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ABSTRACT 

 

This dissertation focuses on a small scale wind turbine in an urban environment. Significant 

under-performance had been suspected for some time, and this was confirmed by an 

examination of recorded data. The aim of the project was to identify the possible causes. 

 

The initial investigation concentrated on a detailed examination of the roof-top site of the 

turbine and an adjacent weather station. From this, and a mapping of tall buildings in the 

immediate area, an indication of the likely effects of wind direction on turbine performance 

was obtained. However a detailed analysis of performance data revealed no discernible 

directional sensitivity. 

 

Unfortunately the data sets available covered a very limited period and it was not possible to 

trace the history of the turbineôs performance since its installation.  Recent records suggest 

that it is failing to reach the correct speed of rotation to produce its rated power. A number of 

possible causes are examined. The difficulties of monitoring and controlling wind turbines in 

an urban environment are discussed, and recommendations for remedial action in this 

particular case are made. 
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Glossary 

 

Symbol  Units 

A The area swept by the rotor blades m
2
 

c Scale parameter  

Cp Coefficient of Power    % 

D Diameter of the turbine m 

h Probability density function  

I Current in ampere A 

K Shape parameter  

M Mass kg 

Po Power output Watts 

Pm Mechanical power Watts 

V Voltage Volts 

rpm The speed of the rotating field  rpm 

V Wind speed m/s 

VÐ Upstream wind velocity at the entrance on the rotor blades m/s 

Ve Downstream wind velocity at the exit of the rotor blades m/s 

Z Impedance in Ohm Ý 

ɟ Air density kg/m
3
 

 

 

 

 

http://en.wikipedia.org/wiki/Scale_parameter
http://en.wikipedia.org/wiki/Probability_density_function
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Chapter 1 

1. Introduction  

1.1 History 

The wind has been used to generate energy for centuries. First it was used to move ships. 

Later the Persians invented the windmill, initially to pump water before eventually being used 

to grind crops. Nowadays modern windmills are called wind turbines and are used to generate 

electricity on a large scale. They continue to increase in size: 5 MW turbines are now in 

production, and machines of 10 MW are under development 

Persians began to use wind to pump water around AD 634ï644. The windmill was introduced 

to Europe by the Islamic empire and spread around in the 9th century, but it was in the last 

quarter of the 12th century, in northwestern Europe, in the triangle of northern France, 

eastern England and Flanders, where the modern (vertical or horizontal-shaft) windmills 

appeared. Until the industrial revolution windmills were working to grind crops and pump 

water but were then largely replaced by steam-powered and internal combustion machines, 

which in their time were more efficient [1]. 

The first known electricity generating windmill was a battery charging machine 

installed in 1887 by James Blyth in Scotland, but the first windmill for electricity production 

(supply) was built in the United States in 1888 [2]. In the following years, prototypes 

machines were constructed in many countries (some of them very large) without much 

success. It was not until the 1970s that turbines for electricity generation were produced in 

significant numbers. Denmark was the first to establish a wind turbine manufacturing 

industry. Because of financial incentives available in Southern California this led to the 

appearance of the first large scale wind farms in the 1980s.    

The most important issues in the construction of a wind farm are the average speed 

and ñthe qualityò of the wind. Even if the wind speed is good, turbulence produced by trees, 

or hills (or in cities, by buildings) could affect the energy production and introduce unsteady 

loads. Wind resources can be calculated by a measuring mast and consideration of 

topography (roughness of the terrain) and the orography (obstacles such as trees or hills). If 

wind conditions are right it is possible to maximize energy production (efficiency) and 

minimize the cost. The surrounding of the wind turbine has to be an open space (as much as 

possible) in the predominant wind direction. Without any obstacles or very few, the 

http://en.wikipedia.org/wiki/France
http://en.wikipedia.org/wiki/England
http://en.wikipedia.org/wiki/Flanders
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performance of the wind turbine is improved [16]. Turbulence could damage a turbine. 

Unsteady forces around a wind device could damage blades, hub or the mast. Turbulence also 

could affect the foundation and finally destroy it. In addition, in order to repair a turbine, it 

must be within easy access for maintenance when it is needed. 

  Wind turbulence is very important in cities were speed and direction may change as 

a result of the many impeding structures. The wind turbine efficiency drops and the power 

output becomes less than expected. There are also concerns over structural loads, vibration 

and noise; for these reasons the urban turbine is not yet well established. In cities it is difficult 

to find places where wind is clear and constant; even in the highest building it is possible to 

have turbulence, hence performance is affected. 

The cost-efficiency of small wind turbines is open to question. The reality is that the turbineôs 

design and production is very costly, hence it becomes difficult to see profit on the energy 

savings made by the turbine. This is not helped by possible underperformance in the urban 

environment. 

Producing the wind turbines on a larger scale could reduce the initial costs; hence the 

cost-efficiency would start to become attractive. If the efficiency of the turbines were 

improved, their use would be more widespread. But there remain safety concerns and 

possible threats to animals (especially birds that could potentially fly into the spinning rotor).  

