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Abstract 

The first task within the STOW project was 

‘analytical – theoretical study in terms of pre-

selection of the aero layouts best suited for 

further optimization’ for universal Polish wind 

conditions. It was carried out by an extensive 

literature study on classic wind turbine 

configurations (two, tree –bladed horizontal axis 

machines), shrouded wind turbines, and other. 

Literature investigation included both 

manufactures data and independent expertise. It 

allowed for objective evaluation of different 

design approaches (advantages and 

disadvantages), which in turn enabled  systematic 

identification of actual limitations as well as 

opportunities for specific design solutions.  

High rate of growth and specific structure 

of the industry, which is characterized by highly 

fragmented production, resulting in tens of 

various models of these devices on offer at this 

time. At the end of 2013 there was over800000 

Small Wind Turbines (SWTs) operating 

worldwide, with almost half a million in China. 

There is more than 330 firms in 26 countries 

manufacturing these machines.  

Wind turbines in general can be divided 

into subgroups according to their construction 

technology where the major groups are: 

Horizontal Axis Wind Turbines – HAWTs and 

Vertical Axis Wind Turbines – VAWTs.  

Currently Horizontal Axis Turbines have the 

highest market share due to their performance at 

high wind speed (high tip speeds, high efficiency 

and low torque ripple), good reliability, easy 

maintenance and low cost. At the moment 

HAWTs constitutes about 75% of SWT’s designs 

available. About 99% of the installed horizontal 

axis wind turbines is three-bladed, which 

provides a better balance of aerodynamic forces 

and better mechanical stability.  

In an up-wind configuration of a HAWT the 

rotor is in the front of the unit. This solution is 

characterized by high efficiency due to reduced 

tower shading, but such turbines do not self-align 

onto the wind direction and therefore they need 

a tail vane or a yaw system. Downwind turbines 

have the rotor in a trailing configuration, 

therefore they are self-aligning and the rotor 

blades can be flexible since there is no danger of 

them striking the tower. 

Shrouded wind turbines (called also ducted 

rotors) consists of a turbine inside a duct that 

flares out at the back (diffusor). It is said that they 

can operate in a wide range of wind speeds and 

generate higher power per a unit of rotor area 

than regular designs. On the other hand, 

shrouded wind turbines are more complicated in 

comparison to non-shrouded rotors and the duct 

is usually quite heavy, which puts an added load 

on the tower increasing the turbine cost greatly. 

Opponents of these solutions also argue that the 

performance reported in aerodynamic tunnels is 

impossible to reproduce in the real world 

conditions.  



 

4 
 

Vertical Axis Wind Turbines are in their 

basic form a very simple machine from the 

constructive and operational standpoint. Besides 

simplicity they are more robust. It is said that the 

turbine does not need to be orientated into the 

wind to be effective and the generator and 

gearbox can be placed near the ground, 

improving accessibility for maintenance. On the 

other hand, VAWTs have significantly lower 

power coefficients in comparison to HAWTs. 

Small vertical axis wind turbines could be suited 

to urban areas as they are relatively silent. 

Other investigated designs were i.e.: two- 

blade, single- blade turbines with 

a counterweigh, multi– blade rotors, Venturi 

design turbines, Magnus effect turbines, multi-

rotor solutions, H- type turbines, Darrieus- 

Savonius hybrid, Tornado/ Jet / Vortex / Spiral 

airfoil, Fuller’s design (bladeless - Tesla like), 

Pawlak’s design,  airborne concepts and other 

unconventional solutions. 

As an outcome of this literature study, 

three Pre-Initial SWT geometrical configurations 

were selected for further investigation: classic 

three- bladed HAWT (stow-α), shrouded- rotor 

wind turbine (stow-β) and a H- type VAWT (stow-

γ). Additionally the Pre-Initial SWT aerodynamic 

performance characteristics were provided. 
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1. Introduction 

Wind turbines have been used as a source of 

energy for hundreds of years. In the last thirty/forty 

years there has been a rapid growth in the amount 

of energy generated from wind and the wind 

turbine industry has become the fastest growing 

energy source in the world. However the cost of 

energy derived from wind turbines currently 

exceeds that of traditional energy sources such as 

hydro or coal generation. The reasons are manifold: 

high costs, a lack of technological maturity, 

insufficient testing and a complex market with 

a large number of small manufacturers and various 

technical concepts are the most important to be 

mentioned [18]. 

Small wind turbines offer however 

a promising alternative for many remote locations 

where electricity is not supplied by the grid. 

Especially when used in combination with other 

energy technologies such as photovoltaic, small 

hydro or Diesel generators[31] [9]. Such systems 

are receiving increasing interest also as one of 

a number of micro- generation technologies with 

potential to reduce carbon emissions [55]. 

Another driver for small-scale wind power 

generation is the commitments that regional, 

national and international governments have made 

for the growth of renewable energy. The European 

Union has set the 20-20-20 goals, involving a 20% 

greenhouse gas emission reduction and a 20% 

share of renewable energy generation by 2020 [4].  

Small wind turbines have been available for 

several decades and are in widespread use today, 

with reportedly over 800000 machines installed 

and operating worldwide [20]. Today there are 

about 330 companies in 26 countries 

manufacturing small wind turbines. Five countries 

(Canada, China, Germany the UK and the USA) 

account for over 50 %of the small wind 

manufacturers. Recent trend of the small wind 

industry has shown an annual 19 - 35 % increase in 

the new installed capacity over the past years. The 

rate of growth is anticipated to continue until 2015, 

reaching an annual installation of 190 MW of SWTs. 

Based on a conservative assumption, the market 

could subsequently see a steady compound growth 

rate of 20 % from 2015 to 2020[20]. 

The future of the small wind industry 

depends on the cost of the technology, the 

enactment of supportive policies and economic 

incentives, fossil-fuel prices, investor interest, 

consumer awareness, certification and quality 

assurance, permitting processes and regulations, 

and wind evaluation tools.  

It has therefore been the goal of numerous 

researchers to improve the cost of energy produced 

by wind energy generation systems. To be 

commercially viable, any such concept must show 

all of the following characteristics: improved 

performance, reduced capitalization, reasonable 

product life and reliability, accessibility and 

serviceability [2]. 
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2. Small wind turbines 

Small Wind Turbines (SWTs) are defined, 

according to the International Electrotechnical 

Commission (IEC), IEC 61400-2, as having a swept 

area of less than 200 [m2], correspond to a rated 

power of less than about 50 [kW] (in other 

definitions up to 20 kW or even 100 [kW]), 

consisting in plants mainly intended for the supply 

of households [1] [23] [49]. A comparison between 

an example utility- scale turbine and a small wind 

turbine is shown in fig. 1.  

 “Very Small” Wind Turbines: have rated 

capacity from 300 [W] to around 1 [kW]; typical 

applications: off-grid and battery charging; can 

supply < 5% of house demand; installed cost is 

around 800 $US for a 400 [W] unit; cost of energy 

from them is estimated around  40 to 50 US cents 

per [kWh] 

 “Medium-sized” Small Wind Turbines: have 

rated capacity from 1 [kW] to 20 [kW]; typical 

applications - on-grid residential, small commercial; 

can supply up to 50% of household needs; installed 

cost around 60,000 $US for 10[kW]; estimated cost 

of energy from this source: 20 to 30 US cents per 

[kWh] [52]. 

