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FFA i Bromma är landets centrala instans för flygteknisk forskning och prov
ning. Verksamheten startade 1940, är uppdragsfinansierad och sorterar för
valtningsmässigt under försvarsdepartementet. 

FFA utför forsknings- och provningsverksamhet som stöd för svensk flygin
dustris utveckling av militära och civila flygplan samt för att tillgodose 
svenska flygmyndigheters behov av särskild kompetens i samband med upp
handling, certifiering och användning av flygmateriel. Andelen utländska 
kunder inom flyg- och rymdbranschen ökar. FFAs kunder finns också inom 
andra branscher, t ex energi, miljö och transporter. 

FFAs verksamhetsområden är aerodynamik, hållfasthet, akustik och flygsys
temteknik. De olika kompetenserna utnyttjas också inom det svenska vind
energiprogrammet. FFA är riksmätplats för tryck. 

Vid FFA finns vindtunnlar för olika hastighetsområden - upp till sju gånger 
ljudhastigheten. Den senast byggda transsoniska vindtunneln - T1500 - är 
en av de modernaste i Europa. FFAs anläggningar omfattar också ett hållfast
hetslaboratorium, en flygforskningssimulator och ett strukturakustiskt labo
ratorium med landets största ekofria rum. 
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Sammanfattning 

Den Europeiska Unionen arrangerar vart tredje år en konferens och ut
ställning, European Union Wind Energy Conference and Exhibition, 
EUWEC. I år, 1996, arrangerades EUWEC~96 i Göteborg. Vart tredje år 
arrangerar dessutom European Wind Energy Association, EWEA, sin vin
denergikonferens. Konferenserna är förskjutna ett och ett halvt år in
bördes. Det innebär att det i Europa arrangeras vindkonferenser var 18:e 
månad. 

Konferensen var mycket lyckad och uppskattad av deltagarna. Detta 
berodde till stor del på de ändamålsenliga lokalerna (Svenska Mässan), bra 
organisation samt ett bra stöd från de svenska sponsorerna - Göteborg En
ergi, Vattenfall, Nutek, Elforsk, NWP, Kvaerner, Teknikgruppen AB, 
Nordic Wind Power och FFA. Vädrets makter var dock inte de bästa un
der veckan. Regn och rusk gjorde dock att det inte kändes som någon up
poffring att sitta inomhus. 

Kommande europeiska vindenergikonferenser arrangeras i Dublin 
EWEC'97 och i Nice EUWEC'99. 

I denna rapport redovisas de svenska föredrag som har anknytning till 
vindkraftskonsortiet. 
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1 Inledning 

Den 20-24 maj 1996 arrangerades Europeiska Unionens Vindenergikonfe
rens i Göteborg. Konferensen samlade cirka 600 deltagare. Detta var en 
ökning med 15% i jämförelse med föregående EU-konferens i Travemiin
de 1993. VKK presenterade 17 olika föredrag och "posters". En av dessa 
fick pris för bra innehåll och tydlig presentation. 

Erfarenheter som presenterades på konferensen visar att vindkraften ökar 
kraftigt i de olika europeiska länderna. Under det senaste året, 1995, har 
utbyggnaden varit mycket kraftig i ett flertal länder, speciellt i Indien och 
Tyskland. Under 1995 ökade den installerade vindkraften [MW] med 40% 
och vid slutet av 1995 fanns det totalt i hela världen ungefär 5100 MW. 
Produktionen avel från dessa vindkraftverk motsvarar ungefär produktio
nen från två stora kärnkraftverk. 

Tyskland är det land som har mest vindkraft i världen. Danmark ligger på 
andra plats och Sverige finns på sjunde plats med 80 MW installerad ef
fekt. 

2 Konferensen 

ALLMÄNT 

Årets konferens hade samlat ungefär så många deltagare som man kalkyle
rat med i den budget som hade upprättats inför konferensen. 

Antal deltagare 527 
Utställarrepresentanter 69 

Det var 38 olika länder var representerade. Nedan deltagarantal från några 
olika länder: 

Sverige 89 Finland 21 
Danmark 86 Frankrike 14 
Tyskland 77 Japan 14 
Holland 49 Italien 13 

Storbritannien 49 USA 12 
Spanien 21 Dvriga länder 70 
Grekland 20 
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Totalt presenterades 91 muntliga föredrag och 260 "posters". Dessutom 
fanns en utställning i anslutning till konferenslokalerna. Det fanns 31 ut
ställare i den 600 m2 stora lokalen. 

Invigningen av konferensen var planerad att genomföras av Energiminister 
Anders Sundström, denne fick förhinder och invigningen genomfördes 
därför av Göran Bengtsson från Länsstyrelsen i Göteborg och Bohuslän. 
Invigningsprogram framgår av figur 1. Nutek representerades vid invig
ningen av generaldirektör Birgit Erngren. Hennes tal återges i Appendix O. 

På konferensens sista dag delades Paul la Cour priset ut till Aloys Wob
ben. Motiveringen lyder fritt översatt - för hans utomordentliga insatser för 
den europeiska vindenergiindustrin och speciellt för hans insatser att ut
veckla och kommersialisera innovativ teknik som en del av hans vision om 
en renare framtid. 

Utställningen av "posters" fick speciell uppmärksamhet vid konferensen 
genom det "poster award" som delades ut till bästa "poster". Dessutom ut
delades priser i fem olika delgrupper. Sverige erövrade här ett av prisen 
genom CAN-projektet, se föredrag nummer 19 nedan. 