Nowadays, as people are more aware about possible global pollution problems and the 

increase of the earthôs temperature, it is becoming more important to ñpossessò renewable 

energy. At present wind energy is perhaps the most feasible in the renewable energy sector, 

and turbines give a very visible indication of the ownerôs green credentials. However, 

researchers will need to improve the efficiency of turbines for maximum performance.  
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1.2 Newberry Tower Wind Turbine Project  

Three years ago, the Mackintosh Environmental Architecture Research Unit (MEARU) 

decided to install a small scale wind turbine, Proven 2.5 kW. The diameter of the turbine is 

3.5 metres with annual output expected to be in the range 

of 2,500-5,000 kWh. This specific turbine is designed to 

work in wind speeds higher than 2.5 m/s ñcut inò and 

than <70 m/s ñcut outò. The rated wind speed is 12 m/s 

[17]. 

This installation project was supervised by Dr 

Tim Sharpe. MEARU was interested in doing an 

experimental study about the feasibility of building 

integrated wind energy through use of a wind turbine [2]. 

The original idea was to integrate a number of sources of 

renewable energy in the urban environment and reduce 

the CO2 emission.  

 

 

    Figure 2 

 

Figure 1 
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Newberry Tower is the highest building in its area. The wind turbine was installed in 2006.  

During the first meeting with Dr Tim Sharpe in June 2009 he stated us that during the first six 

months the turbine had worked correctly and had achieved the expected energy output. 

However, after six months, the energy output dropped, and had never reached the theoretical 

output again. Available data from the time period May 2008 to June 2009 showed that the 

maximum power output is less than 1 kW.  During normal operation this would be expected 

to be 2.5 kW demonstrating a serious drop in performance. 

During that same meeting, Dr. Sharpe commented that he had also experienced initial 

problems with the inverter and later with the physical position of the turbine weather station 

which could have potentially affected performance.  However, when these problems were 

resolved the turbine was still underperforming [2]. 

Due to this is it could be argued that it is necessary to look at other ways performance 

could be affected such as the position of surrounding buildings.  An investigation of this is 

shown below through the following photographs. 

The Figure 3 shows the wind turbine position. Circled in red is the Newberry Tower and the 

highest buildings in the area are circled in green. The Newberry Tower is still at least 3 

metres higher than the other buildings [25]. 

 

 

Figure 3 
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The following pictures are taken from the roof of Newberry Tower. In these pictures, it is 

possible to see surrounding buildings in the area around the Newberry Tower that could 

potentially affect the energy output. The picture below depicted in Figure 4 shows the 

buildings from North to East of Glasgow. There are two buildings circled in green that could 

create some turbulence in this area.  These buildings are situated around 420 metres the first 

in the right and 450 metres the second in the left from the turbine. 

 

Figure 4 

 

The Figure 5 shows the buildings from East to South of Glasgow. The building circled in 

green is situated around 178 metres from the turbine and stands around 3 to 4 metres below 

the Newberry Tower. 
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Figure 5 

The Figure 6 shows buildings from the South to the West of Glasgow. In this area there is 

one building which could produce turbulence. It is around 70 metres away and around 3 

metres lower than Newberry Tower. 

 

 

Figure 6 

 

The Figure 7 shows buildings from Southwest to Northwest of Glasgow. It is clear from this 

that there are no buildings that it could affect the turbineôs performance as all are much 

lower. 
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Figure 7 

The Figure 8 shows a tower which is situated on the roof of the Newberry Tower, located 

from Southwest to Northwest. This tower is around 11 metres away from the turbine and 

taller than the tower on which the wind turbine is installed. It could be argued that this could 

create the biggest turbulence in this area, together with the airflow coming from the bottom of 

the building.    

 

Figure 8 
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In this plot is possible to see the roof layout. Circled in green is the opposite tower.   

 

 

Figure 9 
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Chapter 2  

2. Literature R eview 

This chapter will look at the following 2 different areas 

¶ People who have been using wind energy through the installation of a small wind 

turbine. (Case study 1) 

¶ The opinion of experts on small scale wind turbine efficiency. (Case study 2,3,4,5) 

Following from this, it will review several case studies located in Europe and the USA. 

2.1 Case Study 1 

The first case study is Donnachadh McCarthy's Camberwell home (3 Acorns Eco-Audits). In 

November 2005 he installed a Stealthgen D400 which is rated at 400 Watts. During the first 

year, this installation had various problems.  Firstly it experienced some vibration issues 

which were resolved when original turbine bearings were changed.   Next the energy input 

dropped considerably and this issue was resolved when the inverter that was replaced in 

August 2006 [3]. This installation only produced about 30 kWh over 3 years. (Email 

Donnachadh McCarthy, Appendix C). 