Fig. 1. The physical size, electricity generation potential and carbon savings of small and utility- scale turbines [55] 
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Wind turbines can be divided according to 

their construction design into two major groups 

[1]: 

2.1. Horizontal Axis Wind Turbines – HAWT 

Currently horizontal axis turbines have the 

highest market share due to their performance at 

high wind speed (high tip speeds, high efficiency 

and low torque ripple), good reliability, easy 

maintenance and low cost [12]. 

At the moment HAWTs constitutes about 

75% of SWT’s designs available. HAWT’s are further 

divided into: 

2.1.1. Upwind turbines 

The rotor is in the front of the unit; high 

efficiency due to reduced tower shading, but such 

turbines do not self-align onto the wind direction 

and therefore they need a tail vane or a yaw 

system. Upwind design is the most popular solution 

for small turbines. 

2.1.2. Downwind turbines 

Downwind turbines have the rotor in 

a trailing configuration, therefore they are self-

aligning and the rotor blades can be flexible since 

there is no danger of them striking the tower[3]. 

2.1.3. 3 - blade 

About 99% of the installed horizontal axis 

wind turbines are equipped with three blades, due 

to better balance of aerodynamic forces, better 

mechanical stability (the gyroscopic forces are 

balanced) and more uniform driving torque. An 

example of classic 3-blade, upwind, horizontal axis 

wind turbine is shown in fig. 2.  

 
Fig. 2. Evance R9000 5kW small domestic wind turbine with  

3 - blade rotor [25] 

2.1.4. 2 - blade, single-blade with counterweigh 

Such design solutions are characterized by 

a lower weight and cost of the rotor. On the other 

hand they generate louder noise, due to higher 

peripheral speed of the blades. An example of 

single-blade horizontal axis wind turbine with 

counterweigh is shown in fig. 3. 
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Fig. 3. MBB’s Monopteros 50 wind turbines [32] 

2.1.5. Multi- blade 

Aerodynamic efficiency increases with the 

number of blades but with diminishing return [7]. 

Multi- blade rotors were widely used in former, 

metal- bladed wind turbines used for water 

pumping. Nowadays their use is decreasing due to 

higher weight of such solutions.  

2.1.6. Ducted rotor 

Shrouded wind turbines (called also ducted 

rotors) consists of a turbine inside a duct that flares 

out at the back (diffusor). It is said that they can 

operate in a wide range of wind speeds and 

generate higher power per a unit of rotor area than 

regular designs. On the other hand, shrouded wind 

turbines are more complicated in comparison to 

non-shrouded rotors and the duct is usually quite 

heavy, which puts an added load on the tower 

increasing the turbine cost greatly. Opponents of 

these solutions also argue that the performance 

reported in aerodynamic tunnels is impossible to 

reproduce in the real world conditions. The 

augmentation capability can be further increased 

by reduction of tip loses and interaction of the 

wake with the external flow [2]. An example of 

diffusor augmented horizontal axis wind turbine is 

shown in fig. 4. 

 
Fig. 4. 3kW wind-lens HAWT [24] 
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2.1.7. Venturi design 

In the Venturi turbine concept, the rotor 

blades are attached to the hub at both ends. 

Authors claim that when rotating, a spherical 

surface is generated and because of this 

aerodynamic behavior, Venturi effect turbines 

create a wind flow pattern that converges first, like 

rapids in a river. Within the sphere, a low pressure 

area is generated which attracts the air in front of 

the rotor towards the sphere. The air flowing 

through the turbine and the air surrounding the 

rotor are used more effectively, resulting into the 

efficiency of the Venturi turbine being higher than 

the efficiency of conventional wind turbines. This 

enables the Venturi turbine to generate electricity 

at very low wind speeds [46]. It has not been 

scientifically proven that any of these statements 

are true. An example of Venturi design horizontal 

axis small wind turbine is shown in fig. 5. 

 
Fig. 5. Energy Ball V100 small wind turbine by Home Energy 

International [35] 

2.1.8. Magnus effect 

The Magnus effect is the commonly observed 

phenomenon in which a spinning ball (or cylinder) 

curves away from its principal flight path (a force 

perpendicular to the direction of movement, acting 

on the rotating cylinder or other rotary body, 

moving relative to the fluid). [10] This makes 

a range of significant advantages with respect to 

traditional blade wind turbine. Radial cylinder 

location is analogous to wind wheel blades with 

horizontal axe. The basic advantages are seen at 

low, but the most repeated wind velocities 2-6 m/s, 

at which traditional wind turbine blades are not 

effective. 

The test were conducted in wind tunnel  

T-324 ITAM on the wind-turbines models, and on 

separate rotating and non-rotating cylinders. The 

working range of wind velocities was found to be  

2-40 m/s instead of 5-25 m/s for a wind turbine 

with typical airfoil blades. Energy generation and 

daily working period are increased by fold2 or 

more. The optimum power range is from 30 up to 

500 kW, maximum is up to 2 MW with a wind 

wheel diameter of 15-50 m and more [11]. An 

example of Magnus effect horizontal axis wind 

turbine is shown in fig. 6. 



 

12 
 

 
Fig. 6. Acowind A63 Magnus effect HAWT in Pagórki near 

Elbląg, Poland [22]  

2.1.9. Multi-rotor 

Two or more rotors may be mounted to the 

same driveshaft, with their combined co-rotation 

together turning the same generator: fresh wind is 

brought to each rotor by sufficient spacing between 

rotors combined with an offset angle (alpha) from 

the wind direction. Wake vorticity is recovered as 

the top of the wake hits the next rotor. Power has 

been multiplied several times using co-axial, 

multiple rotors in testing conducted by inventor 

and researcher Douglas Selsam, for the California 

Energy Commission in 2004. The first commercially 

available co-axial multi-rotor turbine is the 

patented dual-rotor American Twin Superturbine 

from Selsam Innovations in California, with 2 

propellers separated by 12 feet. [14] 

2.1.10. Counter-rotating 

The spinning blade of a single rotor wind 

turbine causes a significant amount of tangential or 

rotational air flow. The energy of this tangential air 

flow is wasted in a single-rotor propeller design. To 

use this wasted effort, the placement of a second 

rotor behind the first takes advantage of the 

disturbed airflow. Contra-rotation wind energy 

collection with two rotors, one behind the other, 

can gain up to 40% more energy from a given swept 

area as compared with a single rotor. Much work 

has been done recently on this in the United States. 

Other advantages of contra-rotation include no 

gear boxes and auto-centering on the wind (no yaw 

motors/mechanism required). Counter-rotating 

turbines can be used to increase the rotation speed 

of the electrical generator [14].An example of 

counter-rotating horizontal axis wind turbine is 

shown in fig. 7. 

 
Fig. 7. Counter Rotating Wind Turbine [29] 
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2.1.11. BTPS (Imad Mahawili design) 

This design uses many nylon blades and turns 

a permanent magnet generator inside a rim 

surrounding the rotor. The magnets are on the tips 

of the blades, and the generators stator is inside 

the rim [52] (fig. 8.). 