REGLERTEKNIK 

Denna avdelning omfattade 6 muntliga och 17 poster presentationer. Ur 
reglersynpunkt var 3 muntliga presentationer intressanta (OR 14.1, 
OR14.2, ORI4,6). Den första behandlade en regulator för variabelt varvtal 
och bladvinkel som beräknades för att minska utmattning. Inga resultat 
som visade att så verkligen var fallet visades dock. Invändningar finns 
också mot deras evaluering av modellerna, där man jämför simulering med 
uppmätta värden. I simuleringen används estimerad vind, och estimatet är 
grundat på mätningar av samma variabler som man sedan använder i jäm
förelsen. Den andra var en sammanfattning av den rapport som Garrad & 
Hassan skrev om stallreglering av aggregat med variabelt varvtal. Den sista 
muntliga presentationen handlade om hur man skall ta fram realiseringar av 
vindbyar. Metoden bygger på resultat som är gamla och välkända inom 
stokastiska processer. Verifikation efterlyses dock. Garrad & Hassans 
windowsversion av BLADED demonstrerades. Programmet föreföll vara 
en användarvänlig version av VIDYN. Invändningarna var huvudsakligen 
att man hade begränsade valmöjligheter när det gällde design. Man kunde 
till exempel inte simulera en direktdriven maskin. Regleringen var inte 
heller särskilt generell, men här fanns det möjlighet att kommunicera med 
en extern, egenhändigt framtagen, regulator. 



FFA TN 1996-36 

ELSYSTEM 

Variabelt varvtal har kommit på bred front. I stort sett alla stora vindkraft
sproducenter har nu prototyper eller försöksanläggningar i drift med varia
belt varvtal. Även problematiken med nätåterverkan har kommit i fokus, då 
vindkraftsinstallationerna blir större och större. 

Ett flertal artiklar och föredrag berörde direktdrivna generatorer, resultat 
och slutsatser från några dem kommenteras här. S. Jöckel har visat att 
permanentmagneter, trots sitt höga pris, är ett billigare alternativ än elek
trisk magnetisering. Han har gjort en konstruktionsstudie aven 750 kW 
generator och visade att en direktdriven generator ledde till lägre pris på 
den producerade elektriciteten än en konventionell generator med växel. P. 
Lampola hade en poster som diskuterade olika alternativ till likriktare för en 
direktdriven generator. Han visade att diodlikriktare leder till lägre uteffekt 
från generatorn samt en lägre verkningsgrad. A. Veltman et al. presen
terade i sin artikel en studie som jämförde olika generatortyper. Till exem
pel visas att en asynkron axialflödesgenerator kommer att få en orimligt låg 
verkningsgrad «50%). Resultaten som visas för en reluktansgenrator ty
der på att den skulle bli större och ha lägre verkningsgrad än en perma
nentmagnet generator, någon sådan slutsats dras dock inte. Enercon visade 
bilder från sin 1.5 MW prototyp med direktdriven generator. Generatorn är 
elektriskt magnetiserad vilket skiljer sig från vad som föreslagits i ovan 
nämnda artiklar. Det konstaterades att Enercons generator har en väldigt 
stor diameter (ca 7m) och är mycket tung (48 ton). 

3 Svenska föredrag 

3.1 Inledning 
VKK var representerade vid konferensen med 17 föredrag och posters. I 
denna rapport finns en sammanställning av dessa. Dessutom bifogas några 
föredrag med anknytning till VKK:s verksamhet. 

Samtliga föredrag kommer senare att presenteras i proceedings från konfe
rensen. Översiktligt program för k{)nferensen framgår av Figur 2. 

3.2 VKK:s föredrag 
Följande presentationer har tagits fram med stöd från VKK. Numret fram
för hänvisar till det Appendix där föredraget finns. 
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1. Measured and Modelled Local Wind Field in Mountainous Terrain 
Ann-Sofi Smedman, Hans Bergström, Ulf Högström 

2. Do Simple Models Give a Correct Description of the Wind Condition 
in a Coastal Area? Birgitta Källstrand 

3. High Resolution Climatological Wind Measurements for Wind Energy 
Applications. Hans Bergström 

4. Wind Characterisation for Design and Comparison with Standards, an 
Example from Lyse at the Swedish West Coast. Hans Ganander, 
Ingemar Carlen, Hans Bergström 

5. Wake Effects in Alsvik Wind Park: Comparison Between Measure
ments and Predictions. Mikael Magnusson, K. Rados, K. Pothou 

6. A New Approach for Evaluating Measured Wake Data. Mikael Mag
nusson. 

7. Calibration Procedures for Improved Accuracy of Wind Turbine Load 
Measurements. Jan-Åke Dahlberg och Hjalmar Johansson 

8. Load Prediction of Stall Regulated Wind Turbines. Anders Björck, 
Jan-Åke Dahlberg, Ingemar Carlen, Hans Ganander 

9. Aerodynamical Errors on Tower Mounted Wind Speed Measurements 
due to the Presenee of the Tower. Hans Bergström, Jan-Åke Dahlberg 

10. Methods to Predict Fatigue Lifetimes of GRP Wind Turbine Blades 
and Comparison with Experiments. Andreas Echtermeyer, C. Ken
sche, P. Bach, Maria Poppen, L. Lilholt, S. Andersen, P. Bnmdstedt 

