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ABSTRACT

This dissertation focuses on mall scale wind turbinen anurban environmensSignificant
underperformance had been suspected fomeotime, and this was confirmed by an

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

The initial investigation concentrated on a detailed examination of thetapdite of the
turbine and an adjacent weatheatigin. 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 sensitiiy.

Unfortunately the data sets available covered a very limited period and it was not possible to
trace the history of the turbineds perfor ma
that it is failing to reach the correct speed of rotatioprtmuce its rated peer. A number of

possible causes are examin&te 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’
c Scale parameter
Co Coefficient of Power %
D Diameter of the turbine m
h Probability density function
I Current in ampre A
K Shape parameter
M Mass kg
Po Power output Watts
Pm  Mechanical power Watts
V Voltage Volts
rom  The speed of the rotating field rpm
Vv Wind speed m/s
Vp Upstream wind velocity at the entrance on the rotor blades m/s
Ve Downstrean wind velocity at the exit of the rotor blades m/s
z Impedance in Ohm Y
} Air density kg/m®
Antonio Luque P7
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Chapter 1
1. Introduction

1.1History

The wind has been edto generateenergyfor centuries First it wasused to move ships
Laterthe Persians inventade windmill, initially to pump water before eventually being used
to grindcrops.Nowadays moderwindmills arecalledwind turbines andare used to generate
electricity on a large scale. They continue to increase in sidMW5sturbines are now in
productian, and machines of 10 MW are under development

Persiandeganto use wind tqoump watearoundAD 634 644. The windmill wasintroduced
to Europe by the Islamic empire and spread araanitie 9th centurybutit was in thelast
guarter of the 12th centuryn northwestern Europen the triangle of northerrrrance
easternEngland and Flanders where the modern (vertical or horizontalshaft) windmills
appearedUntil the industrial revolution windmslwere working to grind cropand pump
water but were then largelyeplacedby steampoweredandinternal combustio machines
which intheirtime weremore efficient [1].

The first known electricity generating windmill was a battery charging machine
installed in 188 by James Blyth in Scotlandut the first windmill for electricityproduction
(supply) was built inthe United Statesn 1888 [2]. In the following years, prototypes
machines were constructed in many countries (some of them very large) without much
success. It was not untthe 1970s thaturbines for electricity generation were produced in
significant numbers. Denmarkas the first toestablisha wind turbine manufacturing
industry. Because of financial incentives available in Southern Califotimisled to the
appearance of the firstrge scale wind fargin the 1980s.

The most important issaen the construction o wind farm arethe average speed
andfithe quality of thewind. Even if the windspeeds good turbulenceproducel by trees,
or hills (or in cities by building9 coud affect the eargy poductionand introduce unsteady
loads. Wind resourcescan be calculated by measuring mast andonsideration of
topography (roughness of the terdaamd the oography (dstacles such as trees hills). If
wind conditions areright it is possible to maximize energy production (efficiency) and
minimize the costThe surounding of the wind turbine has to be an open spasenluchas

possible) inthe predominant wind directionVithout any obstacle or very few the

Antonio Luque P8
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performance of thevind turbine isimproved [16]. Turbulence could damage a turbine.
Unsteadyforces around a wind device could damage blades, hub or the mast. Turbulence also
could affect thdoundationand finally destroy it. In additignn order to repair a turbine, it

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

Wind turbulencas very important in cities were speeshddirectionmay change as
a result of the many impeding structurébie wind turbine efficiency drop and the power
output becomeless tharexpected.There are also concerns over struatlmads, vibration
and noisefor these reasos the urban turbine isot yet well establistd In cities it isdifficult
to find places where wind is clear and constamen in the highest building it is possible to
haveturbulence, henceerformance is affected
The costefficiency of small wind turbines Bpento questiamr he real ity i s that
designand production is very costly, hence it becomes diffi to see profit on the energy
savings made by the turbin€his is not helped by possiblenderperformancen the urban
environment.

Producing the wind turbirs®n a larger scale could reduce the initasts;hence the
costefficiency would start to écome attractive If the efficiency 6 the turbines were
improved, their use would bmore widespread But there remain safety concerns and
possible threatto animals (especially birdeatcould potentiallyfly into the spinning rotor)
Nowadays as pemle are more aware abopbssible global pollution problems and the
increase ot he eart hods Ibeeomipgemoest mpycer,t aintt itso Aposses
energy.At present uind energyis perhapshe most feasible in the renewable energy sector,
and tubines give a very vible indication of the ownér green credentialsHowever

researchers will need to improve #i#iciency of turbines for maximum performance.

Antonio Luque P9
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1.2 Newberry Tower Wind TurbinerBject

Three years ago, the Mackintosh Environmemtathitecture Research Unit (MEARU)
decided to install a smaltale wind turbine, Proven 218N. The diameter of the turbine is

3.5 metresvith annual outpuExpected to be in the rang

work in wind speeds higher than 26/ s fcu't
than<7 0 m/ s fi c wated wind $péed is T2hre | _
117]. Y
This installation project wa supervised byDr
Tim Sharpe. MEARU was interested in doing al
experimental study about the feasibility of buildir
integratel wind energythrough use of a wind turbirjg].
The original idea was to integrasenumber of sources 0

renewable energy in the urban environmantl reduce

the CQ emission.