 
Fig. 8. The Honeywell Wind Turbine - WindTronics [37] 

2.2. Vertical Axis Wind Turbines - VAWT 

Vertical Axis Wind Turbines are in their basic 

form a very simple machine from the constructive 

and operational standpoint. Besides simplicity they 

are more robust. It is said that the turbine does not 

need to be orientated into the wind to be effective 

and the generator and gearbox can be placed near 

the ground, improving accessibility for 

maintenance. On the other hand, VAWTs have 

significantly lower power coefficients in comparison 

to HAWTs. Small vertical axis wind turbines could 

be suited to urban areas as they are relatively silent 

(because of their slower rates of rotation) [12] [1]. 

An example of vertical axis wind turbine is shown in 

fig. 9. 

 
Fig. 9. Vertical Axis Wind Turbine [34] 

2.2.1. Savonius turbines 

It is the simplest type of wind turbines and it 

consists of two (or four) vertical sheets, curved to 

form a semicircumference. It is also known as 

a drag turbine. The main characteristics of 

Savonious turbines are: low tip speed , low 

efficiency value, suitability for low values of wind 

speed and within a limited range, necessity of 

adequate speed control to keep the efficiency 

within acceptable values, necessity of a robust 

structure to withstand extreme winds (the high 

exposed surface of the blades), suitable for small 

power applications only, low noise [1]. An example 

of a classic Savonius vertical axis wind turbine is 

shown in fig. 10. 

Modern Savonius machines have evolved to 

have a higher efficiency and less vibration than the 

older twin cup or drum machines [46]. An example 

of a modern design Savonius vertical axis wind 

turbine is shown in fig. 11. 
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Fig. 10. Savonius Vertical Axis Wind Turbine [19] 

 
Fig. 11. Small vertical axis wind turbine with helical Savonius 

rotor [36] 

2.2.2. Darrieus turbines (+Giromill, H - type) 

In comparison with the “drag-type” turbines, 

Darrieus type (which arelift-type turbines since the 

blade cross-sections have an airfoil shape able to 

generate a  pressure difference on the blade driving 

the rotation) offer higher efficiency. However, 

Darrieus - type turbines cannot start autonomously 

since the start-up torque is null [1]. The main 

characteristics of the Darrieus-type turbine are: 

higher tip speed, reduced efficiency in comparison 

tohorizontal axis turbines, also because a great part 

of the blade surface rotates very close to the axis at 

a low speed, adaptability to variations in the 

direction of the wind, effective for winds with an 

important vertical component of speed (sites on 

slopes or installation on the roof of  buildings), 

suitable for low values of wind speed and for 

a limited range, low noise and with vibrations 

limited to the foundations, therefore suitable to be 

installed on buildings, able to operate also under 

turbulent wind conditions, high fluctuations of the 

motive mechanical torque [1].An example of 

a Darrieus vertical axis wind turbine is shown in fig. 

12. 
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Fig. 12. Turbine Darrieus type [1] 

2.2.3. Hybrid turbine- Darrieus-Savonius type 

The Savonius rotor is a self-starting, high 

torque at low speed rotor. It is used to jump start 

the Darrieus rotor, a non- self-starting, but high 

efficiency rotor. This combination proved to be an 

effective design that self-starts and produces more 

energy at low wind speeds than other options 

currently available. This design combines the 

advantages of both designs while attempting to 

reduce the disadvantages [27]. An example of 

a hybrid Darrieus- Savonius vertical axis wind 

turbine is shown in fig. 13. 

 
Fig. 13. Hybrid turbine Darrieus-Savonius [1] 

2.2.4. Darrieus AADW (Augmentation And 

Directioning Wings) 

Turbine is equipped with three self-

positioning Augmentation And Directioning Wings 

(AADW) placed as the outer sections of classical 

Darrieus blades. Producers claims that the GMWT 

can increase almost fivefold the efficiency of 

classical Darrieus Blades [8]. AADWs adjust 

themselves to the wind direction without any 

external power. The resulting combination works 

with very low cut-in wind speed, has self-starting 

ability, together with a high capacity factor [14]. It 

has not been scientifically proven that any of these 

statements are true.  
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2.3. Other 

2.3.1. Tornado/ Jet / Spiral airfoil 

The Tornado Wind Energy System (TWES) 

concept utilizes a wind driven vortex confined by 

a hollow tower to create a low pressure core 

intended to serve as a turbine exhaust reservoir. 

The turbine inlet flow is provided by a separate ram 

air supply. TWES does not show significant promise 

of improving on either the performance or the cost 

of energy attainable by a conventional horizontal or 

vertical axis wind turbine. [6] 

The blades of the Turby concept are designed 

with a fixed distance to the vertical shaft. To reduce 

the inevitable vibrations due to the change of the 

angle of attack between + 20 and - 20 degrees 

resulting in a change of the mechanical stress in the 

blade two times per revolution, its developers 

chose an odd number of 3 blades of a helical shape, 

making all changes occur gradually. [46] 

 
Fig. 14. Spiralairfoil Wind Turbine [38] 

2.3.2. Vortex Wind Generator 

Augmentation is created by the ability of 

such flows to act as kinetic energy concentrators 

due to the substantial increase in both axial and 

circumferential velocity components. It was 

thought that this combination would achieve power 

coefficients greater than the Betz limit (0.593), 

however, the augmentation capability of the 

concept has been questioned [2]. 

2.3.3. Pawlak’s turbine 

An example of an unusual design of a wind 

turbine is the transverse, two- stage, flow turbine, 

patented in Poland in 1985 by Pawlak (P 251710). It 

has two coaxial vertical axis rotors with different 

diameters. The working principle of this machine is 

as follows: the wind flow is directed from the outer 

rotor to the inner rotor, resulting in flow 

acceleration and relatively high rotational speed of 

the inner rotor. Among the theoretical advantages 

of this solution, high efficiency is indicated. 

However, the concept has not been properly 

described nor scientifically tested. Among the 

objections raised in this case are i.e. high mass and 

complexity of the device and hence, high cost in 

relation to generation capability of the turbine 

(relatively small area of the rotor). 

2.3.4. Magnus effect 

2.3.5. Fuller (bladeless / Tesla like) 

The concept is similar to a stack of disks on 

a central shaft, separated by a small air gap. The 

surface tension of air through the small gaps 
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creates friction, making the disks rotate around the 

shaft. Vanes help direct the air for improved 

performance, hence it is not totally bladeless [53]. 

2.3.6. Airborne 

In these applications a wind turbine is 

supported in the air without a tower, thus 

benefiting from the higher velocity and almost 

constant wind at high altitudes, while avoiding the 

expense of tower construction or the need for slip 

rings or yaw mechanism. Sky Windpower said that 

its technology would be capable of producing 

electricity for $0.02 per [KWh], being significantly 

lower than the current price of non-subsidized 

electricity [16]. Studies on this type of structures 

are currently being performed at many universities 

and private companies around the world, 

nevertheless this concept should be consider as 

very innovative [15]. An example of an airborne 

wind turbine is shown in fig. 15. 