11. Joule II - Dynamic Stall and 3D Effects. Anders Björck, Sven-Erik 
Thor 

12. Survey of variable speed operation of wind turbines. Ola Carlson, 
Jonny Hylander, K. Thorborg 

13. Generators for Gearless Wind Energy Converters. Anders Grauers 

14. Rotating Transformers in Wind Turbine Applications. Jonny Hylander 

15. Possibilities by Using a Self-Commutated Voltage Source Inverter 
Connected to a weak grid in Wind Parks. Jan Svensson 

16. Torque Controi of Synchronous and Induction Generators for Variable 
Speed Operation of Wind Turbines. Ola Carlson, Eskil Ulen 

17. Yaw Controi for Active Damping of Structural Dynamics. Tommy 
Ekelund 
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3.3 Övriga 
Övriga svenska presentationer av FoU karaktär: 

18. Improving Acceptance in Wind Power Planning. Karin Hammariund 

19. Comparison of Power Perforrnance and N oise between Aeolus II and 
Näsudden II. A. Albers, C. Hinsch, J. Gabriel, H. Klug, G. Ron
sten, B. Simonsson. POSTER A W ARD 

20. National Evaluation of Näsudden II, NEON. G. Tunell, A. 
Andersson, G. Olsson, G. Ronsten, H. Ganander, B. Göransson, B. 
Simonsson 

4 EWEA Annual General Meeting 

Under konferensen höll Europeiska vind energiföreningen, EWEA, sitt 
"annual general meeting". S-E Thor var svensk representant vid mötet. 
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1996 European Union Wind Energy Conference and Exhibition 

20-24 May 1996 - Svenska Mässan Congress Centre, Göteborg, Sweden 

OPENING SESSION 

Monday, 20 May 1996 

10:15 -12:30 
Svenska Mässan Congress Centre, 

Göteborg, Sweden 

Panelists: 

Conference Chairman 
Prof. Arthouros Zervos 
National Technical Unversity of Athens, 
Greece 

Göran Bengtsson 
Governor and Representative of the Swedish 
Government in the Western Part of Sweden 

Hendrik Tent 
Oeputy Oirector General, OG XII, Brussels 

Joanna Tachmintzis 
Member of the Cabinet of Commissioner 
C. Papoutsis, Brussels 

Birgit Emgren 
Oirector General of NUTEK, Stockholm, 
Sweden 

Dr. Hermann Scheer 
President of Eurosolar, Bonn, Germany 

lan Mays 
President, European Wind Energy Association 

WIP-Munich, 13 May 1996 

Figur 1. EUWEC'96 Invigningsprogram 
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CONFERENCE PROGRAMME OUTUNE 

20 MAY 21 MAY 22 MAY 23 MAY 24 MAY 
MON TUE WED THU FRI 

08:30 08:30 
Session 3 Session 6 Session 9 Session 10 Session 17 

Planning and Large Aerodynamics Autonomous Standards 
Environmental Wind Turbines Systems and 

Issues (WEGAll) Applications 

10:15 
BREAK BREAK BREAK 

10:45 10:45 
Session 4 Session 7 Session 11 Session 12 BREAK 

OPENING Financial, Machine Design Wakes Electrical 11:15 
SESSION Economical and and : Components and 

Business Issues Noise I Integration CLOSING SESSION 
Conference Summaries 

Poster Awards 

12:30 
Poul U! Cour Prize 
Closing Addresses 

13:00 

LUNCH LUNCH LUNCH LUNCH 

14:00 T Session 1 Session 5 Session 8 Session 13 Session 14 

Wind Energy Market Issues / European Resource Dynamics 

Achievements Success Stories Programmes Assessment I and 
and Initiatives Controi 

Panel Panel 
Discussion Discussion 

16:00 
BREAK BREAK BREAK BREAK 

16:30 
Session 2 Session 15 Session 16 

National POSTER POSTER Resource Materials 

Programmes SESSION SESSION Assessment II and 
and POlicies & 

Fatigue 

POSTER 
RECEPTION 

18:30 

Reception 
Conference 

Banquet 

Figur 2. Översiktligt konferensprogram 
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Appendix 0, Nutek Invigningstal EUWEC'96 
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EUWEC96 

Birgit Emgren 

Director General of NUTEK 

Swedish National Board for Industrial and Technical Development 

It is with great pleasure lon the behalf of The Swedish National Board for Industrial 
and Technical Development, NUTEK welcome you all to this conference in Gothen
burg. The city of Gothenburg has for 20 years been an important city for the Swedish 
Wind Energy programme. Wind energy research was initiated at Chalmers University 
of Technology as earlyas in the mid-seventies. Ever since, Chalmers is an important 
part of the Swedish wind energy society. 

The local power distribution company in Gothenburg, Göteborg Energy has also 
showed how a local company, can stimulate the local interest for wind energy by initi
ating and starting local wind energy co-operatives. 

NUTEK is Sweden's central authority for matters concerning the growth and renewal 
of industry and the long-term development of the energy system. It is NUTEK's con
cern that the Swedish supply of energy should be safe, efficient and environmentally 
friendly. NUTEK regards the supply, use and efficient marketing of energy as an inte
gral part of a well-balanced future energy system. 

It is also our task to make a contribution to the establishment of good conditions for 
business and industry, and to ensure that the energy system develops in efficient, safe 
and environmentally acceptable ways. We do this by financing industrially related re
search and by supporting the development of industrial enterprises, regions and the 
energy system. 