 

 Donnachadh McCarthy's Camberwell home 

Figure 10 

 

 

http://www.bestdissertation.com/services/dissertation/literature-review.html
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Another example of the use of small wind turbines for energy is Ormiston Wire Ltd. This 

company installed a Proven 2.5 kW wind turbine in July 2003 and at the same time, also 

installed 120 solar photo-voltaic panels.  

 

 Ormiston Wire Ltd  

Figure 11 

The turbine and the PV panels produce enough electricity for the company and Ormiston 

Wire Ltd surplus to sell back to Ecotricity (Ecotricity is a green energy company based in 

Stroud, Gloucestershire, England, specializing in wind power). Unfortunately no details of 

the relative contribution from wind and PV have been published.  This installation is one of 

the first industrial applications of small wind turbines in the UK [4]. 

A further example is Thames Valley University. In October 2004, Thames Valley University 

installed a pair of Proven wind turbines on top of Westel House. Both turbines could supply 

around 2 % of the electricity demand for Westel House per annum [5].   

 Twin turbines on TVU's Westel House. Figure 12 

http://en.wikipedia.org/wiki/Green_energy
http://en.wikipedia.org/wiki/Stroud,_Gloucestershire
http://en.wikipedia.org/wiki/England
http://en.wikipedia.org/wiki/Wind_power
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2.2 Case Study 2 

One expert in this field of turbines is Paul Gipe.  Paul has written several books of this topic 

and has also had many other articles published. These have been translated from English to 

many different languages. 

Paul Gipe reviewed the Spanish Survey of Small Turbine Technology project. The research 

was carried out by Spain's national energy centre, CIEMAT. In the town of Soria a group of 

people carried out some tests for stand-alone wind systems. CIEMAT's Ignacio Cruz 

summarized that medium-size wind turbines have higher efficiency than the small scale wind 

turbines for stand-alone applications. He also stated that as this is still a young technology the 

installation of a small scale wind turbine for stand applications have a higher cost than larger 

turbines.  Cruz found that a small turbineôs power coefficient could not go further than 35 % 

when medium size could reach to 42 % [6]. 

Another interesting report from the Paul Gipe website is the ñWhisper H40 Final Reportò.  

Between the years 2001-2002 Paul Gipe installed a Whisper H40. This turbineôs power 

output was rated at 460 watts. Before he installed it, the rating changed to 900 Watts at 12.5 

m/s [7].  

Paul Gipeôs conclusion was that Whisper H40 is an interesting wind turbine device but it 

does not reach the ideal power curve performance at 900 watts.  

Whisper H40ôs test at Applachian State University's Beech Mountain Small Wind Research 

and Demonstration Facility by Brent Summerville confirmed earlier power curve tests on the 

H40 at the Wulf test field.  

 

 

 

 

 

 

Whisper H40 

 

 

 

 

 

 

Figure 13 
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Results shown in figure 14 suggest that 900 W output is obtainable but on many occasions 

the output falls well below this, giving a mean power curve at round 650 W. 

  

 

            Figure 14      Source [7] 

2.3 Case Study 3 

This section uses examples from the NREL website which focuses on the Small Wind 

Turbine Applications: Current Practice in Colorado report [8]. These illustrate several cases 

where small wind turbine applications have worked successfully. 

The first example is situated in rural Douglas County, Colorado. This region provides 

unusual winds. The farm has an off grid home and has installed Whisper H900 and Whisper 

4500 wind turbines, and also a Solec PV 

panels, rated at 1.44 kW. This installation 

is supported by 12 kW diesel generator. 

Both turbines have good wind resources 

although there is also turbulence, but both 

turbines work without problems.  

 

Whisper 900 wind turbine on hillside above. Douglasô 

County home 

 
Figure 15 
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The second example is a situated in rural residential area of Boulder County. It has a grid 

connection and it installed a WPT 3 kW turbine and also a BP Solar model 590 PV panels, 

8.6 kW. These turbine and solar PV panels generate an energy surplus; total power 

consumption is about 1000 kWh/monthly [8].  

  

 

 

 

 

Whisper 3000 wind turbine adjacent to passive-solar home with PV 

panels on roof 

 

 

The next example is situated at the same area as the first example, 0.5 miles away. This home 

has 3 different energy systems, an on-grid electrical system, an off-grid electrical system, and 

a water-pumping system [8].   

 

 Winco 450 Watts 

Figure 17 

This installation has a pair of Winco wind turbines of 450 Watts and an aerometer 

mechanical water-pumping windmill. 

 

Figure 16 
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2.4 Case Study 4 

Europe has different non-governmental organisations which inform and advise people how to 

make changes to their houses to save energy.  In addition, this will also help with climate 

change by reducing Co2 emissions.  One example of this is in the Energy Saving Trust 

website where it is possible to find information about products or methods to reduce your 

reduce Co2 emissions by recycling, install low energy light bulbs or generate your own 

electricity.  