 
Fig. 15. Magenn Air Rotor System (Mars) aerostat airborne 

wind turbine [28] 

2.3.7. Crosswind kite power 

2.3.8. Windbelt 
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3. Technical design: 

The main options in a wind turbine design 

and construction include [1]: 

• number of blades (commonly two or three); 

• rotor orientation (upwind or downwind of tower); 

• blade material, construction method, and profile; 

• hub design: rigid, teetering or hinged; 

• power control via aerodynamic control (stall 

control) or variable-pitch blades (pitch control); 

• fixed or variable rotor speed; 

• orientation by self-aligning action (free yaw) or 

direct control (active yaw); 

• synchronous or asynchronous generator (with 

squirrel-cage rotor or wound rotor -Doubly Fed 

Induction Generator (DFIG)); 

• with gearbox or direct drive generator. 

The main components constituting horizontal axis 

wind turbines are [1]: 

 

Fig. 16. Wind turbine components:  
1 - foundation, 2 - connection to the electric grid, 3 - tower, 4 - 

access ladder, 5 - wind orientation control (yaw control), 6 - 
nacelle, 7 - generator, 8 - anemometer, 9 - electric or 

mechanical brake, 10 - gearbox, 11 - rotor blade, 12 - blade 
pitch control, 13 - rotor hub [7] 

3.1. Blades 

The blades are the components which 

interact with the wind and are designed with such 

an airfoil to maximize the aerodynamic efficiency. 

Figure 17. shows the typical form of a blade and its 

transversal sections. The blade winds up and the 

total angle between the root and the tip is about 

25°. Since the aerodynamic forces are proportional 

to the square of the relative speed, they increase 

rapidly with the distance from the hub; therefore it 

is important to design the part of the blade near 
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the root so that there is high  lift and low 

aerodynamic resistance. The cross sectional area of 

the blade is quite large to get the high stiffness 

necessary to withstand the variable mechanical 

loads present under normal operation which 

contribute to determine the wear and tear of the 

blade. In fact, the wind exerts an unsteady force, 

both for the fluctuations due to the turbulence, as 

well as for the higher speed as a function of 

altitude. Besides, during rotation, a blade when in 

the high position is subject to a stronger wind in 

comparison with the wind intensity when it is in the 

low position, with the consequent load fluctuations 

which recur at each rotation. Finally, the centrifugal 

force due to rotation exerts traction on the 

different sections of the blade and the weight of 

the blade itself creates a bending moment on the 

root which alternates at each rotation. Blades are 

made from light materials, such as fiber-reinforced 

plastic materials, which have good properties of 

resistance to wear and tear. Fibers are generally 

made of glass or aluminum for the blades of small 

and medium size wind turbines, whereas for larger 

blades carbon fibers are used in the parts subject to 

more critical loads. The fibers are incorporated in a 

matrix of polyester, epoxy resin or vinyl ester 

constituting two shells kept together and 

reinforced by an internal matrix. The external 

surface of the blade is covered with a layer of 

colored gel to prevent ageing of composite material 

due to ultraviolet radiation. According to the 

technology used by the manufacturers, blades can 

be equipped with additional elements, such as stall 

controllers to stabilize the air flux, vortex 

generators to increase lift or wingtip devices to 

reduce lift loss and noise. [1] 

 

Fig. 17. The typical form of a blade and its transversal cross 
sections [1] 

Blades represent the most important 

composite based part of the wind turbine, whose 

properties quite often determine the performances 

and lifetime of the turbine. In a fact, a rotor is the 

highest cost component of a wind turbine. Still, the 

failure rates of wind turbine blades are of the order 

of 20% within 3 years, and this is surely too much. 

[21] 

A hollow shell corresponding to the defined 

blade envelope clearly provides a simple, efficient 

structure to resist flexural and torsional loads and 

some blade manufacturers adopt this form of 

construction (see fig.18.). However, in the case of 

small and medium size machines, where the out-of-

plane loads dominate, there is greater benefit in 

concentrating skin material in the forward half of 

the blade, where the blade thickness is a maximum, 

so that it acts more efficiently in resisting out-of-

plane bending moments. The weakened areas of 



 

20 
 

the shell towards the trailing edge are then typically 

stiffened by means of sandwich construction 

utilizing a PVC foam filling. The hollow shell 

structure defined by the airfoil section is not very 

efficient at resisting out-of-plane shear loads, so 

these are catered for by the inclusion of one or 

more shear webs oriented perpendicular to the 

blade chord. If the load-bearing structure is limited 

to a compact closed hollow section spar, consisting 

of two shear webs and the skin sections between 

them, then a GFRP blade lends itself to semi-

automatic lay-up on a rotating mandrel which can 

be withdrawn after curing. [80] 

 

Fig. 18.  Schema of the section of the blade: 
a) wood/ epoxy full blade shell, b) wood/ epoxy forward half of 

blade shell c) glass- fibre with blade skins and linking shear 
webs d) glass- fibre blade compact spar wound (TFT) [80] 

3.2. Hub 

The hub of the wind turbine is the 

component that connects the blades to the main 

shaft, transmitting to it the power extracted from 

the wind; it includes pitching systems. Hubs are 
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generally made of steel or spheroidal graphite iron 

and is protected externally by an oval enclosure 

called spinner. There are three main types of hub 

(fig.19.): rigid, teetering and hinged. A rigid hub is 

designed to keep all major parts in a fixed position 

relative to the main shaft. A rigid hub must be 

strong enough to withstand all the loads that can 

arise from any aerodynamic load on the blades as 

well as those due to yawing. Teetering hubs have 

been mainly coupled with turbines with fixed Pitch 

angle, but they can be used on variable pitched 

turbines as well. Also design of the pitching system 

is more complex since the relevant mechanisms 

and the switching/protection switchboards are 

located on the moving part with respect to the 

main shaft. A hinged hub is, in some ways, a cross 

between a rigid hub and a teetering hub and it is 

basically a rigid hub with hinges for the blades. It is 

used by downwind turbines to reduce excessive 

loads in case of strong winds [1]. 

 

Fig. 19. Three main types of hub in HAWT [1] 

3.3. Gearbox 

A one- or more-stage gear box is commonly 

used for stepping up the speed of the generator, 

although designs may also use direct drive of an 

annular generator (alternators with interposed 

converter). The gearbox has the purpose of 

increasing the rotor speed to adapt it to the values 

required by conventional generators. The gearbox 

consists of one or more gears of epicycloidal or 

parallel axis type. In fact, the gearbox is a source of 

noise and one of the elements requiring more 

maintenance; furthermore it may cause efficiency 

losses of the wind turbine [1]. 

3.4. Mechanical brakes 

Nearly all wind turbines employ mechanical 

brakes mounted on the drivetrain, in addition to an 

aerodynamic brake. In many cases, mechanical 

brakes can stop the rotor under adverse weather 

conditions besides being used as “parking” brakes 

to keep the rotor from turning when the turbine is 

not operating. There are two types of mechanical 

brakes in common usage: disc brakes (operates in 

a manner similar to that on cars) and clutch brakes 

(a metal disc is affixed to the haft to be braked) [1]. 

