motion 

 

Plots of the final design of the pitch mechanism have been obtained for the configuration of case 

3 (see Figure 39). 

 

Figure 39 Design values for the chosen configuration (case 3) 

 

Where the most relevant parameter values are detailed below. 
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Table 3 Final configuration’s most relevant parameters 

Parameter Value 

𝑅 20 𝑚𝑚 

𝐿 50 𝑚𝑚 

𝑥𝑚𝑖𝑛  42 𝑚𝑚 

𝑥𝑚𝑎𝑥 62 𝑚𝑚 

𝛽𝑚𝑎𝑥 101.54 ° 

𝛽𝑚𝑖𝑛 45.314 ° 

𝐹𝑎𝑐𝑡

𝑇𝑠
|

𝑚𝑎𝑥

 0.0559
1

𝑚𝑚
 

𝐹𝑎𝑐𝑡

𝑇𝑠
|

𝑚𝑖𝑛

 0.0464 
1

𝑚𝑚
 

 

Finally, since we are interested in the pitch angle shown in Figure 40, it has been decided that the 

R-L mechanism and the blade pin will be connected in such a way that when the pitch angle is 

zero and the beta angle is maximum (reference position).  

 

 

Figure 40 R-L mechanism connection to the blade mountain pin 

 

In the next graph it can be seen the relation between beta and pitch angles through the linear 

movement. 
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Figure 41 Relation between the pitch angle and beta 

 

4.3. Actuator selection 

As we have mentioned before we are looking for a single servo motor for the 3 blades pitch. We 

also concluded that the design and construction of this mechanism will be much simpler if instead 

of using rotational movement transmission, as it’s used with the gears; we use linear movement, 

that in the output is transformed into the blade’s pitching movement. 

As the relationship between the maximum force of the actuator and the torque it exerts on the 

blades has been obtained (Eq.24) the force to be exerted by the actuator can be calculated. In 

addition, the resistance torque on each blade is already known from the CFD simulations (Table 

1) and has a value of 0.16 𝑁𝑚.  

To perform the calculation, a safety factor of 1.5 will be considered, therefore, the final resistance 

torque to be overcome and the maximum force of the actuator is: 

 

 𝑇𝑠 = 𝑇𝑅 = 0.16 [𝑁𝑚]  3 [𝑏𝑙𝑎𝑑𝑒𝑠]  1.5 = 0.72 𝑁𝑚 
 

25 

 

 
𝐹𝑎𝑐𝑡

𝑇𝑠
|

𝑚𝑎𝑥

=   0.0559
1

𝑚𝑚
 → 𝐹𝑎𝑐𝑡|𝑚𝑎𝑥 =  0.0559𝑇𝑠 = 0.0559 [

1

𝑚𝑚
] 720 [𝑁𝑚𝑚] = 40.248 𝑁 26 
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Hence, the parameters to be considered for the selection of the linear actuator are as follows: 

− The force at least the actuator must exert → 𝐹𝑎𝑐𝑡 = 40 𝑁 

− The maximum stroke at least should be → 𝑥 = 20 𝑚𝑚  

− Small dimensions of the actuator 

With all this in mind, the selected actuator considering the price/performance ratio is the model 

PQ12 of the Actuonix miniature linear actuators. One of the advantages of this model is its size 

and weight. Furthermore, this model has an internal potentiometer that can be used to provide 

feedback of its position. 

 

Figure 42 Chosen linear actuator model (Actuonix PQ12) 

 

The main characteristics of the actuator are as follows: 

 

Table 4 Specifications of the actuator (Actuonix PQ12)  

Parameters Value 

Gearing Option 100:1 

Peak Power Point 40 N @ 6mm/s 

Max Force (lifted) 50 N 

Max Side Load 10 N 

Back Drive Force 35 N 

Stroke 20 mm 

Input Voltage 6 V 

Mass 15 g 
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4.4. Pitch Mechanism CAD design 

As previously mentioned, a crank-crank mechanism has been designed to perform the rotational 

movement on the longitudinal axis of the blade. This will be connected to the remaining pitch 

mechanism, which will transmit the necessary force to carry out this rotation and which is exerted 

by the actuator. In the next Figure 43 a general overview of the mechanism design can be seen. 

 

Figure 43 Pitch mechanism overview 

The system is based on the fact that the roots of the three blades are joined to a single structure, 

called pitch disk, which uses the connecting rod-crank mechanism to transform linear 

displacement aligned with the axis of the shaft into the rotational movement of the blade around 

its axis. The following Figure 44 shows the essential parts that constitute the pitch mechanism. 

 

Figure 44 Parts that conform the final pitch mechanism 

To describe the designed mechanism, it has been divided into 4 different parts: pitch disc, pitch 

support, crank mechanism and bearings and each part will be described in detail below. 
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− Pitch disk  

This is the central element of the mechanism, it is a rigid body that simultaneously transmits the 

force exerted by the actuator to the three rod-crank mechanisms connected to the blades. This 

ensures that the angle at which they rotate is the same for all of them. In the Figure 45 it can be 

seen the dimensions of the pitch disk.  

 

Figure 45 Pitch disk drawing 

The pitch disk will perform two movements, it will rotate together with the hub around the shaft 

thanks to the designed elements that attach it to the hub (pitch-hub connections) that are shown 

in Figure 46 and it will also perform a linear movement with the rest of the mechanism.  