In this website there are different reports and documents but there is one interesting 

approach to the small scale wind turbine which explains the reliability of the small scale wind 

turbine [9]. The ñMicro and Small wind turbine applications in the built environmentò report 

by the carbon trust/ESPRC funded carbon vision project called Tarbase has a similar 

conclusion to the previous report [10].   

From the report ñDomestic Small Scale Wind Turbine Field Trialò it could be 

concluded that it is necessary to improve the reliability of small scale wind turbine and the 

wind speed database. The database has a lack of resolution and energy predictions are not 

always accurate. Following from this, improvement in domestic consumersô information 

could increase the sale of wind turbines and reduce Co2 emission from existing UK building 

stock by 50 % by 2030.    

 

Figure 18 

Figure 18 represents the introduction of small scale wind turbine in a rural environment 
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The conclusion of the Micro and Small Wind Turbine Applications in the Built Environment 

report is that micro and small scale turbines could contribute to reduce Co2 emission but this 

area has to be developed as the methodology has a lack of information for specific turbines in 

different building types. There is also a lack of accuracy in databases as seen in the previous 

report.  

2.5 Case Study 5 

Universities like Strathclyde have been enrolled in different small scale wind turbine projects. 

In Glasgow, the Lighthouse Building had installed four ducted turbines with integrated 

photovoltaic spoilers [11]. Ducted turbines use the updraft of the airflow along a building 

site. Airflow goes up from the bottom of the building to the roof where the wind turbines are 

installed.  

 

Figure 19 

Ducted wind turbine installed in the Lighthouse building Glasgow 

 

Clarke at [11] concludes that a ducted turbine helps to reduce electricity demand 

along with passive solar and PV panels. Winter is the only period where is clearly observed 

that extra energy is needed. 
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Chapter 3 

3. Theory  

3.1 Wind Fundamental Theory  

A wind turbine is a rotating machine which converts the kinetic energy in wind into 

mechanical energy. If the mechanical energy is used directly by machinery, such as a pump 

or grinding stones, the machine is usually called a windmill. If the mechanical energy is then 

converted to electricity, the machine is called a wind generator or wind turbine [12]. A 

comprehensive theoretical treatment may found in [13]. 

¶ Kinetic Energy: 

The kinetic energy in air of mass ñMò moving with speed V is given by: 

EMVKE == 2

2

1
; 

A is the area swept by the rotor blades given by:  

2

4
DA
p
= ; 

The volumetric flow rate of air through the turbine is AV;  the mass flow rate of the air in kg/s 

is rAV so now 

32

2

1
)(

2

1
AVVAVPm rr == ; 

Pm is the power output at the site.  

http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Wind
http://en.wikipedia.org/wiki/Mechanical_energy
http://en.wikipedia.org/wiki/Windmill
http://en.wikipedia.org/wiki/Electric_power
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¶ Power Extracted from the Wind: 

 

}22{
2

1
VeVAVPm -¤= r ; 

 

The mass flow rate of the air through blades is, therefore, derived by multiplying the density 

with the average velocity, giving: 

 

Mass flow rate =
2

VeV
A

+¤
r ; 

 

Mechanical power extracted by the rotor, which is driving the electrical generator: 
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 is the power coefficient of the rotor; 

Cp =
2
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Cp depends on the ratio of the downstream to the upstream wind speeds, which is( )¤VVe/ . 

For an idealised turbine without losses, Cp peaks at the Betz limit (Cp = 16/27 = 0.59), and in 

this ideal case ( )¤VVe/  is 1/3. The practical maximum value of Cp is below 0.5 [12]. 

Therefore; 

 

PCAVP 3

0
2

1
r= ; 
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3.2 Describing Wind Variations: Weibull Distribution  

The traditional method of doing this is to express the probability density of wind velocities 

through a Weibull Distribution. A typical site 

graph is shown Figure 20. The median wind 

speed for the site shown, indicated by the 

vertical line, is about 6.7 m/s. The areas under 

the curve are equal on each side.  

 

 

 

(The Danish web-site from which this is taken (see copyright label) is a particularly 

useful source of information on wind energy) 

 

 

The Weibull distribution is a continuous probability distribution , the probability density 

function of a Weibull random variable given by [13] 

( ) kk
k ö

÷

õ
æ
ç

å
-

-

ö
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õ
æ
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å
ö
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õ
æ
ç

å
= c

v

e
c

v

c
Vh **)(

1

   for 0 < V < Ð; 

Where k > 0 and c > 0 

It is a complementary cumulative distribution function and a stretched exponential function. 