The Swedish Energy System has a history of changes and today, once again, we are con
fronted with a change of balance in the energy supply system. We are now seeking 
ways to abandon a system heavily dependent on nuclear power and the question is not 
only how we can do this, but what are the alternatives? 

This, and other questions, had to be resolved. Therefore a commission consisting of 
members from all parties in the Swedish Parliament was formed. Their report was re
leased in December of last year. 

An obvious national objective is to improve and increase the use of renewable energy. 
This is where NUTEK enters on stage. Our role in the adjustments of the energy sys
tem is that of a central energy authority. Our activities aims at the promotion of safe, 
efficient and sustainable supply and use of energy. NUTEK is responsible for co
ordinating energy research that primarily focus on renewable energy sources, and for 
implementing the government's energy polices. 
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NUTEK's support of energy-related research, development and demonstration aims to 
make a major contribution to developing a cost-efficient, environmentally and flexi
ble energy system that will, in the long run, promote economical growth. 

Activities within the field of energy supply has concentrated on developing renewable 
sources as bioenergy, wind and solar energy. Large efforts aim at an increased use of 
biofuels, which have a potential to claim a substantial part in the Swedish energy sys
tem. 

Renewable energy, especially bioenergy, is cost-competitive on the heating mark et, 
since fossil fuels are levi ed with energy- and emission taxes. Hydropower and nuclear 
power are still the dominant sources for electricity production and the demand for new 
production capacity has so far been low. 

The market for wind power and other electricity production forms has undergone ma
jor changes due to the deregulation of the electricity market that took place the 1st of 
January this year. The aim for this new act is to introduce competition on the electricity 
market thus creating conditions for efficient pricing and a more open trade in electric
ity. Competition in production and trade in electricity enables buyers to choose freely 
between different vend ors on the market. 

Discussions regarding the environmental impacts of electricity production has led to 
an increased interest in wind power. The new regulations give consumers an oppor
tunity to demand electricity produced in an environmentally acceptable manner. As a 
consequence, the Swedish State Railways (SJ) made the decision to buy electricity pro
duced by wind power through their supplier Sydkraft. 

The deregulated electricity market also put focus on the cost efficiency of the produc
tion facilities. In order to safeguard smaller producers special regulations have been 
stipulated for an adjustment period of five years. Companies delivering power in one 
given area are obligated to purchase their electricity from a power generation plant 10-
ca ted within the region and capable of delivering a maximum of 1,500 kW. Thus, the 
delivery concession gives small scale power producers a guaranteed market for their 
output. It is NUTEK's job to oversee and make sure that those rules are followed on 
the new market. 

The possibilities of introducing wind power on a large scale in Sweden are sufficient 
from a wind supply perspective. The potential for wind power on land is estimated to 
be between 3 and 7 TWh, whilst the potential at sea can reach up to 20 TWh. Studies 
show that Sweden as a whole could produce wind power up to 4 TWh without putting 
pressure on other parts of the energy power system' s efficiency or tapping into the need 
of additionai power. How much wind power can be generated and what percentage it 
could fill of the total electricity production in Sweden is mainly subject to: 

1. The eost efficiency of the wind power plants eompared to other forms ways to pro
duce eleetricity. 

2. The possibility of finding suitable sites. 
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The overall goal for the Swedish Wind Energy Research Programme is to develop 
knowledge within the wind energy area which can support users and Swedish wind 
energy producers in their effort to manufacture and introduce wind energy at efficient 
costs into the Swedish Energy System. 

In order to increase the possibilities for electricity produced from wind power convert
ers, research efforts involve the development of cheaper wind power plants. One ap
pli ed goal is to find methods that can be used for developing more flexible and lighter 
machines in the future. One example of such a machine is Nordic 1000 with a capacity 
of 1 MW owned by Vattenfall. 

The siting of new electricity power plants always places high demands on the level of 
consideration against the surroundings. As with other constructions wind power 
plants need building permits. The leave to appeal has in many cases be come a labori
ous process due to partly, the unfamiliarity at handling such a new production system 
that a wind power plant is, and partly, the construction of such plants tend to conflict 
with other interests on how to mana ge the land. 

As a government agency NUTEK is responsible for pointing out to local authorities 
areas suitable for wind power plants in order to facilitate the land use planning. The 
planning process aims to locate good wind conditions without coming into conflict 
with local interests. 

Apart from research, NUTEK administrate the Swedish wind energy investmentpro
gramme. Total government funding for this programme amounts to 340 million SE K, 
and the total sum had been reserved for use by the early spring 1996. 

The support toward wind power has meant that the amount of wind turbines has in
creased from 38 in 1991 with a total effect of 4,7 MW to 223 as of March 1996 with a total 
effect of 68,4 MW. 

Within the investment programme a technology procurement process, regarding 
wind power plants under taken. The technology procurement process is based on an 
initiative from NUTEK. Five Swedish wind turbine operating companies have decided 
to combine their procurement activities in an effort to raise the cost effectiveness of 
future energy conversion systems. The Swedish Wind Turbine Buyer Consortium has 
been formed for that specific purpose. 

Let me conc1ude this presentation by saying a few words ab out how I look at the energy 
field in the fu ture 

Energy and environmental issues are of vitale importance for the development of the 
society and will be even more in focus in the future. The risk for c1imate change must 
be taken very seriously and the development of future energy markets must take this 
in to account. 