 

Figure 46 Pitch-hub connections 
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− Bearings  

The mechanism is designed with two bearings that allow us to achieve the desired linear and 

rotational movement: the linear bearing or bushing slide (green) which is connected directly to the 

shaft and the ball bearing (orange). The combination of these two bearings is responsible for 

rotational movement fixed to the shaft and enables the linear movement along it. 

In addition, the ball bearing prevents the pitch holding from rotating as it is directly connected to 

the actuator and therefore it must only perform the linear movement. The bearing is connected to 

the pitch disk and holding by circlips as shown in the next figure. 

 

Figure 47 Pitch mechanism front and half section view 

− Pitch holding support 

As we have already said this element is directly attached to the ball bearing and at the same time 

is connected to the servo motor, which will provide the necessary force for linear movement. In 

the Figure 48 it can be seen the dimensions of the pitch holding and in the upper part there can 

be noticed two holes that will be used to fix the actuator to the mechanism.  

 

Figure 48 Pitch holding drawing 
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To make the connection between the actuator and the pitch mechanism, a connecting piece and 

a pin have been designed to be attached to the actuator which is located inside the nacelle (see 

Figure 49). 

  

Figure 49 Actuator and pitch mechanism connecting pieces 

 

− Crank- lide (R-L) mechanism 

This is the element which transforms the linear movement exerted by the actuator into the 

rotational movement of the blades. It is composed of a threaded rod, two rod ball ends and a clevis 

that connects the mechanism to the mounting pins. 

 

Figure 50 Crank- Slide (R-L) mechanism 

 

The Figure 51 shows the connections that will be made to the wind turbine blade pin. 
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Figure 51 Connections between the pitch mechanism and the blade pin 

 

To conclude, in the following Figure 52, it can observe an overview of the pitch mechanism 

mounted in the wind turbine.  

 

Figure 52 Overview of the pitch mechanism in the Wind Turbine 
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4.5. Manufacturing and construction of the pitch mechanism 

Once the design has been made, it is time to manufacture and purchase the necessary parts. For 

this purpose, the University of Applied Science Emden/Leer has a workshop where the parts can 

be manufactured and where material and tools are available to work with. 

The main place where the manufacturing and assembly of the mechanism will take place is the 

FabLab at the university. It is a place that has been available since 2018 for students to carry out 

different projects. There it can be found different electrical and mechanical tools and some Prusa 

3D-Printers (see Figure 53). 

 

Figure 53 Prusa 3D printers available in the FabLab 

 

In Table 5, all the elements that have been used for the assembly of the mechanism and the units 

that have been needed of each element are detailed, as well as whether it is necessary to 

purchase or manufacture them. 

Table 5 Pitch mechanism part list 

Manufactured (m) or purchased (p) Element Dimensions N° 

p Cylindrical plain bearing 35x39x25 1 

p Ball bearing 16009 45x75x10 mm 1 

p Circlips DIN 472 75 - 2.5mm 1 

p Circlips DIN 471 45 - 1.75mm 1 

p Rod Ball End M3 6 

p Threaded rod M3 1 

m Pitch holding -- 1 
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Manufactured (m) or purchased (p) Element Dimensions N° 

m Pitch disk -- 1 

m Clevis -- 3 

m Connection pitch hub -- 3 

p Slide Bushing SKF PCM 050710 3 

p Screw DIN 933- M3 x 16 3 

p Bolt DIN 933- M3 x 16 3 

 

Due to the manufacturing times and the date of the competition, it was decided to make a prototype 

of the mechanism printed on the 3D printer so that it could be ready for the competition and be 

able to present it. 

The use of the 3D printer available in the FabLab has allowed us to obtain the mechanism in a 

very short time, which is why the initial design of the mechanism has been adapted in order to be 

able to print it on the 3D printer. As we can see in Figure 54, the most significant changes 

correspond to the two main elements of the system: pitch holding and pitch disk, as these are the 

elements that were to be manufactured in the work shop and which had geometries that do not 

help to be printed on the 3D printer. The main difference is that the elements have rounded sides 

which helps to print them and they also need less material which shortens the printing times. 

 

Figure 54 Design of the pitch mechanism prototype 

 

In addition, Figure 55 also shows the prototype of the mechanism in the wind turbine assembly. 
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Figure 55 Pitch mechanism prototype overview in the wind turbine 

The main parts of the mechanism have been manufactured with the Prusa 3D printer, this will 

provide us with a first prototype of the mechanism before manufacturing them in aluminium in the 

workshop at the university. The material used in this printer is PLA and in the Table 6 can be seen 

the properties of this material. 

Table 6 Material properties PLA 

Property Value 

Young modulus [𝐸] 2346,5MPa 

Poisson ratio [𝜐] 0.4 

Density [𝜌] 1240 kg/m³ 

Tensile strength [TS] 48MPa 

 

The prototype of the assembled mechanism manufactured can be seen in the following Figure 56. 

 

Figure 56 Front and back side of the manufactured mechanism. 
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Finally, Figure 57 shows the mechanism mounted on the shaft. 