The Weibull distribution is related to a number of other probability distributions; in 

particular, it interpolates between the exponential distribution (k = 1) and the Rayleigh 

distribution (k = 2). 

v is the wind speed and finally h is given by:  

 

 

 

Source [13] 

 

 

 

Figure 21 shows Weibull probability distribution. 

v

vvandvbetweenisspeedwindtimeofFraction
h

D

D+
=

)(________

Figure 20 

http://en.wikipedia.org/wiki/Probability_distribution
http://en.wikipedia.org/wiki/Probability_density_function
http://en.wikipedia.org/wiki/Probability_density_function
http://en.wikipedia.org/wiki/Cumulative_distribution_function#Complementary_cumulative_distribution_function
http://en.wikipedia.org/wiki/Stretched_exponential_function
http://en.wikipedia.org/wiki/Exponential_distribution
http://en.wikipedia.org/wiki/Rayleigh_distribution
http://en.wikipedia.org/wiki/Rayleigh_distribution
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    Figure 21 

   Graph of h vs. v at various k Values 

Source [14] 

k = 1 designates the exponential distribution, veh ll -= *    

where c/1=l  

k = 2 makes it the Rayleigh distribution, 
2)(2 **2 vevh ll -=  

k > 3 makes it approach a normal bell-shape distribution [13]. 

 

 

Source [14] 

Weibull probability 

function with scale 

parameter c  =10 and 

shape parameter k  =1, 

2 and 3  
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¶ Energy Distribution: 

If the energy distribution function is given by: 

 
v

v)(v and between v  windby theyear  in theon contributikWh 
= e

D

D+
; 

Then the distribution would look like the shaded curve in the Figure below for the 

Rayleigh equation 

 

Figure 22 

Wind Speed and Energy Density Frequencies for Various Wind Speeds 

3.3 Wind Turbine System  

Kinetic energy in different wind speeds is converted into rotational energy in the rotor. It is 

then transferred to a gearbox and afterwards to the generator where it directly converts the 

mechanical energy into electrical energy. The Proven wind turbine does not have a gearbox 

but many large wind turbines have one. It is necessary to convert this electrical energy to the 

equivalent grid values, 50 Hz or 60 Hz and constant voltage amplitude. Many turbines 

operate at constant rotational speed, but smaller machines are often variable speed and it then 

necessary (if connecting to the grid) to process the electrical output with an inverter. The 

inverter converts the electricity generated for different wind speeds to a constant voltage and 

frequency. Finally electrical energy is transferred to the grid and converted to 230 V or    

400 V, 50 Hz and used by an industrial or domestic consumption [16]. 
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A traditional wind turbine output graph is divided in three different regions. The plot below 

shows the typical wind energy distribution for a wind turbine, Region I, Region II, Region III 

which correspond with different wind speeds. 

 

Figure 23 

In Region I, where wind speeds are under the cut-in, wind speeds could not move 

wind turbine blades and it does not produce energy. For Region II, wind speeds are between 

the cut-in and the rated wind speed [15], in this region power output increases sharply as 

wind speed increases. In Region III, wind speeds are over the rated wind speed and power 

output is maintained roughly constant at the rated value. This regulation of power output is 

achieved either though control of blade pitch angles, or though natural stalling of the flows 

over the blades. After Region III the wind speed exceeds the Cut-in value and the turbine 

must shut down for safety reason [16].   

 

Figure 24 
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3.4 The Wind Market in Europe  

In 2008 the European wind market had increased to over 8.4 GW installed energy capacity. 

Since 2007 it has increased by 15 % to reach a total installed energy capacity of 64,949 MW 

in 2008 up from 56,535 MW the previous year and it is expected to reach 240 GW by 2012 

[17]. Again assuming current growth, global wind turbine production will grow by over     

155 % in the same period, and has in fact now hit 20 GW production of new installations per 

year. 

The global electricity produced by wind energy will in 2012 exceed 500 TWh (up 

from 200 TWh in 2007) [15]. China and United states are the countries which are developing 

fastest in the wind market, their superpower (or upcoming superpower) status and the 

increasing price of oil and other conventional energy sources having a large effect.  

Europe is just being North America with 10.3 GW annual energy installations. By 2020, 

Europe has to generate 20 % of total energy using renewable energy. It will therefore need to 

generate about 35 % of its electricity from a renewable energy source, of which wind might 

produce 12 % [18].  

The Figure 25 illustrates the wind energy resources in Europe. Notice that the UK and Ireland 

have the highest wind speed in Europe.  In particular, Scotland which has the highest wind 

speed in the UK, over 6 m/s[17].  

 

Figure 25 

Source [18]] 
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Table A shows the installed wind capacity in Europe. Germany has highest wind energy 

production, only Spain having comparable levels of activity. Other countries like Italy, 

France and the UK are developing large programmes to increase the use of this source. 

 

 

 

 

 

 

 

 

 

 

 

 

Table A 

Source [19]   

Scotland has increased its wind energy sector, expecting to reach 10 % of electricity from this 

source by 2010. Itôs still uncertain if Scotland will achieve the European 20 % target by 2020.  