Figure 1

Figure 2
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NewberryToweris the highest building in its are@he wind turbine was installed 2006
During the first meeting with Dr Tim Sharpe in June 2008thgdus thatduring thefirst six
months the turbine had workembrrectly andhad achieved theexpeded energy output.
However, &er six nonths, the energy output droppeahdhadnever rached the theoretical
outputagain Available datafrom the time peod May 2008 to June 20G8owed that the
maximum poweputput isless tharl kW. During normaloperationthis would be expected
to be2.5kW demonstrating aeriousdrop in performance

During that same meeting, Dr. Shagquenmentedhathe had also experienceditial
problems with the inverter and later with the physical position ofufi®@neweaher station
which could have potentially affected performance. However, when these problems were
resolved the tusine wasstill underperforming2].

Due to this is it could be argued that it is necessary to look atwd#yasr performance
could be affected such as the position of surrounding buildings. An investigation of this is
shown below through the followinghotographs
The Figure 3 shows the wind turbine position. Circled in reésl theNewberryTowerand the
highest buildings in tle area are circled igreen The Newberry Tower is still at least 3
metres higher than the othawildings[25].

A

7 DU [ oo W e | sateio | teran |

sa ’9’7 L {
oot g6l 029 na obe

Figure 3
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The following pictures areaken from the roof of Nelerry Tower. In these picturest is
possible to sesurroundingbuildings in the areaaround the Newberry Tower thabuld
potentially affect the energy output. Thepicture below depicted inFigure 4 shows the
buildingsfrom North to East of GlasgowThere are two buildingsircled ingreenthatcould
createsome turbulencen this area. Tese buildingsresituatedaround420 metreshe first

in the right and 450 metres the second in thefleih the turbine.

Figure 4

The Figure 5 showsthe buildings from East to Suth of GlasgowThe building circled in
greenis situated around 178etresfrom the turbineand stands around 3 tordetres below

the Newberry Tower.
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Figure 5
The Figure 6 shows building fromthe Suth tothe West of Glasgowln this area there is
one buildingwhich could produce turbulencét is around70 metresaway and around3

metredowerthanNewberry Tower

Figure 6

The Figure7 shows budings from Southwest to Northwest of GlasgoW.is clear from this
that there areo buildings that it could & f e c t t h erformancebas alleate snuch e

lower.
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Figure 7
The Figure 8 showsa towerwhich is situated on the roof of theelberry Tower, located
from Southwest to NorthwesitThis tower isaround11l metresaway from the turbineand
taller than the toweon which the wind turbinés installed It could be argued that this could
create the biggest turbulence in this area, tageilith the airflow coming from the bottom of
the building.

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

b
}T_, Existing Roof-scape
b 19.5m Wt
JJ 1 'y . :
] - ' N
i A & S
: ; i .
t=F ¢ e e L% s
------ [l fy E“_“_L = =
[T11171 E | —_—
Iq i ]]]1 [= 7]
=1 o= =
I S I M S RO D o —p
Innnnnnanaall = |
...... RN VT T AR R %
Wl FooaT ~

T LACFRELER DL HYITH AL

I

LUTHI LT L R P

i —

Figure 9
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Chapter 2

2. Literature R eview

This chapter will look at the following 2 different areas

1 People whohave been using wind energy through the installatioa sinall wind

turbine (Case study)l
1 The opinion of experten small scale wind turbine efficiencfCase study,3,4,5)

Following from this it will review severalcase studiekcated in Europe antie USA.

2.1 Case fady 1

The first casestudyis Donnachadh McCarttsyCamberwelhome(3 Acorns EceAudits). In
November 2005 he installedStiealthgen D40@hich is rated ad00 Watts During the first
year, this installation hadvarious problems. Kkstly it experiencedsome vibration issues
which wereresolved when original turbine bearings were changddext the energy input
dropped considerably and thissue was resolved whehe inverter thatwas replaced in
August 2006 [3]. This installationonly producedabout 30 kWh over 3 years(Email
Donnachadh McCarthyppendixC).

i Donnachadh McCarthy's Camberwell home

Figure 10

Antonio Luque P16
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Another example of the use of small wind turbines for en&g9rmiston Wire Ltd. This
company installec Proven2.5 kW wind turbine in July2003 andat the same timeglso

installed 120 solar photeoltaic panels

W Ormiston Wire Ltd

Figure 11
The turbine and the PV pasgbroduce enough electricity for the company and Ormiston
Wire Ltd surplusto sell back to EcotricityfEcotricity is agreen energgompany based in
Stroud, Gloucestershir&ngland specializing inwind powej. Unfortunately no details of
the relative contribution from wind and PV have been publishiéds installationis one of
the first industrial applications of small wind turbines inthe [4].
A further example i§hames Valley Universityn October 2004Thames Valley University
installed apair of Foven wind turbines on top of Westel HouBeth turbines could supply
around 2% of theelectricitydemandor Westel House per anm[5].