 

Figure 57 Prototype mechanism mounted on the shaft. 
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5. Control system 

A control system is the set of devices responsible for coordinating, directing, and regulating the 

behaviour of another system, in order to obtain the expected results and reduce the probability of 

failure. 

In a control system, all the following variables can be identified as having a relevant role in the 

control system, known as significant variables [23]: 

- Controlled variable: the system variable whose behaviour is to be controlled. 

- Control signal: variable that is externally modified to achieve the objective. 

- Disturbance: its variation influences the controlled variable but is not manipulated. 

In addition, the elements to be used in the system will be the following: 

- A sensor in charge of measuring the controlled variable of the system to be controlled at 

a certain moment in order to send the feedback signal to the controller. 

- A controller that will use the data obtained by the sensors to determine the output action 

of the system. 

- An actuator that is responsible for executing the output or control command by the 

controller.  

According to the control strategy we want to implement, we can distinguish two types of control 

systems: 

Open loop or no-feedback systems 

In an open-loop system the controller will determine the output action only as a function of the 

input to the control system. In this case, the output has no effect on the control system. Most of 

these systems will be automatisms, very limited in making intelligent decisions, as they have no 

way of knowing the results of their previous decision [23]. An example of an open loop control 

system is shown in Figure 58. 

 

Figure 58 Open-loop control system diagram 

Closed-loop or feedback systems 

In such systems, the output signal is returned to the control system via the sensors. In this case, 

the controller will determine the output action based on the error, which is the difference between 

the input signal and the output signal (feedback). This system is more flexible and will be able to 

react to expected results. We can see its schematic in Figure 59. 
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Figure 59 Closed-loop control system diagram 

In the current project context, the final objective of the control system will be to implement a closed-

loop system that will be responsible for obtaining the desired pitch angle.  

From the previous figure, we can identify the following elements in them:  

- Reference signal: this corresponds to the desired pitch angle or setpoint. 

- Output signal or controlled variable: in this case, it will be the actual position at which the 

actuator is at a given moment. 

- The potentiometer: is an internal element of the actuator that will send the feedback signal 

to the controller at all times. 

- Controller: which will be used to take the appropriate decision for the correct operation of 

the system. The decision will vary depending on the error signal received by the controller.  

- Actuator: it will be in charge of executing the order of the controller. In our case, it will 

correspond to the linear actuator that was selected in section 4.3. 

 

5.1. Closed-loop control system types 

In the following sections, the two most common types of closed-loop control systems will be 

described. The first one will be an On/Off type control system and the second one a PID type 

control system. Depending on the degree of control required in the system to be controlled, one 

or the other is usually used. 

 

 ON/OFF control system 

The simplest closed loop control system that can be found is the ON/OFF control system. This 

control will only offer two possible output states, a fully ON state (100% ON) or a fully OFF state 

(100% OFF). One state will be used when the measured position is below the setpoint position 

and the other when the measured position is above the setpoint position [24]. 
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Figure 60: ON/OFF control system performance over time. [25] 

 

As can be seen in Figure 60, the ON/OFF type control system presents two problems: 

1. The first problem will be that the position will oscillate, since the measured position must 

cross the set point for the controller to act. 

2. The second problem will be the occurrence of overshoot and undershoot. The overshoot 

will be the extent to which the measured position exceeds the set point until the controller 

acts. The undershoot shall be the opposite. 

During the design of these control systems, the aim is to reduce as much as possible this 

oscillation as well as the overshoot and undershoot. For this purpose, a hysteresis range is usually 

defined, which will measure the sensitivity of the controller. This means that the controller will only 

work when the difference between the measured position and the setpoint position is over the 

defined hysteresis range. 

 

 PID control system 

A proportional, integral and derivative control system, namely a PID control, is used in situations 

where a more precise control system is required. Like the On/Off system, it can be a closed-loop 

control system. However, the PID control system implements an algorithm that combines the 

action of three types of control, time proportional control, integral control and derivative control. 

Each of them provides a higher precision to the PID controller. In Figure 61, we can visualise the 

schematic of a PID control system. 
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Figure 61: Diagram of the elements of a PID-type controller [26] 

 

The main objective of the PID controller will be to reduce the steady-state error to zero, i.e. the 

difference between the setpoint position (input signal) and the measured position (output signal). 

In addition, it will try to solve the two problems that appear with On/Off type control systems, i.e. 

the occurrence of "overshoot" and "undershoot" and the oscillation of the measured position. 

As previously mentioned and as can be seen in the Figure 61, the PID controller combines the 

action of three controllers. These controllers will be the following [27]: 

 

5.1.2.1. Proportional control (P) 

In proportional control, the controller output is proportional to the input error signal. Therefore, the 

response of this control will be instantaneous to any variation of the error [28].  

 𝑌(𝑡) = 𝐾𝑝 𝑒(𝑡) 27 

 

As we can see in the formula, the output signal will be the result of the product of the error signal 

and the proportional band or constant 𝐾𝑝. Therefore, as we increase the value of 𝐾𝑝, we increase 

the system response and reduce the steady state error. 

While increasing that value, there will be more overshoot. In addition, if a small value for 𝐾𝑝 is 

chosen, the controlled system will oscillate as in the case of the On/Off control. Figure 62 shows 

an example of the effect of varying 𝐾𝑝 in a PID controller. 
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Figure 62: Example of a performance of a proportional control system as a function of the value 

of the proportional constant 𝐾𝑝 over time. [27] 

5.1.2.2. Integral control (I)  

In the integral control the output of the controller is proportional to the accumulated error over time. 