3.5. Generator 

Asynchronous generator is essentially an 

induction three-phase motor characterized by 

a synchronous speed which depends on the 

number of poles and on the network frequency. If 

the mechanical torque acting on the rotor shaft is 

motive instead of resistant and makes the rotation 

speed increase and exceed the synchronous speed, 
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the asynchronous machine stops working as 

a motor and starts working as a generator, thus 

putting electrical energy into the grid. The relative 

difference between the synchronous speed and the 

effective rotation speed is called slip (s), which is 

negative when the machine is operated as 

a generator. In traditional asynchronous generators 

with squirrel cage rotor (short-circuit rotor), the slip 

is about 1% so that such devices are actually 

considered as having constant rotation speed. 

When a gust of wind hits a wind turbine equipped 

with a rotor asynchronous generator under short 

circuit, as the rotation speed is constant, there is 

a sudden variation of the torque and the 

consequent quick variation of the power output. If 

the short circuit power of the grid to which the 

wind turbine is connected is low, voltage 

fluctuations may occur on the electrical devices 

connected nearby and these fluctuations may cause 

malfunctioning of these devices. For this reason 

too, research has gone towards the development of 

variable speed systems which allow also the 

“torque pull” on the rotor to be reduced and the 

rotor to work at the point of maximum 

aerodynamic efficiency over a wide range of wind 

speed. Variable speed solutions realized with 

induction generators are obtained by interposing 

a frequency converter between the stator of the 

generator with squirrel cage rotor and the grid, or 

by using a wound rotor asynchronous generator in 

which the rotor is supplied by an independent 

alternating current delivered by a frequency 

converter: thus, the synchronous speed results to 

be a function of the difference between the grid 

frequency and the frequency of the rotor current 

and it is possible to reach 30% speed variation [1]. 

In synchronous generator, also called 

alternator, the rotor consists of a direct current 

electromagnet or of permanent magnets. The 

frequency of the voltage induced on the stator (and 

consequently of the generated current) is directly 

proportional to the rotation speed of the rotor. To 

allow functioning at variable speed, a frequency 

converter is interposed between alternator and 

grid; at first it transforms the current at variable 

frequency (as a function of the rotor speed and 

therefore of wind) coming out of the generator into 

direct current through an electronic rectifier, and 

then reconverts the direct current into alternating 

current at the network frequency through an 

inverter. Thus the frequency of the generated 

current is released from the grid frequency, which 

may also result into the abolition of the gearbox. 

Thanks to the synchronous motor and to the 

frequency converter, when the wind strength 

suddenly increases, the rotor is let free to 

accelerate for some seconds: the increase in the 

rotation speed accumulates kinetic energy in the 

rotor itself and allows constant power supply. Vice 

versa, when the wind falls, the energy stored in the 

rotor is released while the rotor itself is slowing 

down [1]. 

Most small wind turbines have a permanent 

magnet generator and do not require a gearbox. 
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This type of generator produces alternating current 

(AC), which must be rectified to direct current (DC) 

by means of a simple bridge rectifier. Similar to 

solar photovoltaic (PV) systems, the DC-voltage 

allows the use of these turbines for battery 

charging. For in-battery charging systems, a charge 

controller is added to prevent the battery from 

overcharging. In grid-connected systems, an 

inverter is used to control the SMWT and for 

supplying electricity to grid voltage and grid 

frequency. A dump load is required to protect the 

inverter from overvoltage and to prevent the 

turbine from overspeeding [17]. 

 

Fig. 19. Exploded view of the generator [Piggott, 2008]: the 
rotor (magnet disks) and stator (coils) [68] 

3.6. Anemometers 

3.7. Transformer 

DC-DC converters are essentially the direct 

current equivalent of transformers in alternating 

current circuits. They can convert electrical power 

from one voltage and current level to another, 

while of course obeying the conservation of energy: 

as voltage is increased current must necessarily be 

decreased. Smaller transformers tend to be less 

efficient, at around 85%, while well designed high 

power transformers may have efficiencies as high 

as 98%. In the past DC-DC conversion was 

performed using a motor-generator device, or by 

first converting to AC, using a transformer to step 

the voltage up/down, then rectifying. With 

advances in the power and speed of power 

switching devices such as power FETs and IGBTs, 

DC-DC converters have become smaller, less 

expensive and more efficient [30]. 

3.8. The nacelle 

The main requirements to nacelles, which 

provide weather protection for the components, 

are the low weight, strength and corrosion 

resistance. Typically, nacelles are made from glass 

fiber composites [21]. 

3.9. Supporting tower 
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The first wind turbines were on free-standing 

lattice towers, commonly used until the mid-1980s. 

Nowadays wind turbines are mostly of tubular type 

since they offer a number of advantages in 

comparison with the truss one. In particular, 

tubular towers do not require many bolted 

connections which need to be periodically checked; 

they provide a protected area to access the turbine 

and climbing to the nacelle is made safer and easier 

thanks to internal stairway or lift in case of larger 

turbines. There is a third type of tower, guyed 

lattice tower but they are little used for medium 

and large size power plants [1]. 

The SWT are always placed on a pole, 

preferably higher than 15m, to avoid ground 

turbulence. For this purpose, tilt-up poles/towers 

are very popular in developing countries since they 

are easy to install and offer good accessibility for 

maintenance and repair. The majority of small-scale 

wind turbines are built on freestanding poles or 

towers. However, building mounted turbines are 

another option. Such turbines are directly installed 

on a building, usually on the rooftop. Both vertical 

and horizontal axis turbines can be building-

mounted, but they might be subject to much more 

turbulence [17]. 

The tower height depends on the wind regime at 

the installation site. In onshore plants the nacelle is 

usually at a height equal to 1 or 1.2 times the rotor 

diameter, whereas in offshore plants the height is 

equal to 0.8 times the rotor diameter. Tubular 

towers are usually made of rolled steel, although 

sometimes reinforced concrete is used. They are 

cone-shaped, with the base diameter longer than 

that on the top where the nacelle is positioned. The 

different sections are joined and fixed together by 

bolted flanges. The towers are set into the ground 

through foundations generally consisting in 

Fig. 20. Small Wind Turbine Towers: a) guyed tower, b) tilt- up tower, c) self- supporting tower [57] 
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reinforced concrete plinths placed at a certain 

depth [1]. 

3.10. Yaw driving device 

One of the greatest challenges associated 

with wind power is the unpredictable character of 

the wind. Even at the best wind sites, those with 

steady reasonably high speed wind, there are 

variations in speed and direction of the wind which 

affect the ability of the wind turbine to deliver 

power. Larger wind turbine systems have complex 

control systems which automatically track changes 

in wind direction and speed, and adjust turbine 

orientation, blade pitch, and generator gearing to 

maintain the desired electrical output. Small 

turbine systems are typically much less 

sophisticated, however they generally still have 

some form of control to improve their longevity 

and power production. The main purposes of 

a controller in a wind energy system are (in order of 

priority): [30] 

 Prevent damage to the wind turbine 

 Prevent damage to the load 

 Maximize power production 

The nacelle is made to rotate on the top of 

the tower by a yaw control system, so that the 

rotor is always transversal to wind. For horizontal 

axis turbines with downwind rotors, a yaw system 

is not necessary, since the turbine is intrinsically 

self-orienting and follows the wind direction as 

a wind vane. Instead, upwind turbines have either 

a rear orientation tail (small and medium size wind 

turbines) or active yaw control; therefore, the 

supporting tower shall be properly dimensioned 

also to withstand the torsional loads resulting from 

the use of yaw systems. [1] 

Most small wind turbines have 2 or 3 fixed 

blades rotating about a horizontal axis directly 

driving a permanent magnet generator. The control 

system generally consists of a mechanical system 

for furling the turbine in high winds, and with 

perhaps a power controller and electrical breaking 

system. Bergey Windpower’s 10kW Excell turbine is 

a notable exception, having a mechanical blade 

pitch control system which adjusts the pitch of the 

blades as a function of rotor speed (Manwell et al., 

2002). Larger turbines commonly have 2 or 3 

adjustable pitch blades, and 1 or 2 gear stages 

between the rotor and the generator. A larger 

number of blades gives a lower operating speed, 

and greater starting torque facilitating turbine 

starting in low speed winds [30]. 