Twin turbines on TVU's Westel House Figure 12

Antonio Luque P17
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2.2 Case fady 2

One expert in this field durbines is Paul GipePaul has written several booskthis topic

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

Paul Gipereviewed theSpanish Survey of Small Turbine Technolgggject The research
wascariied out by Spain's national energgntre CIEMAT. In the town ofSoria a group of

people carried outsome test for standalone wind systemsCIEMAT's Ignacio Cruz
summarized that mediwsize wind turbine havehigher efficiencythanthe small scale wind

turbines for standalone applicationdHe also stated that as tssstill a youngtechnologythe
installation of a small scale wind turbine for stand applications have a higher cost than larger
turbines. Cruz found that small turbined power coefficientould notgo further tharB5 %

when medium size could reach to%Z6].

Another intereshg reportfrom the Paul Gip websiteis t h &/hisper H40 Final Repast
Betweenthe years 20012002 Paul Gipeinstalled a Whisper H40This tubineb s power
outputwas ratedat 460 watts. Before he installed the rating changkto 900 Watts at 12.5

m/s[7].

Paul Giped sonclusion waghat Whisper H40 isan interestig wind turbine device but it

does not reach the ideal power curve performan®0 watts

Whi sper H4006s test at Applachian State Uni v
and Demonstration Facility by Brent Summerville con&dearlier power cure tests on the

H40 at the Wulf testiéld.

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.

Whisper H40 48VDC Power Curve Scatter North Caroling Small Wind Initistive
1-mun averages, normalized to sea level conditions Beech Mountain R h&D ation Site

1100

1000 +

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 0
mph

Figure 14 Source[7]

2.3 Case fady 3

This section uses examples from thdREEL website whichfocuses on the Small Wind
Turbine Applications: Current Practice in Colorado report J8lese illustrge several cases
where small wind turbine applications have worked successfully.

The first example issituatedin rural Douglas County Colorado This region provides
unusualwinds. The farmhas an off grid homand hasinstalled Whisper H90@ndWhisper
4500 wind turbins, and also a Solec PV
panes, rated atl.44 kW. This installation
is supported byl2 kW diesel generator
Both turbines have good wind resources
althoughthere isalso turbulencehut both

turbineswork withoutproblems.

Whisper 900 wid t ur bine on hillside abo
County home

Figure 15
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The secondexampleis asituated inrural residential area of Boulder Countyhasa grd
connection and it installed a WPTKSBV turbine and alsa BP Solar model 590 PV panels,
8.6 kW. These wrbine aml solar PV panels generate an enesgyplus; total power
consumption is about 106@Wh/monthly[8].

ot Whisper 3000 wind turbine adjacent to passive&solar home with PV

panels on roof

Figure 16

The rextexamples situatedat the same aressthe firstexample 0.5 miles away.This home
has 3 different energy systenas,on-grid electri@l system, an offyrid electrial system, and

a waterpumping systeniB].

2! Winco 450 Watts

Figure 17

This installation has a pair diVinco wind turbines of 450 Watts anah aerometer

mechanical watepumping windmill.
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2.4 Case faidy 4

Europe has differemton-governmentabrgansations which inform anddvise people how to
make changedo their housesto save energy In addition, this willalso helpwith climate
change by reducing Gaemissions. One example of this isnithe Energy &ving Trust
websitewhereit is possible to find information about products or methods to regoge
reduce Cg emissionsby regscling, install low energylight bulbs or generateyour own
electricity.

In this website there are different reports and documents but there is one interesting
approach to the small scale wind turbine which expldiasdliability of thesmall scale wind
turbine[9]. Thefi Ntro and $nall wind turbine applications in the built environmereport
by the carbon trusttESPRC funded carbon vision project calkthasehas a similar
conclusionto theprevious report10Q].

From the reporti Droestic $nall Scale Wind Turbine Field Trialo it could be
concludedthatit is necessary to improvie reliability of small scale wind turbineandthe
wind speed databas@&he databaséhas a lack ofesolutionand energypredictions are not
always accurateFollowing from this, improvement in domestic consumedsnformation
could increase the sale wind turbines andreduce Cgemissionfrom existingUK building
stock by50 % by 2030

Figure 18

Figure 18 represensthe introduction of small scale wind turbine in a rural environment
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The conclusion ofhe Micro and $nall Wind Turbine Applications in the Built Bvironment
report is that micro ahsmall scale turbines could contribute to reduce €nissionbut this
area has tbedevelomd as thenethodology haa lack ofinformationfor specific turbinesn
different building typesThere isalso a lack of accuracy in databasssseen ithe pevious

report.

2.5 Case faidy 5

Universities Ike Strathclyde havieeen enrolled in different small scalenditurbine projects.

In Glasgow,the LighthouseBuilding had installed four ducted turbines with integrated
photovoltaic spoilergll]. Ducted turbines use the updraft of the airflow along a building
site. Airflow goes up from the bottoraf the building to the rooivherethe wind turbines are

installed

.--""-‘|II

= T% panel
_.d""

=il QS
confficent

Figure 19

Ducted wind turbine installed in the Lighthouse building Glasgow

Clarke at[11] conclude that a ducted turbine helpto reduce electricity demand
along with passiveolarand PV paneal. Winter is the only period where is clearly observed

that extra energy is neexl
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Chapter 3

3. Theory

3.1Wind Fundamental Aeory

A wind turbineis a rotating machine which converts tkimetic energyin wind into
mechanical energyf the mechanical energy is used directly by machinery, such as a pump
or grinding stones, the machine is usuaalled awindmill. If the mechanical energy is then
converted toelectricity, the machine is called @wind generatoor wind turbine[12]. A

comprehensive theoretical treatment may found 3.