One of the greatest challenges for the future will be to co-ordinate the energy supply 
and environmental considerations with a promising economical growth. Supplies of 

18 
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electricity and other forms of energy must be guaranteed according to competitive 
terms both in the short and long term. 

The outlet of environmentally hazardous emissions must, for many different reasons, 
be restricted. Environmental issues will be a major defining factor for regulations in 
future energy systems. Adjustments to the Energy System must therefore be done in 
such away that bears consideration to climate issues on agloballevel. 

Wind Energy represents in many ways the future, is renewable and produces electricity 
without any emissions to the air. 

Internationally the large increase of the number of windturbines shows in many ways 
that wind energy now can compete with other forms of electricity production. So far 
there has been a need for different subsidies. But the cost of wind turbines of today are 
in the same range as other new electricity production forms and the deregulation of 
electricity markets in Scandinavia has shown an increased interest for environmen
tally acceptable electricity production such as wind energy. 

But the use of wind energy resource is depending on how weIl it can be an integrated 
part of both the electricity system and as an accepted part of the landscape. I hope this 
conference will giv e answers to these problems and that we all can se a positive future 
for wind energy, and with these words I would like to say ... 

Thank you 
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Measured and Modelled Local Wind Field in 
Mountainous Terrain 

Ann-Sofi Smedman, Hans Bergström, Ulf 
Högström 





MEASURED AND MODELLED LOCAL WIND FIELD IN MOUNTAlNOUS TERRAIN 

Ann-Sofi Smcdman and Hans Bergström 
Depart:mem of Meteorology, Uppsala University 

Box 516, Uppsala, Swedcn 

ABSTRACf. The flow regime over a frozen. mow-covered lake su.mmded by high mountains is studied 
in a field experlment and simulations with a Jl1lIneIical boundary layer model. 

1. INTRODUCTION 

Large scale exploitation of wind energy requires 
siting of wind turbincs oot oo1y in flat coastal areas, but 
aIso in more complex tenain such as rough mountainous 
regions. Partly this is due to shortness of suitable locatioDS 
in less complex temrln, but partly also to the expected 
increise in wind cmergy potential with increased altitude. 
Very favolUllble wind ConditiODS have for example been 
found on the top of Iow fells in oortbem Finland, with 
average wind speeds close to what would be expec:ted in 

the free atmosphere. Wmd ConditiODS in mountainous 
texrain are, however, generally higbly complex. Much care 
has to be taken when siting wind turbines in such areas, as 
the wind potential may vary considerably over ratber short 
distances. Also turbulCIlCe and shear ConditiODS may be 
rather severe as compared to COnditiODS in more 
homogeneous terrain. As atmospheric tUIbulCIlCe and wind 
shear are recognised as a primary SOUICe for loads on 
horizoDtal &Xis wind tUIbines, this is also areason why 
one has to be very careful when siting wind tUIbines in 
rough terrain. 
Tenain forcing is an important factor in establishing 
mesosca1e c:iIculation pattems in mountainous areas. For a 
number of theoretical and practical reasoDS it is important 
to know for example the interaction of winds in a valley 
with winds at higher levels. The prediction of wind energy 
potential in a valley requires the ability to relate local 
valley c:irculation to ambient synoptic conditions. To be 
abIe to ca1culate long term statistics of wind speed and 
direction at a emu site in eomplex terrain, it is 
JlCCessary to develop an understanding of the mechanisms 
responsible for the observed behaviour. 
In mountainous regions a multitude of local wind regimes 
are bound to occur and generalisations of results from one 
site to other areas are difficult. Nevertheless, detailed 
studies of the physieal mechanisms causing the wind 
regime at ene particular 1ocation is 1ikcly to give results 
that can be used to explain similar phenomena in 
seemingly very different geographical settings. 

2. DATA AND INS1RUMENTATIO 

A field experimem was conducted during the time 
period IS March to IS April 1994 on Lake Tomcträsk in 
the oortb. of Swcden (Figure 1). Lake Tomcträsk is 
surrounded by high mountains. During this campaign. the 
stratitieation close to the ground was more or less stable at 
all times. The depth of the ice on the lake was about 100 
cm with a 1()...30 cm layer of snow. The ground 
sunounding the lake was also covered by snow. As 

contirmed by measurements at the vanous sites in the 
area, this situation resulted in very uniform surface 
temperature conditions. 

Instrumentation during the field experiment 
included: (i) a 12-m mast on the lake (T in Figure l) with 
protile instrumeDlation at four levels together with 

_ turbulCIlCe measurements at one hcight. Net radiation was 
also recorded. The turbulence instrument employed is the 
Gill Solem Sonie Anemometer, which has been 
recalibrated in a big wind tunnel. As a result of this 
cahöration. correctiODS for flow distortion have been 
applied. (ii) Four 3.5-m high masts were placed at four 
locatioDS shOWD in Figure l: Tomehamn (I'h), 
Abiskosoulo (A), Jiebrensullut (J) and Roggenjarga (R). 
The masts were cquipped with the MIUU wind package, 
which CODSistS of a combination of a small cup 
anemometer and a wind vane. The instrument is dcscnöcd 
in [1]. At the site A, pressure was also recorded. Protile 
data were usually sampied every second minute and the 
sampling rate for the tUIbuleIlCe instrument was 21 Hz. 
(iii) Pibal trackings and radio soundings were carrled out 
at the tower site (T) and at ANS simuItancously on 
sclccted days. (iv). Routine meteorological mcasurement8 
were performed at the ANS station. 