 

Fig. 21. Over - speed protection during high winds: angle 
governor- the rotor turns up and to one side [57] 

3.11. Foundation 

Wind turbines, by their nature, are very tall 

slender structures, this can cause a number of 

issues when the structural design of the 

foundations are considered. 
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The foundations for a conventional 

engineering structure are designed mainly to 

transfer the vertical load (dead weight) to the 

ground, this generally allows for a comparatively 

unsophisticated arrangement to be used. However 

in the case of wind turbines, due to the high wind 

and environmental loads experienced there is 

a significant horizontal dynamic load that needs to 

be appropriately restrained. 

This loading regime causes large moment 

loads to be applied to the foundations of a wind 

turbine. As a result, considerable attention needs 

to be given when designing the footings to ensure 

that the turbines are sufficiently restrained to 

operate efficiently. In the current Det Norske 

Veritas (DNV) guidelines for the design of wind 

turbines the angular deflection of the foundations 

are limited to 0.5°. [7] 

4. Costs 

In the USA, the installed cost estimates of top 

ten small wind turbine models in 2011ranged 

between $2’300/kW and $10’000/kW, and the 

average installed cost of all SWTs was $6’040/kW, 

an 11 percent increase from 2010. The Chinese 

small wind industry yielded, in comparison, 

a significantly lower average turnover of 

12'000Yuan/kW (1'900 USD – 1'500 EUR) [20]. 

The percentage on the total cost of the 

different components is divided as shown in figure 

22. 

 

Fig. 22. Wind turbine component cost (% of total) [1] 

The weight and cost of the turbine is the key 

to making wind energy competitive with other 

power sources, because research programs have 

significantly improved the efficiency of the rotor 

and maximized the energy capture of the machine. 

The real opportunity today is through better, low 

cost materials and though high volume production, 

while ensuring the reliability is maintained. The 

typical weight and cost of the primary turbine 

components today are shown in Table x. In addition 

there are foundations and conventional ground-

mounted systems, including transformers, 

switching and other power equipment. There is no 

single component that dominates turbine cost. The 

rotor is the highest cost item on most machines and 

must be the most reliable. Towers are normally the 

heaviest component and could benefit from weight 

reduction, but lightening the rotor or tower-top 

weight has a multiplier effect throughout the 

system including the foundation [50]. 
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Table1. Turbine Component Weight and Cost [50] 

Component % of Machine 
Weight 

% of Machine 
Cost  

Rotor 10 - 14 20 - 30 

Nacelle and 
machinery, less 25 - 40 25 

Gearbox and 
drivetrain 5 - 15 10 - 15 

Generator systems 2 - 6 5 - 15 

Weight on Top of 
Tower 35 - 50 - 

Tower 30 - 65 10 - 25 

The components of turbines are changing as 

the technology improves and evolves. There is 

a trend toward lighter weight systems. Light 

weight, low cost materials are especially important 

in blades and towers for several reasons. First the 

weight of the blades and rotor is multiplied 

throughout the machine. The tower weight is key 

because it is typically 60% of the weight of the 

turbine above the foundation, due to the fact that 

sophisticated lightweight, high-strength materials 

are often too costly to justify their use. Another 

technology shift is occurring in the drive train. In 

some cases the gearbox is being eliminated by 

employing variable speed generators and solid 

state electronic converters that produce utility 

quality alternating current (AC) power. This trend 

began in small machines and is now being 

incorporated in turbine sizes from 100 kW to 3 

MW. [50] 

 Large Turbines and (Small Turbines1) 
Component/ 

Material  
(% by 

weight) 

Permanent 
Magnetic 
Materials 

Pre-
stressed 
Concrete 

Steel Aluminu
m 

Coppe
r 

Glass 
Reinforced 

Plastic4 

Wood 
Epoxy 

4 

Carbon 
Filament 
Reinforce
d Plastic4 

Rotor         

Hub   (95) 
-100 (5)  95 (95) (95) 

Blades   5      
         

Nacelle2 (17)  (65) 
- 80 3 - 4 14 1 - (2)   

Gearbox3   98 - 
(100) (0) - 2 (<1) - 

2    

Generator (50)  (20) 
- 65  (30) - 

35    

Frame, 
Machinery 

& Shell 
  85 - 

(74) 9 - (50) 4 - 
(12) 3 - (5)   

         
Tower  2 98 (2)     
Notes: 
1. Small turbines with rated power less than 100 kW- (listed in italics where different) 
2. Assumes nacelle is 1/3 gearbox, 1/3 generator and 1/3 frame & machinery 
3. Approximately half of the small turbine market (measured in MW) is direct drive with no gearbox 
4. Rotor blades are either glass reinforced plastic, wood-epoxy or injection molded plastic with carbon fibers 
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A wide range of materials are used in wind 

turbines. There are substantial differences between 

small and large machines and there are projected 

changes in designs that will accommodate the 

introduction of new material technologies and 

manufacturing methods. The estimated materials 

use in small and large turbines is shown in table 2. 

To arrive at a total, the material usage is weighted 

by the estimated market share of the various 

manufacturers and machines types. 

4.1. Reliability 

SWT require a certain degree of maintenance. 

Generally it involves some greasing; visual and 

audio inspection; and checking of guy-wires and 

bolts screws once or twice a year. Heavy 

maintenance, such as the refurbishment of rotor 

blades and changing guyed wires, might be 

required, but only a couple of years after the 

installation. Experience shows that good 

performance needs regular maintenance. Most of 

the competent SMWT dealers or manufacturers 

offer some guidance with planning, installation and 

maintenance. This type of scheme, involving the 

project developers, should be made compulsory 

over a certain period to guarantee a suitable O&M 

process. It is also crucial to assure proper 

installation in the first place, since most of the 

technical failures arise because of not setting up 

the turbines properly and not providing the 

required technical standards[17]. 

4.1.1. LWT 

Usually, wind turbines are designed to operate for 

a period of 20 years. But, no final statement can be 

made yet concerning the actual life expectancy of 

Fig. 24. Frequency of 'failure rate' with increasing operational age [4] 
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modern WTs as, until now, no operational 

experience of such period is available.  