1 Kinetic Energy:

Thekinetic energy in air of mass M moving with speed V is giveny:

KE:%MV2 =E;

A is thearea swept by the rotor bladgisen by

a=Pp2
4

The volumetric flow rate of air through the turbinédlg; the mass flow rate of the air irgks

is v AV so now

Pm:%(rAV)V2 = % rAv?;

Pm is the power output at the site.
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1 Power Extracted from the Wd:
1 2 2\.
Pm=— rAV{Va® - Ve b

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

Va +Ve

Mass flow rae =rA

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

N Ve® avey 2
Vo Fell
PO:}g N +VGQB/Q2_V92]:}/.AV39 8 ¢ u;
287 2 W 2 2
3, Ve aves o
G vely 288
¢ Vo gVa-rp . .
Where 5 is the power coefficient of the rotor;
3, Ve, aves ?
G Vedy avegy
¢ Vo Vg

C, depends on the ratio of thlwnstreamo the upstream wind speeds, WhiS(Ve/VO).
For an idealised turbine withblossesC, peaks athe Betz limit C,= 16/27 = 0.59)andin

this ideal caselVe/Va) is 1/3. The practical maximum value of,Gs below 0.5[12].
Therefore

) = % rAVeC,;

Antonio Luque P24
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3.2Describing Wind Variations: Weibull Distribution

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

through aWeibull Distribution A typical site

plu]

graph is showrFigure 20 The median wind

013
0.1¢] speed for the site shown, indicated by the
0.14]
o1z) vertical line, is about 6.7 m/s. The areas under

0.0

the curve are equal on each side.
0.0 ]

o4 &4 5 10 1z 14 16 I8 0 ZZ X4 mis
E 998 wewew WIRDPOWER.or2

(The Danish website from which this is taken (see copyright label) is a particularly

useful source of information on wind energy

Figure 20

The Weibull distributionis a continuougprobability distribution, the probability density

functionof a Webull random variable given B3]

ok ~ 0V~(k'1) _éavgk
hv)=%0*%98 *e* foro<vV<D;
gC+ gC+

Wherek > 0andc> 0
It is acomplementary cumulativeistribution functionand astretched exponential function
The Weibull distribution is related to a number of other probability distributioms;
particular, it interpolates between tlexponential distributionk = 1) and theRayleigh
distribution(k = 2).

Vis the wind speed and finallyis given by:

_ Fraction_of _time_wind _speed is__between v__and(v+ Dv)
Dv

h

Source[13]

Figure21 shows Weibull probability distribution.
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14

Weibull probability

function with scale

parameter ¢ =10 and

shape parameter k =1,
2 and 3
0 3 6 9 12 15 81 21
Wind speed mph
Figure 21
Graph of h vs.v at various k Values
Sourceg14]

k = 1 designateshe exponential distributigh=/ *e’"
where/ =1/c

k = 2 makesit the Rayleigh distributionh = 2/2 * v* & /¥*
k> 3 maksit approach a normal bedshapedistribution[13].

Influence of Shape and Scale Parameters on the Mode, Mean, and RMC Speeds
and the Energy Density

Mode Mean RMC Pmode Pmean Prmc Ermc

c k Speed Speed Speed (W/m?) (W/m?) (W/m?) (KWh/yr)
10 1.5 3.81 9.03 12.60 68 451 1225 5366
2.0 7.07 85.86 11.00 216 426 814 3565
2.5 815 B.R7 10.33 33 428 675 2957
3.0 8.74 8.93 10,00 409 436 613 2685
15 1.5 7.21 13.54 18.90 230 1521 4134 18107
2.0 10,61 13.29 16.49 731 1439 2748 12036
2.5 12.23 13.31 15.49 1120 1444 2278 9978
3.0 13.10 13.39 15.00 1377 1472 2067 9053

20 1.5 9.61 18.05 25.19 544 3604 9790 42880 -
2.0 13.14 17.72 22.00 1731 3410 6514 28531
2.5 16.30 17.75 20.66 2652 3423 5399 23648
3.0 17.47 17.86 20,00 3266 3489 4900 21462

Nove: P = upstream wind power density in walts per square meter of the blade-swept area = 0.5 pV?,
where p = 1.225 kg/m’; the last column is the energy potential of the site in kWh per year per m? of the
blade area, assuming a rotor efficiency C, of 50% (i.e., the maximum power that can be converted inio
electric power is (.25 p V).