The objective of integral control shall be to reduce and eliminate the small error after proportional 

control. For this purpose, integral control shall follow the following formula: 

 
𝑌(𝑡) = 𝐾𝑖  ∫ 𝑒(𝑡)

𝑡

0

𝑑𝑡 
28 

 

As we can see the control action will result from the product of the integral constant 𝐾𝑖 by a 

summation of the error obtained in a given period. Due to this integration, even the smallest 

possible error will cause a small increase in the integral control output signal. Therefore, the 

control output signal will increase until the error is zero.  

However, as we increase the value of the proportional constant 𝐾𝑖, the system response will 

become more oscillatory and may become destabilised.  

As we saw earlier, it will take some time for the controller action to be noticed at the output of the 

system. The derivative action will try to anticipate this change, it is based on introducing a 

predictive action on the error signal. The formula that follows this action will be: Figure 63 it can 

be check an example of the effect of the variation of 𝐾𝑖 in a PID controller. 
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Figure 63: Example of the performance of an integral control system as a function of the value of 
Ki over time. [27] 

 

5.1.2.3. Derivative control (D) 

The aim of this control is to improve the stability of the system by correcting the possible overshoot 

and undershoot still present after the proportional and integral action. And it will take some time 

for the controller action to be noticed at the output of the system.  The derivative action will try to 

anticipate this change, it is based on introducing a predictive action on the error signal. The formula 

following this action is: 

 
𝑌(𝑡) = 𝐾𝑑 

𝜕𝑒(𝑡)

𝜕𝑡
 

 

29 

 

As we can see, obtaining the derivative of the error over a period of time tells us the instantaneous 

change in the control action. If we increase the value of the derivative constant 𝐾𝑑, our system will 

have a faster reaction to changes in the error signal, and we can reduce it before it becomes too 

large. 

However, a small value for the 𝐾𝑑 constant is normally used, as the derivative action is sensitive 

to noise. So, its value must be chosen carefully, because if the signal fed back by the sensor 

introduces noise and the control system has a high response time, a high value of 𝐾𝑑 can saturate 

or destabilise the system. Figure 64 shows an example of the effect of varying 𝐾𝑑 in a PID 

controller. 
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Figure 64: Example of the performance of a derivative control system as a function of 𝐾𝑑 over 
time. [27] 

 

As we have seen, the combined action of proportional, integral and derivative action form the PID 

controller. This controller is the most widely used for any industrial control application, as the 

degree of control it offers is quite high and sufficient for most applications. In equation 30 we can 

see the formula that the PID controller follows: 

 
𝑌(𝑡) = 𝐾𝑝 𝑒(𝑡) + 𝐾𝑖  ∫ 𝑒(𝑡)

𝑡

0

𝑑𝑡 + 𝐾𝑑 

𝑑 𝑒(𝑡)

𝑑𝑡
 

30 

 

However, as we saw in previous sections corresponding to proportional, integral and derivative 

action, the values of the constants 𝐾𝑝, 𝐾𝑖  and  𝐾𝑑 must be carefully chosen for the control system 

to work properly. 

 

5.2. Control system components 

The operation of the pitch mechanism will be controlled by the Arduino Nano and the actuation 

and transmission systems, as we have already seen, are composed of the linear actuator PQ12 

and the pitch mechanism. Figure 65 shows the distribution of the elements of the complete system 

according to their function. 
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Figure 65 Scheme of the system elements according to their function 

The elements used in the system and the connections are presented below. 

 Actuator 

The actuator that will be used, as mentioned in section 4.3, is the PQ12 which has an integrated 

potentiometer to determine the position of the piston at any time (see Figure 66). 

 

Figure 66 Actuonix PQ12 Pins 

Figure 67 shows the different connections that have been made, as we have seen in Figure 66 

the actuator has five pins: two pins (1 and 4) are used to power the actuator and will be connected 

to the relay module which enables the extension or retraction of the piston. The remaining pins 

correspond to the internal potentiometer, where two of them will be used as a reference for the 

data pin (pin 5) in order to send the exact position to the Arduino. 
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Figure 67 Actuator wiring connections 

 

 Arduino Nano  

With the Arduino platform we can develop our own electronic projects, with a series of inputs, such 

as sensors or buttons, we can control different output devices, whether they are lights, motors or 

various electronic devices [29]. Furthermore, Arduino programs can be autonomous, so if the 

board, once programmed, does not need to be connected to a computer and works independently. 

In this project we are using the Arduino Nano board that is one of the smallest development boards 

that the Arduino brand works with, with dimensions of 18.5𝑥43.2 𝑚𝑚 and a weight of 5𝑔, good 

data for implementation in a small wind turbine [29].  

The hardware consists of a printed circuit board with a microcontroller, and input/output ports, 

which can be connected to other modules that increase the functionality of the board. 

This board incorporates the ATMega328P microchip, which makes it maintain similar features to 

the Arduino UNO in terms of speed and types of signals, differing mainly by the number of possible 

pins to connect. As for its power supply method, it is via a Mini-B USB connector. 