Figure l. Schematic picture over the lake 

3. RELATIONS BETWEENTHE GEOSTROPHIC WIND 
AND 1HE WIND REGIME OVER THE LAKE 

Whiteman and Doran [2] eonsider four mechanisms 
which are likely to ereate local winds in mountainous 
teIT3in. The tirst is thermal foICing. Temperature 
differeoces over heterogeneous terrain will c~ pressure 
gradiems and thus local wind systems may occur. In our 
case the ground was eovered by snow (-20 cm) and the 
surface temperature was observed to vary little in the area, 



as aIready remarked. Thus thennally driven wind systems 
are not likely to develop over the lake. 

The second process is strong downward transport of 
momentum fro~ aloft, which would produce near-surface 
wind directions similar to the geostrophic wind direction. 
'This downward transport could be caused by verrlcal 
tUIbulent mixing or by gravity waves and would be most 
likely to occur during unstable or neutral conditions in 
wide flat-bottom.ed valleys with low side walls [2]. Also 
this mecbanism. is consideted to be ineffective durlng 
winter conditions with stable stratification over Lake 
Tometräsk. 

The remaining two processes will both producc 
near-surface winds which will align with the lake ms. 
Winds would blow up or down the lake ms, depending on 
the direction of the geostrophic wind relative to that ms. 
The two possibilities are: (i) forced channelling and (ii) 
pressure-driven channelling. In the first case the ambient 
wind, which is assumed to be in geostrophic balance above 
the mountains, will be channelled by the valley side-walls. 
The near-surface wind direction and speed depend on the 
sign and magnitude of the component of the overlaying 
wind projected along the lake ms. 

In pressure- driven channelling the winds over the 
lake are driven by the component of the pressure gradient 
along the lake ms. Those winds are often referred to as 
gap winds, in particular for cases when the resulting wind 
is relatively strong ([3], [4]). The combination of 
large-scale synoptic forcing, the configuration of the 
surrounding topography, and very small surface rougbness 
may lead to the formation of gap winds over water. High 
gap winds are often observed in gaps along mountainous 
coasts of the eastem Paciiic and the Gulf of Alaska [5], 
and were also observed to occur over Lake Tometräsk, [6]. 
This mechanism was also 
used by Gross and Wippennan ([7]) for the Rhine Valley 
and by Whiteman and Doran ([2]) for the Tennessee 
Valley. Although pressure-driven channelling docs occur 
within valleys, high gap winds are only likely to be present 
over surfaces with very low roughness such as water or 
snow-covered ice. 
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Figure 2. The scctors of geostrophic wind direction 
causing gap wind and forced channelling respectively. 

Thus, both forced channelling and pressure-driven 
channelling would result in winds aligned with the lake 
ms. Wind direction reversal will occur when the 
geostrophic wind shifts across a line normal to the lake 
ms for forced channelling but across the lake axis for 
pressure-driven channelling. 

In Figure 2 the direction of the lake (115°-295j 
is indicated with a bold line and the line normal to the 
lake with a hatched line. Over the lake, winds from 115° 
can be caused by pressure-driven channelling for 
geostrohpic winds coming from 120"- 290", i.e. when the 
synoptic pressure decreases along the lake ms from east 
to west, anJJIor by forced channelling for synoptic winds 
from 30"-200". Geostrophic wind directions 
between 300" and 110" are likely to result in 
pressure-drlven channelling winds from 295°. The same 
wind direction over the lake is also likely to occur as a 
result of forced channelling by a geostrophic wind from 
between 210" and 20". Thus for geostrophic winds in the 
two scctors 300" - 20" and 120" - 200" the two mechanisms 
act in the same direction and may reinforce each other. For 
the remaining sectors the two mechanisms operate against 
each other and are likely to cause relatively weak winds 
over the lake. 

In Figure 3 the measured wind direction over 
the lake, Wdo is given as a function of the geostrophic 
wind direction, W d, taken from analysed pressure tieids. 
The solid lines in the tigure indicate the locus of points 
that would be expected if pressure-driven channelling 
alone was responsible for the wind over the lake and the 
hatched lines show the same for forced channelling. The 
representing all cases during the 1994 measuring 
campaign with well detined wind direction over the lake 
and wind speed in excess of about 3 m SI. For a 
geostrophic wind direction between O" and 115° two 
measurements indicate pressure-driven channelling 
whereas in the direction interval 115° to 20" data show that 
forced and pressure driven channelling determine the wind 
direction over the lake, both acting to give winds from 
115°. Between 205° and 295° both mechanisms are 
working, but now in opposite direction. Finally from 295° 
to 25° pressure-driven channelling alone rules the surface 
wind direction. Note that all measurements ofwell detined 
wind over the lake is along the lake ms, either from 
around 115° or from around 295°. This result indicates that 
during wintertime conditions when lake TometIäsk is 
frozen forced and pressure-drlven channelling are 
phenomena that exert great influence on the local wind 
regime. In Section 4 results from simulation with a 
numerical boundary layer model are used to generalise 
these results. 