The 2010 and 2020 targets are really challenging. Spainôs renewable energy production 

percentage may almost pass 10 % by 2010, Germany might achieve its 2010 target but itôs 

really uncertain that either country will achieve 20 % by 2020. Denmark is the only country 

at present whose percentage output can plausibly hit the 20 % target [20].  
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3.5 Small Scale Wind Turbine 

In the United Kingdom in the small scale wind turbine market, almost 10,000 small systems 

have been deployed, providing over 20 MW of installed capacity. Annual deployment has 

increased from 7.11 MW in 2007 to 7.24 MW in 2008 [21]. The UK is also a major exporter 

of small scale turbines. The principal buyer is the US, whose market grew over 78 % last 

year, providing more than 17.3 MW of installed capacity. This sector will increase to more 

than 1 GW by 2020 if there are appropriate policies allowing it to support private investors. 

 Figure 26 shows the growth in installed capacity of different small scale wind 

turbines. The annual energy production depends on the wind speed of the site and as in the 

big wind turbine case the character of the wind also affects how much energy a small turbine 

can deliver. 

 

 

Figure 26 

 

Source [22] 
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The small scale systems are divided in four different groups, each group is also divided by 

the power output that a turbine could deliver. The pie chart below shows the UK installed 

capacity in 2008 for the different small scale wind turbines. 

 

 

Figure 27 

 

These urban turbines produce electricity at the location where it is installed; hence 

there are no transport losses. The generator transforms mechanical energy electricity just 

once and in addition, there is only one loss caused by conversion (AC to DC then DC to AC 

and finally to AC 230).   

This turbine technology can be used in numerous locations, not only in urban environments 

but also in remote locations where the national grid connection does not extend.  For 

example, in the Antarctica the International Polar Foundation (IPF) has installed eight 6 kW 

Proven turbines which will delivery annual output between 6000 to 12000 kWh depending on 

the site.  

Due to the nature of wind energy it unfortunately prohibits it from being used as an 

emergency energy. It is not always available at the time it is need, but it can of course be used 

to charge energy stores (e.g. batteries) for energy use. 
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Chapter 4 

4.1 Methodology 

Three years ago, the Mackintosh Environmental Architecture Research Unit (MEARU) 

installed a small scale wind turbine, 2.5 kW. During the first 6 months, the Proven 2.5 kW 

turbine went through a performance test and the power output was acceptable. After 6 months 

the turbine started to produce less energy and power output decreased to between 1/3 and 1/4 

of the expected output (see p 11).  

The turbine is controlled by a combination of (i) the inverter loading the generator, 

based on a 3 point voltage-power curve with load regulated by the voltage (proportional to 

Rpm) and (ii) the passive pitching of the blades. If there is no load on the generator because 

for example, the grid connection is lost or the inverter is switched off, the turbine will then 

spin up to its maximum offload speed for the given wind speed. The loading curve which is 

programmed into the inverter is one of the key things to check, in order to evaluate if  a 

turbine is under-performing.  

The physical data investigated throughout this dissertation were collected between May 2008 

and June 2009 and recorded on a per minute basis. It quickly became difficult to work with 

this per minute data because of its quantity; hence it is dealt with in 10 minute averages. 

Around 1,000 data acquisitions per week were received. Therefore plotting ranges of 1,000 

pieces of data it is possible to look at the turbine performance over a week. It is still 

necessary to use 1 minute data for certain investigation plots. A table which contains the most 

important parameters, Voltage, Ampere, Power or Rpm was constructed to produce 

calculated features such as coefficient of power, load impedance or tip speed ratio.  

Modern three blade wind turbines reach a maximum Cp value in the range 0.4 to 0.45, 

and tip speed ratio of 4 to 5. High values of Cp are maintained over a wide range of tip speed 

ratio. Smaller turbines (particularly those with rotors of high solidity such as the Proven 

machine) would have a smaller value of maximum Cp, and would tend to operate at lower tip 

speed ratio.  

 



University of Strathclyde  September 2009 

Antonio Luque P 34 

 

 

      Coefficient of power vs V0/V ratio  [24] 

 

Other important parameters to look at in to the spreadsheet are the current and calculated 

impedance, both of which would be plotted with respect to the mean V IZ= . Current is 

inversely proportional to the impedance. Plotting both parameters would allow us to clearly 

see if the turbine is running slow when there are higher wind speeds, high current and small 

impedance. 
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4.2 Results  

4.21 Ideal Case 

This type of turbine could produce an annual energy output in the range of 2,500-5,000 kWh 

depending on site [24]. The plot below shows Proven 2.5 kW turbine power production at 

different wind speeds.  It demonstrates that the output peaks at a wind speed of 15 m/s 

producing almost 3 kW and then drops slightly, stabilizing at 17 m/s at approx 2.7 kW. 

Figure 28 shows ideal value for a new Proven 2.5 kW wind turbine.  

 

 

 

 

Figure 28 is for the latest version of the Proven 2.5 kW wind turbine and the power output 

reaches almost 3 kW.  In comparison, Figure 29 represents the previous Proven 2.5 kW.  

From this it demonstrates that the power output did not go higher than 2.2 kW at 14 m/s, 

although the performance in wind speeds greater than this is not shown. For each wind speed 

there will be an optimal rpm to maximise power output, and if this is not achieved the 

performance will suffer. 