 

Figure 68 Arduino Nano 

 

Table 7 details the characteristics of the Arduino Nano board [29]. 
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Table 7 Main characteristics of Arduino Nano 

Microcontroller ATmega328 

Architecture AVR 

Operating Voltage 5 V 

Flash Memory 32 KB of which 2 KB used by bootloader 

SRAM 2 KB 

Clock Speed 16 MHz 

Analog IN Pins 8 

DC Current per I/O Pins 40 mA (I/O Pins) 

Input Voltage 7-12 V 

Digital I/O Pins 22 (6 of which are PWM) 

PWM Output 6 

Power Consumption 19 mA 
 

As mentioned above, there are a total of 22 analogue and digital pins but for this project it will be 

only used the pins shown in Figure 69 .This board will be located in the control box. 

 

Figure 69 Arduino Nano pins connections  

 Channel Relay module 

The relay is the device that will be used to control the direction of rotation of the linear actuator, 

since the polarity of the voltage on the actuator supply pins must be reversed to extend or retract 

the piston. The relay module shown in Figure 70 is used for this purpose. It will be located in the 

control box, as well as the Arduino Nano. 
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Figure 70 Relay module schematic 

The main parts are: 

• Connection pins (IN1 and IN2): used to connect the relay to Arduino. 

• Terminals (COM1 and COM2): used to connect the device to be controlled by the relay.  

• Green LED (activation): lights up when the relay is active. 

• Red LED (power): lights up when the relay is powered. 

Figure 71shows the connections made. 

 

 

Figure 71 Relays module wiring connections 

 

 Push button 

A pushbutton has also been included so that the actuator moves to the position indicated by the 

potentiometer when it is pressed. In the Figure 72, it can be seen the connections made. 
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Figure 72 Push button wiring connections 

Digital pin produces a binary output signal whose logic: 1 represents a voltage of 5V and its logic 

0 represents a voltage of 0V. A digital signal does not produce continuous values, but discrete 

values. Compared to analogue signals, they are significantly more accurate, as a digital signal is 

not as affected by noise. Furthermore, the precision of a digital signal will depend on the number 

of bits that are used to represent the measured value. 

To prevent excess current from the circuit from reaching the microcontroller, resistors called "pull-

down" and "pull-up" resistors are used to prevent any button from being connected to a 

microcontroller. To understand the use of both resistors, let's consider the example of a push-

button with two states, "on" and "off". As we can see in Figure 73, if we place a pull-up resistor for 

the pushbutton, when the pushbutton is open, the current flow will circulate through the input pin 

to the microcontroller offering in the digital signal a logic 1.  

Conversely, when the pushbutton is pressed, it will be closed, so the current flow will be directed 

to ground, indicating a logic 0 on the microcontroller input pin in the digital signal. On the other 

side, in case of connecting the resistor in "pull-down" mode, when the push-button is pressed, the 

digital input signal to the microcontroller will have a logic 1 and when it is not pressed it will have 

a logic 0. 

 

 

Figure 73 Pull-up and pull-down resistors [29] 
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 Potentiometer 

The potentiometer is connected to a circuit in such a way that it will output a specific voltage range, 

typically between 0 and 5V, i.e. it produces an analogue output signal, continuous in time and 

amplitude. This analogue output signal is routed to an analogue input pin on the microcontroller 

which uses an analogue to digital converter to convert the sensor output voltage into a numerical 

value that we can read and process further. 

In the case of our Arduino Uno, each analogue pin has an analogue-to-digital converter with a 10-

bit resolution, i.e. it gives us a range of numerical values between 0 and 1023, with 0 being the 

lowest value in the voltage range (0V) and 1023 being the highest value (5V). 

The potentiometer used is rotational type and is used as an input element to enter the desired 

pitch angle manually. The following figure shows the cable connections to the other elements of 

the system.  

 

Figure 74 Potentiometer wiring connections 

 

The relationship between the potentiometer input and the analogue signal it sends to the Arduino 

board is linear and is shown in Figure 75. The input data range of the potentiometer varies between 

0 and 7.8 in steps of 0.2. So, in total there are 40 different positions that will be translated into an 

analogue signal between 0 and 1023.  
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Figure 75 Potentiometer input-analog signal relation 

 

Finally, the following Figure 76 shows the relationship between the input values of the 

potentiometer and the pitch angle resulting from the control.  

 

Figure 76 Relationship between the potentiometer input and the pitch angle 

To determine this relationship, we started from the previous relation shown in Figure 75 and 

related this data to the values obtained in Figure 39, which connects the position of the actuator 

to the beta angle. In addition, to obtain the final relationship with the pitch angle, a change has 

been made using the correlation shown in Figure 40 and used to obtain Figure 41. 
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5.3. Software implementation 

This chapter describes the software implementation of the control system. Firstly, the mechanism 

position control will be developed with the first of the types of closed-loop control systems 

explained in section 5.1.1: ON/OFF control system. This system is a first approximation to the 

desired final objective. Once this control system has been developed, it will be analysed whether 

its performance is sufficient for this particular application or another type of control has to be 

implemented.  

 Pitch mechanism position control 

In this section, it will describe the position control performed on the pitch mechanism designed in 

previous sections. The main objective of this control is to move the mechanism to a certain position 

so that the mechanism rotates the pitch to the desired angle. 