It is clear that the failure rates of the WTs now 

installed, have almost continually declined in the 

first operational years (fig. 24.). The principal 

development of failure rates is well known in other 

technical areas. ‘Early failures’ often mark the 

beginning of operation. This phase is generally 

followed by a longer period of ‘random failures’, 

before the failure rate through wear and damage 

accumulation (‘wear-out failures’) increases with 

operational age. [4] 

The reported downtimes are caused by both 

regular maintenance and unforeseen malfunctions. 

The following refer only to the latter, which 

concerned half mechanical and half electrical 

evaluations components. (fig. 25.) 

 
Fig. 26.  

Share of main components of total number of failures [4] 

Besides failure rates, the downtimes of the 

machines after a failure are an important value to 

describe the reliability of a machine. Taking into 

account all the reported repair measures now 

available, the average failure rate and the average 

downtime per component can be given (fig. 26.). 

So, the high number of failures of some 

components is now balanced out to a certain 

Fig. 25. Failure frequency and downtimes of components [4] 
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extent by short standstill periods. But still, damages 

of generators, gear boxes, and drive trains are of 

high relevance due to long downtimes of about one 

week as an average. 

Large wind turbines achieve an excellent technical 

availability of about 98% on average, although they 

have to face a high number of malfunctions. It can 

be assumed that these good availability figures can 

only be achieved by a high number of service teams 

who respond to turbine failures within short time. 

[4] 

4.1.2. SWT 

Malfunctions, repairs and maintenance of SWT in 

the WMEP (Scientific Monitoring and Evaluation 

Programme) have been reported on form sheets. 

A total of 4 200 reports concerning maintenance 

and repair were submitted by SWT operators. 

About 1 700 reports were related to scheduled 

maintenance. Out of these maintenance reports, 

700 mentioned the replacement of wearing parts 

or the replacement of defective parts. Another 2 

500 reports were concerned with unscheduled 

malfunctions, which can be divided into two 

groups: repair (1 700 reports) and reset of the 

control system (800 reports). The SWT were 

subdivided into two size categories:  

- category 1: 205 SWT that have a rotor diameter 

between 7 m and 16 m, which is corresponding to 

a swept area between 40 m2 and 200 m2. 

- category 2: 30 SWT that have a rotor diameter 

equal or smaller than 7 m, which is corresponding 

to a swept area equal or less than 40 m2. [18] 

Fig.27. shows the causes of failure for all 235 SWT 

in the WMEP. Most of the reported causes for 

failure are based on defective parts or control 

system malfunctions. Combined with the failures 

due to lose parts, these account for 57 % of the 

failures. This is in the same order of magnitude as 

large WT, whereas external influences have 

a higher share for SWT totaling to about one 

quarter of causes for failure. In comparison to the 

larger wind energy plants, SWT in the WMEP are 

more susceptible to storms and strokes of lightning. 

In this sense SWT are required to become more 

reliable, keeping in mind that SWT applications 

have the biggest market potential in remote 

regions. Furthermore SWT must be capable to 

operate in extreme environmental conditions [18]. 

 
Fig. 27. Frequency of causes for failure for all SWT  

(both categories) in the WMEP [18] 
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Fig. 28. depicts the breakdown of repaired 

components for both SWT size categories. The two 

pie charts illustrate that the component groups 

electronic control (electronic control unit, relays, 

measurement cables and connections) and 

electrical system (inverter, fuses, switches, 

cables/connections) are susceptible to failure. 

These two groups are also the most affected in 

large wind energy plants. Generally about half of 

the repairs of large WT are concerned with 

electrical, the other half with mechanical 

components. For SWT in category 1 this ratio is 

slightly shifted to 60 % electrical (blue) and 40 % 

mechanical components (brown), while for SWT in 

category 2 it is the other way round. Moreover, 

concerning SWT in category 2, the mechanical 

component group rotor hub (hub body, pitch 

mechanism, pitch bearings) accounts for 23 % of all 

repairs. Nowadays active pitch control is a common 

feature of large WT. The majority of SWT in the 

WMEP are already pitch controlled too. However, 

this feature proves to be less reliable. Particularly 

the 24 out of the 30 SWT in category 2 that have 

a passive pitch mechanism require more frequent 

repairs. The replacement of a main component is 

a good indicator to assess the long-term reliability 

of the SWT as it usually implies very severe 

damage. Only six replacement measures were 

documented for a total of five SWT in category 2. 

Yet for every third SWT in category 1 at least one 

main component had to be replaced. A closer look 

reveals that out of the 132 replacement measures 

in category 1 almost 100 components were 

concerned with only two specific turbine models. 

These design faults resulted in the replacement of 

27 generators, 34 sets of rotor blades and 20 rotor 

hubs. [18] 

With respect to the overall annual failure rate, SWT 

can be considered more reliable than large wind 

energy plants in the WMEP, whereby large WT have 

one to four failures per year, depending on size and 

type. SWT in category 1 have on average less than 

one failure per year and SWT in category 2 only 

about one failure every two years. A trend towards 

more frequent failure of SWT with increasing plant 

age has not been noted. Data for SWT exceeding 10 

Fig. 28. Share of repair measures on components for SWT category 1 (a) and category 2 (b) [18] 
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years in age is insufficient to make statements 

about the reliability of these older turbines and 

their actual life expectancy. Out of the 235 SWT in 

the WMEP 14 SWT had a lifetime of only between 

five and nine years. The close-down of these 

turbines were caused by e. g. lightning, fire, rotor 

over-speed and collapse of the tower. At least 

another 14 SWT closed down before attaining 10 

years of operation. Among other reasons these 

SWT had damages that were too expensive to 

repair or technical inspection authorities decided 

that the turbines were no longer safe to operate. 

Reports concerning repair measures do not only 

relate to individual components, as simultaneous 

repairs to a number of components are often 

necessary.  

The periods of downtime shown in figure 29. 

are somewhat unclear due to the possible double 

entries. It becomes apparent that the more 

frequent faults e. g. in the electrical system, 

electronic control and sensors, require less effort 

and time to fix than to repair or replace a large 

component like rotor blades, generator or gearbox. 

As an example: In a purely statistical analysis 

a failure in the electrical system occurs once in 

three years and takes four days to repair, while a 

fault in the generator occurs only once in 12 years 

but takes more than three weeks to repair. By 

contrast the relatively frequent failures of large WT 

are usually repaired within one or two days, the 

more seldom ones of large components in less than 

seven days. Thus, in comparison to large WT the 

downtimes of SWT are very long. The limited 

service capacities of the SWT manufacturers and 

the comparatively low production losses account to 

some extent to the longer downtimes. But the very 

long downtimes due to the breakdown of larger 

components cannot be completely explained by 

Fig. 29.Frequency of failure of main components and related downtime for all SWT  
(both categories) in the WMEP [18] 
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this. The average of almost 25 days downtime in 

case of a failure of the generator originates from 

stand stills that were caused by repeated problems 

of mainly six SWT models. These include the SWT 

model with the design fault of the generator for 

which about every second generator had to be 

replaced (see previous page). In many cases the 

combination of limited capacity of trained service 

personnel and nonavailability of spare parts or 

spare components caused the long downtimes. This 

problem concerns particularly very small 

manufacturers that have only little resources and 

few employees. Large WT have an overall technical 

availability of about 97 % to 98 %. Although SWT in 

the WMEP have a lower failure frequency, the 

longer downtimes per failure result in an average 

technical availability of about 96 % [18]. 