Source14]
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1 Energy Distribution
If the energy distribution function given by:

o= kwWh contributonin theyearby thewind between and(v + Dv) |
D/ b

Thenthe distribution would look like the shaded curve in Eigure below for the

Rayleigh equation
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g
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T
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Figure 22

Wind Speed and Energy Density Frequencies for Various Wind Speeds

3.3 Wind Turbine §stem

Kinetic energy in differentvind speeds is converted into rotational energy in the rtita.
thentransferredo a gearbox andaftewardsto the generatomwhere it directly converts the
mechanical energy into electrical energie Proven wind turbine does not have a gearbox
but many largewind turbines have onelt is necessary to convert thieetrical energy to the
equivalent grid values50 Hz or 60 Hz and constant voltage amplitudélany turbines
operate at constant rotational speed, but smaller machines are often vaeablad it then
necessary (if connecting to the grid) to process the electrical output with an inveder.
inverterconverts the electricity generated thfferent wind speed® a constant voltage and
frequencyFinally electrical energy is transfed¢o thegrid andconverted t®30 V or

400 V, 50 Hz and used Iay industrial or domesticonsumptior{16].
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A traditionalwind turbineoutputgraphis divided in three different region¥he plot below
shows the tymial wind energy distribution for a wind turbiriRegion I, Region lIRegion llI

which correspondvith different wind speeds

'y
Region 1 Region 11 Region 111

Generator output power

Cut-in speed Rated speed  Cut-out speed Wind speed
Ideal characteristic of a wind turbine generator

Figure 23
In Region | where wind speeds amaderthecut-in, wind speeds could not move

wind turbineblades and it does not produce eneFgpr.Region Il wind speeds are between

the cutin and the rated wind speglb], in this region poweoutput increases sharg

wind speedncreasesin Region Ill, wind speeds arever the rated wind speed apolwer

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 Regiorl the wind speed exceeds the @uvalue and the turbine

must shut down for safety reasdi].

High-speed
AC power
/5—-1\\\_ $ wtility grid

T three-phase
\ ! 480V
\\\_/ / Saft Starter J 60 Ha

Induction

Compensating

Generator T LT capacitors

Crearbox

Lowe-speed
high-tarque
shaft

Constant-speed wind turbine configuration with a squirrel-cage induction generator
that is directly coupled to the grid

Figure 24
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3.4The Wind Market in Europe

In 208 the European wind market dhincreasedo over 8.4 GW installedenergy capcity.
Since 2007 it has increasbyg 15% to reacha total installedenergycapacity of64,949MW
in 2008up from 56,539MIW the previous yeaandit is expected t@each 240GW by 2012
[17]. Again assuming current growthjohal wind turbine production will grow by over
155% in the same periodnd has in fact now hit 2BW productionof new installations per
year.

The global electricity produced by wind energy will in 2012 exceed B (up
from 200TWh in 2007)[15]. China and United states are the countries which are developing
fastest in the wind market, their superpower ¢pcoming superpower) statwsd the
increasing price of oil and other contienal energysources having large effect.

Europe is just bem North America with 10.3GW annual energy installationBy 2020,
Europe has to gerste 20% of total energy usingenewdle energy. It will thereforaeed to
generateabout35 % of its electricity from a renewable energy soured which windmight
produce 1246 [18].

TheFigure25illustratesthe wind energy resources in Europe. Noti@the UK and Ireland
have he highest wind speed in Europe. platicular, Scotlandvhich has the highest wind
speed irthe UK,over6 m/q17].

T7Wmd r::a;urn;f ;:’;0 metres above | und level for five different lopogrnpﬁicj&:haivgionn - A

| | Sheltered terrain® Open plain® Atasea coastt | Open sea® Hills and ridges®
| | me~! Wm-2 ‘7 ma!  Wm? ms-! Wm~? ma~?! Wm~* ms* Wm-?

.60 > 250 75 500 85 - 700 >80 >800 | >1156  >1800 |

5060 150-250 6575 300-500 7.045 400-700 5080 600-800 | 100115  1200-1800

4560 100-150 5565 200-300 6.0.70 250400 7.0-80 400-600 | 85100 7001200

3645 50-100 4555 100-200 5080 150-250 5570 200400 | 7.0- 85 400- 700
Bl <35 <80 | <45 <100 | <50 <180 | <85 <200 | <70 <400 |

Figure 25
Source[18]]
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Table A shows the installedvind capacity in Europe. Germny hashighest wind energy

production only Spainhaving comparable levels of activitDother countries likdtaly,

Franceandthe UK are developingargeprogrammes to increase the usehis source

GLOBAL INSTALLED WIND POWER CAPACITY (MW) - Regional Distribution

End 2007 New 2008 Total end 2008

Europe
Gemany 22247 | 1,665 23,0903
Spain 15,145 1,609 16,754
Italy 2726 1,010 3,736
France 2454 850 3404
UK 2,406 836 3241
Denmark 3125 7 3,180
Poriugal 2,150 712 2,862
Metherlands 1,747 500 2235
Sweden 788 236 1,021
Irsland 795 208 1,002
Auslria 982 14 995
Greece a7 114 985
Poland 276 196 472
Norway 326 102 428
Turkey 147 286 433
Rest of Europe (3) 955 362 1,305
Total Eurcpe 67,139 8,877 65,946

of which EU-27 (4) 56,531 8.484 54,948

Table A
Source19]

Scotland has increased Wnd energy sector, expecting to reach40f electricity from this
st i | $cotland wik achiiesei thEuropéar0 % target by 2020.