 

Figure 77 Pitch mechanism position control diagram 

As can be seen in the previous Figure 77, the operation of this control will be as follows: the 

desired pitch angle will be entered manually by means of a potentiometer and the controller, 

depending on the position in which the actuator piston is located, will decide whether to switch on 

the relays and, if so, which one to switch on. Depending on which relay is switched on, the actuator 

will be retracted or extracted, moving it to the desired position. In addition, the actuator's internal 

potentiometer will send the actual position of the actuator at any given moment.  

In the previous section 5.2, the connections between the elements of the system have been 

detailed and in the next table shows where each element will be located. 

Table 8 Control elements location 

Component Location 

Actuator Nacelle 

Arduino Control box 

Relay module Control box 

Push button Nacelle external box 

Potentiometer Nacelle external box 
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As previously mentioned, the control will be performed by Arduino and therefore it is necessary to 

program the code that will be executed in the controller. The programming code is described and 

shown below and can be differentiated in four main blocks: 

− Part 1: Variable declaration 

First of all, the parameters that determine the pin to which the elements of the system are 

connected to the Arduino board have been defined. These will be constant parameters, i.e. they 

will not be modified during the code (see Figure 78). The second part of this block contains the 

internal variables of the system that will take different values as the code is executed. Figure 78 

shows the role of each of the variables. 

 

Figure 78 Arduino code part 1: Variable declaration. 

− Part 2: Single Run Setup 

The second block of the code is where the criteria that require a one-time execution have been 

established. Since in this maser thesis we will need to visualise certain variables to know if the 

controller is working as we want, we will execute the serial communication using the "Serial.begin" 

command.  

In addition, in this block we will also determine the type of pins defined in the previous block: input 

or output. For this we use the "pinMode" function. Generally, all the pins are configured as input 

pins, but it is advisable to define all of them to avoid making mistakes. 

 

Figure 79 Arduino code part 2: Single Run Setup 
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− Part 3: Main program (Loop) 

This third block corresponds to the main function of the program. It is the part of the code where 

the commands that will be executed while the Arduino board is enabled have been written. Starting 

with the first command, the microcontroller will go to the end and immediately jump back to the 

beginning to repeat the same sequence. And so on for an infinite number of times (as long as the 

board has power supply). 

The operation of this code block is as follows: first, a line has been defined so that the code is 

executed when the emergency stop is not active. If this condition is met, the system will read the 

values of both potentiometers and display them in the serial communication started in the previous 

block. In this way, we will be able to visualise the position of the actuator at the given target position 

at all times. 

Finally, several if loops have been used to determine whether the actuator piston will extend or 

retract. Also tolerance has been defined for the actuator to stabilise when it is close to the target 

position. In Figure 80 the controller decision-making block diagram can be visualised. 

 

Figure 80 Decision-making block diagram 

 

To perform the action of retracting or extending the actuator, calls have been made to functions 

defined outside this loop and are explained in the next block. In this way, the code is clearer and 

more orderly, making it easier to understand, and in there is any error it is easier to locate it. 
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Figure 81 Arduino code part 3: main program (Loop) 

 

− Part 4: Definition of functions 

In this last part of the code, three different functions have been defined (see Figure 82). The first 

of them corresponds to the function that extends the actuator, which enables relay 2. The second 

function, which is analogous, executes the retraction of the actuator by enabling relay 1. And the 

last one, stops the actuator extension or retraction by disabling both relays. 

 

Figure 82 Arduino code part 4: function definitions 
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5.4. Control implementation and testing 

This section will show the assembly of the components described in section 5.2 and the results 

obtained about how the control system responds. 

Firstly, the entire system has been assembled independently from the wind turbine control system, 

so that it will be much easier to detect any errors and correct them.  

In Figure 83, the assembly carried out in the FabLab and the temporary connections made can 

be seen. Once it is verified that the control system works, each element will be positioned in its 

corresponding place (see Table 8). 

 

Figure 83 Temporary control circuit connections 

Secondly, in order to be able to test the performance of the system, the following points will be 

checked: 

1. External potentiometer measurement 

2. Actuator potentiometer measurement 

3. Push button operation  

4. Reaction of the actuator when the push button is pressed 

5. Extreme positions of the actuator (check accuracy). 

6. Intermediate positions of the actuator (check accuracy) 

To verify those 6 points, 3 different tests will be carried out: 

− Test 1: checking of potentiometer readings  
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To check the potentiometer input values (points 1 and 2) it must be ensured that both signals are 

stable, i.e. do not oscillate in position in the presence of no external action. In addition, when the 

values of the external potentiometer are varied, the actuator potentiometer must remain constant 

until the button is pressed.  

In Figure 84 it can be seen that indeed the blue signal (corresponding to the actuator 

potentiometer) remains at the same value over time and is therefore unaffected by variations of 

the external potentiometer. Furthermore, both signals are stable. 

 

Figure 84 Test 1: Potentiometers lecture 

 

− Test 2: button operation and actuator reaction 

The following test has shown that when the button is pressed, the actuator starts to move to the 

position indicated by the external potentiometer. It should be noted that it takes some time for the 

actuator to reach that position.  