    

Figure 28 

http://www.bestdissertation.com/services/dissertation/results.html
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Figure 29 

 

The turbine described in Figure 29 starts to produce energy, when wind speed reaches around 

4 m/s. At this wind speed the coefficient of power is around 15 %. It continues to rise until 8 

m/s when the Cp reaches a maximum around 35 % and then goes dips to under 10 %, at 25 

m/s.  

Figure 30 shows an ideal coefficient of power for the latest Proven 2.5 kW turbine with 

respect to the tip speed ratio performance. The maximum Cp is around 40 % and ɚ is around 

3- 3.5. 

 

 

Figure 30 
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The turbine spins faster when wind speed increases, therefore at a higher wind speed, up to a 

point, rotors will spin faster. The point at which this turbine is spinning fastest is around the 

rated wind speed. This turbine tends to turn more slowly at wind speeds greater than the rated 

wind speed (see Figure 31). The highest speed is between 12-14 m/s with maximum rpm 

around 330. Above 14 m/s the turbine will slow down not below 300 rpm. The Proven is 

unusual in having deformable blades, which flex in a controlled manner in high winds. 

Aerodynamic behaviour is changed and there is some reduction in the rotor swept area. 

Details of blade behaviour are commercially sensitive. 

 

 

Figure 31 

 

Similar circumstances occur with voltage. It increases until the turbine reaches rated wind 

speed. After it surpasses this speed it will then drop several volts mirroring the effect of the 

rpm described above.  Output voltage is around 295 ±0.5 Volts at rated wind speed.  

Wind direction may also be important.  The energy output from a wind turbine may be higher 

in some wind directions. This could occur due to obstacles such as buildings affecting the 

turbine thus resulting in the power output decreasing or increasing. This raises the issue of 

accuracy of wind speed measurement. It is clearly impossible to measure wind speed at the 

exact location of the turbine. Discrepancies between measured and ñtrueò wind speed may be 

substantial, especially in an urban location. Finally, power output may also be affected by 

changes in atmospheric air density.   



University of Strathclyde  September 2009 

Antonio Luque P 38 

 

4.22 Case Study  

This case study is divided in six different parts. 

1. Cp with respect to tip speed ratio. 

2. Cp with respect to wind speed. 

3. Wind speed with respect to rpm. 

4. Power with respect to rpm. 

5. Current and voltage and Impedance.  

6. Wind direction and its effect on performance. 

 

In plotting Cp with respect to tip speed ratio the performance of the wind turbine is going to 

be evaluated. Similarly it is possible to evaluate Cp with respect to wind speed. The aim is to 

calculate the efficiency of the wind turbine from the following graphs.  From this it can be 

illustrated through percentages whether or not the turbine is performing as it should. 

Power output with respect to rpm is one of the things that are used to evaluate the wind 

turbines performance.  From plotting this data it can be shown that at each optimum rpm the 

turbine gives the appropriate power output. Any problem that occurs with the turbine power 

output may be resolved by studying the power versus rpm data.    

Voltage, current and calculated impedance give an idea about the inverter effectiveness. The 

inverter is part of the control system which increases or reduces the spinning of the blades 

according to the optimum rpm at a particular wind speed. Following from this, it reduces or 

increases voltage and current when wind speed changes. 

The collected data is divided in 12 different parameters which the most important parameters 

to this study project are: Rpm, power output, voltage, current, and bins. Wind direction was 

not possible to record. The wind direction was obtained from Met Office (see Appendix C). 

Using the data recorded parameters such as tip speed ratio or impedance were calculated.
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May 2008 

1. Cp with Respect to Tip Speed Ratio 

As stated in the Methodology, coefficients of power plots are divided in weeks. Each plot 

represents seven days, hence these plots are divided in four weeks and there is an extra 

plot for the other 3 or 4 days.  

Figure 32 represents the Coefficient of power curve with respect to ɚ.  The maximum 

effciency is under 20 %. There are three points above to 20 % but these cases are when 

wind speed are under 4.5 m/s and power output is small, therefore these points are not 

reliable.  ɚ is between 3 and 4 and maximum Cp is around 3.5. The plot below shows the 

first weeks turbine performance in May 2008. For more information please refer to Table 

2. 

 

 

 

Figure 32 
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From Figure 33, from the wind third week of May 2008, it can be clearly seen that the 

same circumstances have occurred as in the previous plot. The turbine continued to 

underperform, Cp did not reach 20 % and ɚ potimum was still between 3 and 4. 

 

 

Figure 33 

 

For more information please refer to Table 1 
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2. Cp with Respect to Wind Speed 

This part shows Cp evolution with respect to wind speeds during the first week of May 

2008. The graph shows a maximum Cp at between 5 to 7 m/s and the correct increase and 

decrease in Cp evolution. These circumstances are similar to the ideal case where Cp 

reaches a maximum percentage of around 7 m/s, but of course the peak values are far 

from too low. 