3.1 Forced channelling 
As mentioned above winds over a valley, or in 

this case a frozen lake, can be forced down to the ground 
by the mountains swrounding the valley. The surfacc wind 
speed will depend on the magnitude and direction of the 
geostrophic wind but it will also be a function of stability 
and surface roughness. In a case of forced channelling the 
wind speed close to the ground will never exceed the 
over-laying wind speed. In Figure 4 a typical example of 
forced channelling is shown. The geostrophic wind 
direction is 2800 and the wind speed 10 ms-I • In the 
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Figure 3. Measured wind direction over the lake. Wdo 
plotted as a function of geostrophic wind direction. The 
rings indicates measurements, the solid line: the locus of 
points expected in pressure-driven flow and the batched 
line the same for forced cbannelling. 

boundary layer over the lake the wind direction is close to 
295°, the direction of the lake &Xis. The wind speed 
decreases gradually towards the surfaee, without any 
marked low level wind maximum. 
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Figure 4. Examples of wind speed and direction profiles 
during forced cbannelling conditions. 

3.2 Pressure -driven channelling (gap wind) 
Pressure driven cbannelling or gap winds can be 

defined as an ageostrophic flow of air in a cbannel, 
aecelerating under the influence of a pressllre gradient 
parallei to the &Xis of the channel [4]. 
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Figure 5. Examples of wind speed and direction profiles 
during gap wind conditions. 

Figure 5 shows a set of three consecutive wind 
soundings over the lake during a situation with weIl 
developed (although not excessively strong) gap wind, 
which is seen to be very sharply confined to the lowest 200 
m and with a wind maximum of ca. 7 m S-I at around 50 
m. At 250 m the wind drops to nearly zero. Above this 
height the wind direction is almost constanl: at 2200, 
increasing in speed linearly with height to about 12 ms-I at 
750m. 

5. NUMERICAL SIMUlATIONS 

The MIUU mesoscale model is a 
three-dimensional hydrostatic boundary layer model with 
terrain-following co-ordinates and second-order turbulence 
closure scheme [8]. Below the model is also validated 
against measurements in the Tometräsk area, hefore it is 
used as a tool to create a 'synthetic data base' for 
generalisation of the results discussed in the previous 
Section. 

For validation the model was run for a simulated 
24 hour period of time with input data chosen such as to 
simulate two cases with gap wind and one withouL The 
geostrophic wind speed and directions were taken from 
analysed pressure fields, which in those cases agreed very 
weIl with pibal measurements. The initial potential 
temperature profiles were taken from the soundings. 
Starting with this boundary layer ternperature profiles and 
the geostrophic wind speeds given above, the model was 
run with prescrihed surface temperature taken from 
measurements. 

Figure 6a shows the modelled gap wind structure 
over Lake Tometräsk (940412 at 1000 LST) in a line from 
ANS over site A, T and J. In Figure 6b the corresponding 
measured wind field is presented. The geostrophic wind is 
blowing from 205° with 10 ms-I. Over the lake a gap wind 
from 115° bas a maximum value of 6 ms.J, at a height of 
75 m. Above the low level jet there is a layer with almost 
no wind, and at higher levels the wind speed increases to 
5-6 ms-I and the direction is aeross the lake. Comparing 
the simulation with measurements, Figure 6 a and b, there 

is very good agreement for all three height intervals. 
There is, however a sligbt tendency for the model to give 
lower wind speeds close to the ground. 
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The overall impression from all simulations is 
that there is very good agreement between simulations and 
measurements both as regards the heigbt and the strength 
of the gap wind. 

4. A SYNTHETIC DATA SET 

The model was ron with a constant geostrophic wind 
speed of 10 ms-I for 18 directions evenly distnouted 
around the compass and for two stability conditions, near 
neutral and slightly stable. Note that both observations and 
simulations show that no gap winds develop in strongly 
stable conditions. 

In Figure 7 the simulated wind speed at a height of 
30 m is given in a hodograph representation as a function 
of geostrophic wind direction. The full cin:le represents a 
indicates near neutral stratification and the hatched curve 
slightly stable conditions. The axis of the lake is marked 
with a solid line. Starting with a geostrophic wind 
direction along the axis of the lake (295j, forced 
channelling alone is working and the highest surface 
winds are obtained for neutral stratification. Moving 
clockwise round the circle, the two 'stability curves' cross 
for an approximately northerly geostrophic wind direction. 
For a wind direction of 25° (the line normal to the ms of 
the lake) oo1y pressure-driven channelling is acting and is 
most effective during slightly stable conditions. In the 
direction quadrant 25° - 115° the two mechanisms are 
counteracting and the resulting surface winds are low. 
Again for 115° (along the axis of the lake) forced 
channelling is giving the highest surface winds during 
neutral conditions. In the next quadrant (geostrophic winds 
from 115° - 205j the two mechanisms work together. For 
205°, pressure-driven channelling again gives the highest 
surface winds for slightly stable conditions. 

To conclude, the model simulations show that a 
combination of pressure-driven channelling and forced 
channelling can explain the observed wind field c10se to 
the surface over the lake for most cases when the 
stratification is slightly stable (or near neutral) and the 
overlying wind is not too weak. Pressure-driven 
channelling will create the highest wind speeds during 
slightly stable stratification but is less effective durlng 
neutral and very stable conditions. On the contrary, forced 
channelling creates the highest wind speeds in near 
neutral conditions. 
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ABSTRACT: When the surface conditions changes at a coastline, an intemal boundary layer evolves, with a wind 
speed and turbulenee intensity influenced by these new conditions. Aircraft measurements across the coastline, per
formed during near neutral conditions, are compared with a model and thirteen more simple expressions for the 
growth of an internal boundary layer (IBL). The majority of the expressions overestimate the IBL height, whi1e other 
underestimate it. Some of the expressions give reasonably result elose to the coast. The model gives good agreement, 
even for 1arger distances. The vertica1 potential temperature gradient turned out to be an important parameter for the 
growth of the IBL, even with this near neutral conditions. 
Keywords: Coastal Sea Areas, Boundary Layer, Wind Speed, Meteorology. 

l. INTRODUCTION 

Many wind turbines are situated in coastal areas, to take 
advantage of the higher wind energy potential off shore. It 
is therefore of large interest how fast the wind conditions 
is changing moving inland. 