The button operation was checked visually, in such a way that the potentiometer was varied to the 

desired value and at an arbitrary instant the button was pressed. In this way it was verified that, 

when the button was pressed, the actuator piston did indeed move. The test was repeated 3 times 

to make sure.  

Even though the operation of the button was checked visually, the stored values of the external 

potentiometer and actuator signals were plotted. From this graph, shown in Figure 85, it is possible 

to see the reaction of the actuator. 
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Figure 85 Test 2: button operation and actuator reaction 

 

− Test 3: Actuator response accuracy 

Finally, the accuracy of the actuator is checked. To avoid oscillations around the desired position, 

as discussed in the implemented code, a tolerance range has been considered in which if the 

actuator signal is within this range, the actuator position is considered as valid. This is why in 

certain positions the signal of the actuator potentiometer (in blue) and the signal of the external 

potentiometer (in red) do not coincide exactly with each other. 

 

Figure 86 Test 3: Actuator response accuracy 
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As it can be seen in Figure 86, once the external potentiometer that provides the reference signal 

is positioned at the desired value, the button is pressed and the actuator moves to that value. 

Since there is a permanent error due to the tolerance range imposed to avoid oscillations around 

the desired position, let's see if this error is significant or can be considered despicable. 

If we obtain the signal values when both signals have stabilised at the desired position (see Figure 

86), the values of the external potentiometer and the actuator are 1021 bits and 983 bits, 

respectively.  

To calculate the relative error between the two values, the following expression is used: 

 
𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 =

𝑋𝑎𝑐𝑡 − 𝑋𝑝𝑜𝑡

𝑋𝑝𝑜𝑡
 

 

31 

This results in an error of 3.71%, which can be acceptable for this particular application. 

 

Once it has been verified that the control system is working correctly, certain improvements are 

going to be proposed that will help to make the system more dynamic. 

In order to improve the control system, it would be convenient that the tracking of the actuator 

position to the potentiometer input signal would be automatic, that means, removing the push 

button. In this way, the desired position would be achieved immediately when the reference 

potentiometer position is changed. To do this, the code of the main program has been modified, 

adding the lines shown in Figure 87.  

 

Figure 87 Push button replacement code 

In this added code, the values of the external potentiometer are compared at two successive time 

steps and as long as the values remain the same the controller will do nothing. But as soon as 

these values are different, the rest of the code is executed where the actuator will be extended or 

retracted as it was before. 

The new circuit with the temporary connections can be seen in Figure 88. 
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Figure 88 Final control configuration circuit connections without push button 

In addition, the new circuit and code have been tested and the data have been exported to a text 

file so that the results can be analysed using Matlab.  

To check the tracking of the actuator against variations of the external potentiometer, the following 

Figure 89 has been obtained. 

 

 

Figure 89 Actuator reaction without push button 
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In the Figure 89 we can see how the actuator follows the signal from the external potentiometer 

without problems. If we analyse a shorter time interval we can see in detail the delay that exists 

from the moment the input values of the potentiometer are varied and the controller sends a signal 

to the actuator until the actuator makes the movement.  

In Figure 90 we can see that in the reduced interval of 858 𝑚𝑠 from when the external 

potentiometer starts to increment until the actuator moves for the first time only 132 𝑚𝑠 elapses. 

And what is more, since the actuator is working at its highest speed, this elapsed time is reduced 

if we compare the raise time at the desired position. Practically when the potentiometer is placed 

in the goal position, it takes about 15 ± 5 𝑚𝑠 for the actuator to enter the tolerance range and 

stabilise. 

 

Figure 90 Actuator response in a reduced interval of 1500ms 

 

From the data obtained from the actuator potentiometer, the values of the final pitch angle have 

been calculated, since we know the relationship between those variables. In addition, Figure 91 

shows the comparison between the real values obtained and the theoretical values calculated with 

the defined equation 17.  

Moreover, from this comparison, the error of each of the points defined in Figure 91 has been 

calculated and none of them exceeds an error greater than 1.9%, which is acceptable. 
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Figure 91 Comparation of the real and theorical pitch angle values  

 

Finally, to be able to compare the reference input signal (external potentiometer) and the final 

pitch angle define in Figure 91, both signals have been normalise using the following expression: 

 
𝑧𝑖 =

𝑋𝑖 − min(𝑥)

max(𝑥) − min(𝑥)
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where, 

− 𝑧𝑖 → 𝑖𝑠 𝑡ℎ𝑒 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝑣𝑎𝑙𝑢𝑒  

− 𝑋𝑖 → 𝑖𝑠 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒 𝑡𝑜 𝑏𝑒 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 

− max(𝑥) → 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑥 

− min(𝑥) → 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑥 

 

Therefore, the following graph has been obtained: 
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Figure 92 Normalized values of the external potentiometer and pitch angle 

From the previous Figure 92, it can be observed the delay that the control system has, and its 

value corresponds to the horizontal part of the green signal (pitch angle signal) with a value of 

132𝑚𝑠. If we analyse this value, it would correspond to 17.39% of the total time needed to settle 

at the desired value. 