A

source by 2010t 6 s

The 2010 and 2020 targets are reatlgallengng. Spaird s

percentage may almost

pass@dby 2010,

Ger many

r ldenemesgy poduction

mi ght achi

really uncertain that either country will achieve @by 2020. Denmark ighe only country

at presentvhose percentagautputcan plausibly hit the 206 target[20].
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3.5Small Scale Wind Trbine

In the United Kingdomn the small scale wind turbine marketlmost10,000 small systems
have beerdeployed providing over 20MW of installed capaty. Annual deploymenhas
increased from 7.10W in 2007 to 7.24MW in 2008[21]. The UKis alsoa major exporter
of small scale turbines. The principal buygeithe US, whosemarket grew over 786 last
year, providing mae than 17.3MW of installed capacity. This sector will increase to more
than 1GW 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 tlamdds in the

big wind turbinecasethe characteof the wind also affects how much energy a small turbine
candeliver.

Annual deployed number of UK small wind systems

Cumulative installed UK small wind system capacity (MW}
16000 "

[D20s0kw D10-208W BISI0KY D015k |
I Buikding mounted Il Frae standing
14000 L]
5 T
E ©
5 10000
B BO00 o m e e E
5 £
T S L T e ——— N S
E
=
4000 n
2000 f---—---m—mmmmmmnaa -~ - - in
0
]
2005 2006 2007 2008 2005
B euilding 2 223 881 2316 8641 e
mountesd OR0-20 kW
0O Free 1031 1606 2578 3528 4068 m15-10kW
standing On15KW 1] 154 608 L 1 9%
Figure 26

Source[22]
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The small scale systems atiwided in four dfferent groups, each group alsodivided by
the power outpt that a turbine could deliveThe pie charbelow shows the UK installed

capacity in 2008or the differentsmallscalewind turbines.

O1.5KW  @1.5-10kW O10-20kW O20-50kW

Figure 27

These urban turbines produce electricity at the location wherenstalled; hence
there are no transport lossékhe generator transformmechanicalenergy electricity just
once andn addition there is aly one loss caused by conversi@C to DCthenDC to AC
andfinally to AC 230).

This turbine £chnologycan be used inumerous locationsiot only in urban environmest
but also in remote locatiors where the national grid connectiondoes not extend. For
example,in the Antarctica the Internanal Polar Foundation (IPF) hasstalled eight &kW
Proven turbinewhich will delivery annual output betwe@&00 to 1200&Wh depending on
the site

Due to the nature of wind energy unfortunately prohibitsit from beng used as an
emergency energyt is not always availablat 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 Enviromma¢ Architecture Research UnifMEARU)
installed a small scale wind turbine, X%/. During the first 6 mont§) the Proven 2.5 kW
turbinewent througha performanceaestand the power output was acceptablger 6 months
the turbinestarted to produce less eneyydpower outputlecreasetb betweerl/3 andl/4
of the expected outp(seep 11).

The turbine is controlletby a combination ofi) the inverterloading the generator
basedon a 3 point voltag@ower curve withoad regulated bylte voltage(proportonal to
Rpm) and(ii) the passive pitching of the bladd&there isno load on the generatbecause
for example the grid connection is lost or the invertsrswitched off,the turbine willthen
spin up to its marum offload speedfor the given wind geed.The loading curve which is
programmed into the inverter is one of the kbygsto check in order to evaluatéf a
turbine isunderperforming
The physicaldatainvestigatedhroughout this dissertatiomerecollected between Ma3008
and June€009 andrecordedon a per minute basis quickly becamedifficult to work with
this per minute data because of gsantity; henceit is deat with in 10 minute average
Around 1000 data acquisitiaper weekwere receivedThereforeplotting ranges 0f1,000
pieces of data iis possible to look at the turbine performarmer a week It is still
necessary to use 1 minute data for certain investigation ploéhle whch contains the most
important pammeters, Voltage, Ampere, Power &pm was construed to produce
calculated features such as coefficient of povead impedance dip 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 Bigh values of Caremaintained over aide range of tip speed
ratio. Smaller turbines (particularly those with rotors of high solidity sucth@®roven
machine) would have a smaller value of maximum Cp, and would tend to operate at lower tip

speed ratio.
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Coefficient of powervs VON ratio [24]

Other importah parametes to look atin to the spreadsheet attee currentand calculatel
impedance both of which would be plotted with respect tothe meanV =1Z . Currentis
inverselyproportional to thampedancePlotting both parameters woulalow us to clearly
seeif the turbine isrunningslow when there are higher wind spgeuigh current and small
impedance.
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4.2 Results

4.21 Ideal Gase

This type of turbine could produe@aannual energputputin the range of,5005,000 kWh
depending on sit@24]. The plot below showsrBven 2.5kW turbine power productiorat
different wind speeds. It demonstratimat theoutput peaks at a wind speed of 15 m/s
producing almost 3 kW and then drops slightiabilizingat 17 m/s at approx 2.kW.
Figure28 showsgdeal value for a new Proven52kW wind turbine.
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[ ] [ ]
& [ X N W ]
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W 2000 4+
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Z j500 1 -
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3 1000 1 .
[ L ]
i 500 + .
L ]
o -
o *H—T—t—i—l—l—l—l—l—l—d—d—q—-l—-l—q—q—q—-l
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Wind s peed in metres/'second
imukiply by 2.2 for m.ph.)

Figure 28

Figure 28is for the latest version of the Proven 2.5 kW windite and lhe power output
reaches almost 3 kWIn comparisonFigure 29 representghe previousProven 2.5 kW
From this it demonstratabat the power output did not go highéhan 2.2kW 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.