 

 

Figure 34 

 

The third weeks graph (Figure 35) shows the same characteristics as the previous one in 

Figure 34.  Here it demonstrates that the downward trend of Cp at high wind speeds 

continues beyod 10 m/s.  

For more information please refer to Table 1 
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Figure 35 

 

3. Wind Speeds with Respect to Rpm 

To find clearer results, wind speed and rpm have been plotted without using an average 

10 minutes such as had been used for the other plots. Instead it has been plotted minute by 

minute.  It is more interesting to look at exact wind speeds rather than an average, 

particularity considering higher wind speeds. Using this method it could possibly 

highlight any unusual behaviour.  

In the following graphs plots are 3 days data acquisition, hence to show a month there are 

10 plots. 

During May 2008, there were 51 times that wind speeds were 12 m/s or higher. Hence 

during these 51 times, the energy output should have gone up to 2.2 kW.  However, in 

reality the maximum energy output was 0.7 kW. Nevertheless, it to be taken into 

consideration that in an ideal case, with higher wind speeds of over 14 m/s  all parameters 

(setback rpm, voltage and current) tend to drop in value.   

Figure 36 shows a correct rpm evolution with a steady rise as in normal ideal 

circumstances. In an ideal case the rpm should be over 300 at around 10m/s however, in 

reality the rpm at 10 m/s did not go further than 285 rpm.  

This difference between the real and ideal rpm should cause a drop in the expected 

energy output of around 0.5 kW.  However, in this case the energy output dropped to 0.4 

kW, thus showing a difference in energy output of 1.1 kW between what was expected 

and the reality. 
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In order to extract power from the turbine at low wind speeds, it is necessary to let the 

rotor spin before will be possible to create power otherwise it would stall and stop. 

Therefore graphs below show rotor speeds movement before 4 m/s [24].  

  

 

Figure 36 

 

In Figure 37 the 2 points highlighted in red illustrate 280 and 300 rpm.  The first red point 

is around 10 m/s and second is almost 12 m/s. Extracted from ideal case rpm at both 

points rpm should be over 300 rpm at 10 m/s and over 320 rpm at 12 m/s.  However in 

this case they both have between 20 and 30 less rpm and the turbine spin is between 5 to 

10 % less.  
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Due to the decreased rpm stated above the it should therefore result in the spin turbine 

producing less energy.  Even so, surprising given the the above data the power output 

produced was much less than 50 %.  It would have been expected that at 10 m/s power 

output should be around 1.8 kW.  

 

 

Figure 37 
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Figure 38 shows a steady increase of rpm until it reached 303 rpm at 12 m/s. 

 

 

Figure 38 

Figure 39 shows similar characteristics to the previous plots. At the end of the rpm 

evolution, the wind speed went up to 14 m/s and speed fell back to 298 rpm.  

It is interesting to see that at the end of the rpm evolution, there were blue points  between 

11.3 and 12.7m/s where the rotor speed went beyond 300 rpm. This small increased in the 

rpm did not have any representation in the power output which remained stable at 

between 0.5 and 0.7 kW. However, it had a small representation in parameters such as 

voltage, current and impedance. See more information in Table 1, in Appendix A. 

Table 1 shows different parameters at 302 rpm. 

 

Figure 39 
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4. Power with Respect to Rpm 

In this part of the case study, the graphs are plotted minute by minute and the now graphs 

have now changed to represent an average 10 minutes.  

During first week of May 2008 (Figure 40), power output did not go further than 0.5 kW. 

The circumstances are also similar in Figure 41. For the third week of May 2008, if these 

Figures had plotted with minute by minute data the power output could have reached 0.7 

kW. 

 

Figure 40 

 

The highest rotor speed obtanined was 270 rpm. In the ideal case at 270 rpm power 

output is over 1 kW. Thus there is a deficit of 0.5 kW in output. 

 

Figure 41 
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5. Voltage, Current and Impedance 

This section shows how wind speed affects the voltage produced and further how the 

current is affected by wind speed. Figure 42 shows a steady increase in the voltage from 

220 V to 240 V. In an ideal case, the voltage should be around 300 V at 10 m/s but in this 

case study conducted during May 2008 the voltage did not even reach to 270 V. 

 

 

Figure 42 

 

Figure 43 shows the third week of May 2008. Even though Figure 43 shows a windier 

week than Figure 42, the voltage did not increase further than 245 V. In the cases 

depicted in Figure 42 and 43, when the wind speed increases from 9.5 m/s ( Figure 42) to 

11.7 m/s (Figure 43), the voltage increases by around 5 volts.  

Table 2 shows turbine performance at 10 m/s. Voltage oscillated between 242.7 and 

244.6, for the same wind speed, when an ideal case should be stable with small 

oscillation, no more than 0.5 V.    
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Figure 43 

 

During the first week of May 2008 the same circumstances occurred with the current.  It 

increased slightly but it was well below the expected level. 

 

 

Figure 44 

 

 

 

 

 


















































