Furthermore, to calculate the response speed of the system and since the reference signal is not 

a step, but more like a ramp, the actual speed of the control system will be the difference between 

the speed of the actuator and the speed of the reference signal. In other words, the following 

expression will be fulfilled: 

 𝑠𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝑠𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 − 𝑠𝑟𝑒𝑓 

 

33 

In order to obtain the speed parameters, define in equation 33, we only have to calculate the slope 

of each of the signals. To calculate the slope of the external potentiometer (red signal) and given 

that it is not exactly a straight line, it will be approximated to a first-degree equation. So, 

considering this, the final value of the system´s velocity is: 

 
𝑠𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 0.031957

°

𝑚𝑠
− 0.026399 

°

𝑚𝑠
= 0.005558 

°

𝑚𝑠
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6. Planning and budget 

This section presents the planning of the master thesis and also provides an estimate of the costs 

involved in the execution of the pitch mechanism and its control. 

6.1. Planning 

The Work Breakdown Structure (WBS) of the project is shown below, in which the hierarchical 

organisation and its components can be seen. 

 

 

Figure 93 Work Breakdown Structure of the project 

 

And below is detailed, in Figure 94 and Figure 95, the Gantt chart of the project which provides 

the execution times of the tasks shown in the WBS. 
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Figure 94 Project Gantt chart (I) 

START END 22 23 24 25 26 27 28 29 30 31 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

1. Research

1.1 Bibliography 22/03/2021 05/04/2021

      1.1.1 Wind Turbines 22/03/2021 26/03/2021
      1.1.2. Pitch mechanism 27/03/2021 31/03/2021

      1.1.3 Control systems 01/04/2021 05/04/2021

1.2. Software training 19/04/2021 20/06/2021

     1.2.1. Matlab 03/05/2021 05/05/2021

     1.2.2. Inventor 19/04/2021 24/04/2021

     1.2.3. Arduino 01/06/2021 06/06/2021
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Figure 95 Project Gantt chart (II)  
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6.2. Budget 

For the project budget, the costs will be separated into two categories: the first category shows 

the costs of the elements necessary to build the pitch mechanism and the second category shows 

the cost of the elements used to control it.  

Table 9 lists all the elements that have been purchased for the assembly of the pitch mechanism 

prototype. 

Table 9 Cost of the components of the mechanical system 

Component Units  Unit price  Total price 

Cylindrical plain bearing 1  €         3.14   €       3.14  

Ball bearing 16009 1  €         4.65   €       4.65  

Circlips DIN 472 1  €         3.12   €       3.12  

Circlips DIN 471 1  €         8.90   €       8.90  

Rod Ball End 6  €         3.99   €     23.94  

Threaded Rod 1  €         1.69   €       1.69  

Slide Bushing  3  €         2.01   €       6.03  

TOTAL   €    51.47  

 

And in the Table 10 the cost of the elements purchased in order to implement the control of the 

mechanism have been detailed. 

Table 10 Cost of the components of the control system 

Component Units  Unit price  Total price 

Arduino Nano 1  €       7.55   €       7.55  

Jumper Wire Male-Male 1  €       2.65   €       2.65  

Bread board 1  €       3.40   €       3.40  

Jumper Wire Female-Male 1  €       1.00   €       1.00  

Linear actuator 1  €   116.26  €     16.26  

USB-Mini B 1  €      2.50   €       2.50  

Relays module 1  €       2.90   €       2.90  

Push button 1  €       1.50   €       1.50  

Potentiometer 1  €       3.50   €       3.50  

TOTAL   € 141.26  

 

From both tables the total cost of the project can be obtained and this comes to 192.73€ of which 

60% of this cost corresponds to the linear actuator. 
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7. Conclusion  

In this last section, some conclusions that have been identified at the end of the project will be 

presented, as well as some future improvements that can be implemented in the design of the 

mechanism and the control system. 

At this point, we can say that the objectives have been achieved, which were to design a pitch 

mechanism, manufacture it and control it in such a way that the actuator would be able to position 

itself with the desired pitch angle.  

The design of the pitch mechanism presented is based on a slide-crank mechanism that will slide 

along the axis of the wind turbine while rotating together with the rotor and hub, which allows the 

blades of the wind turbine to rotate together on its longitudinal axis.  

Prusa's 3D printers have proven to be a fast learning and versatile tool. They have facilitated the 

manufacture of the first prototype of the pitch mechanism in order to check that the design is 

capable of executing the movements required by the system. Furthermore, it should be noted that, 

from a sustainable point of view, the material used for the printing of the prototype (PLA) is a 

biodegradable polymer, derived from lactic acid and that, being made from renewable resources, 

it contributes to the environmental sustainability so sought after in these times. 

Even so, it would be desirable that in future improvements, both the pitch holding and the pitch 

disk are manufactured in aluminium in the university workshop. In this way, a more robust and 

durable mechanism would be obtained. 

As for the control system, a system based on on/off control has been implemented, which has 

archived the objectives we were looking for at this point of the master thesis. In addition, the 

Arduino platform has proven to be a very useful platform for developing projects of this scale, 

given that it has a variety of libraries that allow the user to learn its language quickly and easily.  

Finally, since the wind turbine was not fully assembled, it was impossible to test the operation of 

the control together with the rest of the controls and mechanisms. Therefore, as future steps would 

be to check that there are no operating faults in the control system once the control elements have 

been mounted on the wind turbine. In addition, it would also be advisable to consider developing 

a PID control in order to achieve a more precise system, which means that it would be capable of 

predicting errors and correcting them instantly.  
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