Antonio Luque P35


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

University of Strathclyde
Power
b Output | 2 W 14mis
1.15 kW 12mis
1.7 kW / 10a's
12 kW Bt
=
0.50 kW %s
)
™

T
0.05 k\\/ Al
[

..

- —
————

\

\

Over

00

Over
Avound 300
300
Figure 29

Opt;nal
Rpm

September 2009

The urbine described in Figure 2&tats to produce energyvhen wind speed reaebaround

4 m/s. Atthis wind speedhe coefficient of poweis around15 %. It continues to riseuntil 8

m/s when the Cpeacles amaximumaround35 % and thengoesdipsto under10 %, at 25

m/s.

Figure 30 showsan idealcoefficient of powerfor the latest Proven 2.5 kW turbivath

respectto thetip speed ratio performancéhe nmaximum Cp is around 4% anda-is around

3-3.5.
(jp_)u
45%
40% ¢
*
35% .*’ ® e
30% e e
d
cp 5% o
P20y ‘00
15% +* L
10% / *
5%
0%  Shd
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s
Figure 30
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The urbinespirs fasteiwhenwind speedncreass, therefore at higher wind speedip to a
point, rotors will spin faster The point at which this turbine is spinnifestestis around the
rated wind speed. This turbirtends to turn more slowlgt wind speesigreater thatherated
wind speed(see Figure 31)The highestspeedis between 1214 m/swith maximum rpm
around330. Above 14m/s the turbine will slow dowmot below 300rpm. The Provens
unusual in having deformable blades, which flex in a controlled manner in high winds.
Aerodynamic behaviour is changed and there is some reduction in theswaptarea.

Details of blade behaviour are commercially sensitive.

Wind-RPM
25
§ 15 \‘>
2310 P P o0®
E 5 ¢ ¢+ ¢ ¢ °
0
200 220 240 260 280 300 320 340

Rotor Speed, rev/min

Figure 31

Similar circumstances occuwith voltage. It increaseauntil the turbine reachesatedwind

speed After it surpasses this speed it will thdrop several voltanirroring the effect of the

rpm described aboveOutputvoltage is aroun@95+0.5 Volts at ratedvind speed

Wind directionmayalsobeimportant. Theenergy outpufrom a wind turbinenay behigher

in some wind directionsThis could occur due tobstacles such as building#fecing the

turbine thus resulting in the power outpdécreasing or increasinghis raises the issue of

accuracy of wind speed measurement. It is clearly impossible to measure wind speed at the
exact | ocation of the turbine. Di screpanci es
substantial, especially an urban location. Finally, power output may also be affected by

changes in atmospheric air density.
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422 Case 8udy

This casestudyis divided in sixdifferentparts
Cpwith respect tdaip speed ratio
Cp with respect tavind speed
Wind speedvith respect tapm.
Powerwith respect tapm.

Currentandvoltageandimpedance.

o gk~ w N PE

Wind drectionand its effect on performance.

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

be evaluated.iBlarly it is possible to evaluate Cp with respect to wind spdéw aim is to
calculate the efficiency of theind turbine from the following graphs. From this it can be
illustrated through percentagesether or not the turbine is performing as it should.

Power outputwith respect to rpm is one of the things that used to evaluate theind

turbines performance. Fromplotting thisdata it can be shown that at each optimrpm the

turbine gives the appropriateer output. Any problem that occurs with thebine pover

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 &2 different parameters which the most important parameters

to this study pragct are Rpm, power output, voltage, current, and bisnd directon was

not possible to recordrhe wind diretion 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 Speedtid
As stated irthe Methodology coefficients of powerplots are divided inveeks.Ead plot

represents seven daysence these plotre divided in four weekandthere is arextra
plot for theother3 or 4 days

Figure 32 represents th€oefficient of powercurve with respect tos- . The maximum
effciency is under 206. There are three points abote 20 % but these casemre when
wind speed are under5m/s andpower output issmall, thereforethese points are not
reliable. ais between 3 and 4 amdaximumCpis around 3.5The plot belowshowsthe
first weels turbine performancen May 2008 For more information please refer I@ble
2.

Cp-i
25% ~ e
20%
15%
Cp
10%
5%
0%
2 3 4 5 6 7 8
S
Figure 32
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From Figure 33, from the wind third week of May 200&, can be clearlyseen thathe
same circumstansehave occurred as in th@evious plot.The turbine contined to

underperformCp dd notreach20 % anda-potimum wasstill between 3 and.4

Cp-.

25%

20%

15%
Cp
10%

5%

0%

Figure 33

Formore information please refer i@ble 1
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2. Cpwith Respecto Wind Soeed

This part show<p evolutionwith respect tovind speed during the fird week of May
2008. The graplshows a maximum Cpat between 30 7 m/s and theorrectincrease and
decreasen Cp evolution.Thesecircumstancge aresimilar to the ideal case where Cp
reachesa maximum percentag®ef around 7 m/sbut of course the peak luas are far

from too low

Cp-Wind Speed

20%

15%

Cl) 10%

5%

0%

Wind Speed, nv/s

Figure 34

The tird weels graph(Figure 35) shows the sameharacteristics athe previaus one in
Figure 34. Hereit demonstrateshat the downward trend of Cp at high wind speeds
continues beyod 1@/s.