4.2. Noise issues 

Major barrier to the acceptance of small 

wind turbines is that they are perceived to be noisy. 

It has been reported that wind turbines produce 

very little noise. Lawson’s early data correlation 

indicated that the sound power level of a wind 

turbine is approximately one-ten-millionth of the 

rated power. Still, people have different 

perceptions of noise, and many believe that 

turbines are noisy. For example, Pedersen et al. 

investigated how wind turbines can annoy people 

(see figure 30.) Transportation noise, such as 

aircraft, road traffic and railways, are all perceived 

as noise at a higher sound pressure level compared 

to wind turbines. Sources of wind turbine noise 

have been classified into four categories: tonal, 

broadband, infrasound, low frequency and 

impulsive, which are described as follows: 

 Tonal noise was common in older turbines, 

which operated at constant blade speed. This type 

of noise is now uncommon, as most turbines are 

variable frequency;  

 Broadband noise has frequency 

components higher than 100 Hz. This is produced 

typically by the blade interaction with the wind 

Fig. 30.Comparison between transportation noise and wind turbine noise annoyance [23] 
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turbulence, leading to swishing; 

 Infrasound refers to frequencies below the 

hearing frequency threshold of about 20 Hz; 

 The low frequency range between 20 and 

100 Hz is suspected of irritation and includes 

contributions from blade-tower noise for 

downwind rotors, such as the one studied in this 

paper; 

 Impulsive noise is the result of short 

acoustic impulses, whose amplitudes vary with 

respect to time. This is generated by the interaction 

of the blades with the disturbed air flow behind the 

tower of the downwind turbine [23]. 

Infrasound and low frequency noise can be 

amplified and, then, radiated by the tower surface. 

Tower vibrations originate from vibrations in the 

nacelle components and the blades passing the 

main shaft, as well as any potential eccentricities in 

the rotating parts. Even if the tower sound power 

level is small, the tower approximates a line source 

for a listener close to the turbine. However, small 

turbines are often placed close to houses and, 

consequently, could annoy the residents more 

often than mid- or large- scale ones, which must be 

placed much further away. Furthermore, at small 

distances, the tower will behave as a line source of 

noise and whose noise reduces with distance more 

slowly than the compact noise sources of the 

blades and nacelle. Thus, the tower should be 

designed, such that noise emission will be 

minimized. A reasonable alternative is to compute 

the noise emission [23]. 

Sound emissions from wind turbines may 

have two different origins: Mechanical noise and 

aerodynamic noise. The mechanical noise 

originates from metal components moving or 

knocking against each other may originate in the 

gearbox, in the drive train (the shafts), and in the 

generator of a wind turbine. Sound insulation can 

be useful to minimize some medium- and high-

frequency noise. In general, it is important to 

reduce the noise problems at the source, in the 

structure of the machine itself. The source of the 

aerodynamic sound emission is when the wind hits 

different objects at a certain speed, it will generally 

start making a sound. For example, rotor blades 

make a slight swishing sound at relatively low wind 

speeds. Careful design of trailing edges and very 

careful handling of rotor blades while they are 

mounted, have become routine practice in the 

industry[66]. 

5. Examples 
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Name Type Price Rated 
power 

Manufacturer / 
country 

No. RPWS 
[m/s] 

SA 
[m^2] 

RM GT Voltage Warranty 

Notus 112 HAWT 
upwind 

1380 
USD 250 W Enersud/ Brazil 20 12 1,0 Fibre glass Axial flux 12/24 V 2 

EXTRACTOR HAWT 
upwind 

1089 
USD 300 W 

Alternate Power 
Technologies Inc. / 

Canada 
- 10 1,8 Aluminum alloy 6063 

T6 PMG 12 V 2 

S700-24V HAWT 
upwind 

300 
USD 400 W Suzhou Greatwatt 

Energy Co, Ltd/China - 12 1,0 Carbon Fiber 
Reinforced Plastic PMG - 3 

Energy Ball V100 HAWT 
upwind 

1950 
EUR 500 W 

Home Energy 
International / The 

Netherlands  
1500 17 0,8 glas-fibre reinforced 

plastic PMG 0-125 V 5 

Bornay 600 HAWT 
upwind 

3250 
EUR 600 W Bornay/ Spain 5000 11 3,1 Fiberglass / carbon Three phases PM 

alternator - 3 

Gerar 246 HAWT 
upwind 

2604 
USD 1000 W Enersud/ Brazil 90 12 4,9 Fibre glass Axial flux 12/24/48/220 

V 2 

TAOS1000 HAWT 
downwind 

980 
USD 1000 W TAOS WIND 

ENERGY / China 1000 12,5 3,1 - - - 3 

BTPS6500 Other / 
DAWT 

5695 
USD 1500 W WindTronics / Canada - 13,9 2,5 - - - 5 

Energy Ball V200 HAWT 
upwind 

4900 
EUR 2250 W 

Home Energy 
International / The 

Netherlands  
> 850 19 3,1 GRP 

Permanent 
Magnet 

Generator 
110 / 230 V 5 

FD4.0-3.0/9 HAWT 
upwind - 3000 w Shenzhen Effsun New 

Energy  - 9 12,56 Reinforced fiber glass 3-phase PMG 
synch. 12V - 

Windspot 3,5 KW HAWT 
upwind 

7773 
EUR 3500 W RS-Energietechnik 

GmbH/ Germany >1500 11 12,6 
polyester resin 

reinforced with fiber 
glass 

Synchronus 
permanent 
magnetes 

24-48-110-
220 V 5 

ComSpin C 4000 HAWT 
upwind 

6800 
USD 4000 W Israwind / Israel 450 11 12,56 fiber glass Asynchronuos 3-

phases 110/230 V 5 

IVS-4500-BT HAWT 
upwind 

8900 
USD 4200 W INVAP Engenieria 

S.A. / Argentina 23 12 15,9 
Fiberglass reinforced 
plastic and expanded 

polyurethane core 

Multi pole 
permanent 

magnet 
48 - 480 V 3 

FD5-5/10 HAWT 
upwind  5000 W 

Shanghai 
GhrepowerGreen 
Energy Co., Ltd. 

 10 19,63 Wood- epoxy 3 Phase PMG DC 230 - 

ZEFIR D7-P5–T10 
[33] 

HAWT 
upwind 

24900 
EUR 5000 W DR ZĄBER Sp. z o.o. / 

Poland - 8,8 38,5 Fiberglass reinforced 
plastic PMG 24 - 48 VDC 5 

FD18-50KW HAWT 
upwind 

134000 
EUR 

50000 
W 

PRONET-
EnergietechnikGbH / 

Germany 
- 10 254 - - 220V 50Hz, 20 
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6. Conclusions 

As an outcome of this literature study, three Pre-Initial SWT geometrical configurations were 

selected for further investigation: classic three- bladed HAWT (stow-α), shrouded- rotor wind turbine 

(stow-β) and a H- type VAWT (stow-γ). Additionally the Pre-Initial SWT aerodynamic performance 

characteristics were provided. 
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