Formore information please refer T@ble 1
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Cp-Wind Speed
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Figure 35

3. Wind Speeds with Respecto Rpm

To find cleaer resultswind speed andpm have been plottedithout using an average
10 minutessuchas had been used for the other plbtstead it has been plotted minute by
minute. It is more interesting to look axactwind speed rather than an average
particularity considering higher wind speed. Using this method it couldpossibly
highlightany unusuabehaviour
In the following graphslpts are 3 days data acquisitjdrence to show a month there are
10 plots.
During May 2008, therewere 51 times that wind speesl were1l2 m/s or higher Hence
during these 51 timeghe energy output should e gone up to 2.2 kW. However, in
reality the maximum energy output was 0.7 k\Nevertheless, it to be taken into
consideratiorthat in an ideal case, wittigher wind speesiof over14 m/s all parameters
(setbackpm, voltage and curreptend to dropn value.
Figure 36 shows a correctpm evolution with a steady rise as in normal ideal
circumstances. In an ideal case the rpm should be over 300 at around 10m/s hawever,
reality the rpm at 10 m/s did not go further ti28%rpm.

This differencebetween thereal and ideatpm should caus@ drop in the expected
energy outpubf around 0.5 kW However ,n this casethe energy output dropped 4
kW, thus showing a difference energy outpubf 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[241/s

Wind-RPM 1

Wind Speed, m/y

a 20 40 &0 BO 100 120 140 160 180 200 220 240 260 280 300 320

Rotor Speed, rev/min

Figure 36

In Figure37 the 2 points highlighted iredillustrate 280 and 300 rpm. Thiest red point

is around10 m/s and second is almost 12 m/s. Extracted from ideal case rpm at both
points rpm shouldbe over 300 rpnat 10 m/s and over 32pm at 12 m/s. However in

this case thepoth have between 20 and [88s rpm and thturbine spin is beteen 5 to

10% less.
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Due to the decreased rpm stated abovét teould therefore result in tlepinturbine

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

producedwas much less than
output should be arourid8 kW.

50 %. It would have been expecteatti& m/s power
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Figure 37
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Figure38 shows a steady increaserpm until it reache®03 rpm at 12 m/s.

Wind-RPM §

16
14 r 3
12
10

Wind Speed, m/x

[ T T - = L+

250 255 260 265 270 275 280 285 280 285 300 305 310

Rotor Speed, rev/min

Figure 38
Figure 39 shows similar characteristics to thereviows plots. At the endof the rpm
evolution thewind speed weniip to 14 m/s andpeed fell back t898 rpm.
It is interesting to see that the endf the rpm evolutionthere were blue pointbetween
11.3 and 12./n/swhere the rotor speed went beyd@@Drpm. This small increased in the
rpm did not have any representation the power output whicliemainedstable at
between 0.5and 0.7 kW. However,it had asmall representation in parametessch as
voltage, current antinpedanceSee more information ihiablel, in Appendix A

Table 1 shows different pararees at 3@ rpm.

Wind-RPM 9

16
14
12
10

Wind Speed, m/s

[T X T <= (I« ]

250 255 260 265 270 275 280 285 280 285 300 305 310

Rotor Speed, m/s

Figure 39
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4. Powerwith Respecto Rpm

In this part of thecase studythe graphs are plotted minute by minute and the now graphs
have now changed to representarragel0 minutes

During first week of May 2008Figure 40) power outputdid nat go further than 0.KW.

The circumstance arealso similann Figure4l. For the third week of May 2008,these

Figures had plotted with minute by minutiata thepower output couldhavereacled 0.7
KW.

Power-RPM

Power, KW

240 260 280

Rotor Speed, rev/min

Figure 40

The highest rotor speed obtanined viZgZ® rpm In the ideal casat 270 rpm power
output isover 1kW. Thusthere isadeficit of 0.5 kW in output.

Power-RPM

Power, KW

200 210 220 230 240 250 260 270 280 290

Rotor Speed, rev/min

Figure 41
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5. Voltage Currentandimpedance

This sectionshows howwind speed affects thevoltage produced and further how the
current is affected by wind spedeigure42 shows a steadyincreasen the voltage from
220 V to 240 V In an ideal casé¢he voltageshouldbe around 300/ at 10 m/sbutin this
casestudy conducted ding May 2008 the voltage did neven reacho 270 V.

Wind-Volt

[y

Wind Speed, nv/s
QO =N W R U N 0W O

220 225 230 235 240 245

Output Voltage, V

Figure 42

Figure 43 shows thehird week of May 2008Even thoughFigure 43 shows awindier
week than Figure 42, the voltage @l not increase furthethan 245V. In the caes
depicted inFigure42 and 43whenthewind speed increasdrom 9.5 m/g Figure42) to
11.7 m/s Figure43),thevoltage increassby around 5 volts.

Table 2 shows turbine performance at 10 m/s. Voltage oscillated be2d@enand
2446, for the same wind speed, when an ideal case shohbkl stable withsmall

oscillation, no more than 0.5 V.
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Figure 43

During the first week of May 2008 ¢ same circumstangeccured with the current It

increasd slightly butit waswell below the expected level.

Wind-Current
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Wind Speed
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Figure 44
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