The larger roughness and changes in the tem
perature conditions at the coastline, gives decreasing wind 
speed and increasing turbulence intensity. An internal 
boundary layer (!BL), where the meteorological conditions 
are influenced by the conditions over land, evolves. A 
schematic illustration of the physica1 situation, studying 
onshore wind, is shown in Figure 1. The height of the IBL 
grows inland with distance from coast, until an equilib
rium height is reached. 
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Figure 1: Schematic illustration of the growth of an inter
nal boundary 1ayer. 9=potential temperature, (where 9= 
T(lOOO/pr, T=temperature and p=pressure) and h=IBL 
height. 

The development of intemal boundary layers 
have been studied in numerous investigations and there 
are also a large number of field experiments (e.g.[l] and 
[2]), theoretica1 expressions for the IBL growth, (e.g.[3]) 
and a number of more or less complex numerical models 
(e.g.[4] and [S]). A review is found in [6]. 

A common feature in most of these measure
ments and numerical studies, is a cold sea and a warmer 
land surface. In this study, the measurements used are car
ried out in autumn. Here, the sea surface is warmer than 
the land surface (about l-2°C). There is slightly stable 
conditions over sea and slightly unstable conditions over 
land, but the stratification can be regarded as near neutral. 

2. DATA 

The Department of Meteorology at Uppsala University, 
Sweden, has carried out a number of field experiments on 
the Baltic coast. One area where measurements has been 
performed is in the southeast of Sweden (see Figure 2), 
e.g. [7], [8] and [9]. The measurements in this comparison 
were part of an extensive measuring program performed in 
September and October 1990. 

Aircraft measurements giving wind, tempera
ture, humidity and fluxes of momentum and sensible and 
latent heat were performed. These air borne measurements 
were taken with an instrument package mounted on a 
Sabreliner 40A aircraft (operated by the Swedish Defence 
Material Administration, available for atmospheric re
search on a rental basis). The measurement systern, ca1i
bration and accuracy estimations are described by [10]. 
Evaluation of the slant profile data and a discussion of the 
potential errors generated by that analysis are found in [8]. 

Ground based measurements, consisting of pro
fIle and turbulence measurements on a 2S m tower, radio
soundings and pilot balloon measurements, were per
formed on the small island Utlängan (see Figure 2). The 
instrumentation and measurements are described in [8]. 

Two cases, of the eleven occasions with aircraft 
measurements, are studied in this investigation. They con
sist of several flight legs flown over the same track but at 
different altitudes, from SO to SOO m, to cover the vertica1 
profIles of meteorological parameters in the boundary 
layer. The flight legs cross the shoreline - half flown over 
sea and half over land. The flights start and end with slant 
profiles, from a height of about SO m and up to about 1600 
m. Three of the four vertical profiles are flown over the 
sea (see Figure 2). The tirst ofthese two flights was flown 
on September 24, between 1340 and IS0S local time and 
the second on September 2S, between 940 and 1110 loca1 
time. The approximate heights for the flight legs are for 
the tirst flight SO, 100, ISO, 200, 300 and 400 meter and 
for the second flight SO, 100, ISO, 200, 2S0, 3S0 and 4S0 
meter. The flight area was chosen so the track was per
pendicular to the coast and the wind direction was towards 



land (Figure 2). TIIe vertical potential temperature gradi
ent, y, over the sea is small and so is the surface heat flux, 
(w'e')o, over both land and sea. These conditions are very 
common in autumn at our latitudes. 

Isoplots of wind speed is fmmd by combining 
data for a specific latitude (or longitude) from flight legs 
at different heights to profiles, and then plot the data pro
files as a function oflatitudes (or longitudes). This gives a 
picture of the variation of wind speed, both as a function 
of height and as a function of distance from coast. This 
procedure implies stationary conditions during the flights. 
The distance from the coast is calculated in the mean wind 
direction, taken from the aircraft measurements. 

58.0,,----~ __ ------"'--()--;:;=;--, 
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Figure 2: Map over the area where the measurements 
were performed. The lines shows the flight tracks. l: 24 
September, 1990 and 2: 25 September, 1990. The cross 
shows the island Utlängan. 

3. THE GB MODEL 

A model describing the growth of near-neutral and convec
tive internai boundary layers by [4] is used, in a somewhat 
simplified version: 

(l) 

where Uh=wind speed at the top of the IBL, u.=mction 
velocity, g=acceleration of gravity, and B=2.5 and C=l.3 
are constants. (Remainillg parameters, see F igure l.) 

This equation is used iteratively to ca1culate the 
IBL growth. The most important difference between Eq. 
(1) and the original model is that (w'e')o is neglected, since 
that parameter is very small in our measuremellts. Al
though this model (hereafter called GB model) is a model 
for both near-neutral and convective IBL growth, the com
parisons found in the literature, between this model and 
measurements, is mainly with more or less convective 
conditions, [4], [I] and [11]. According to [4] the model 
cannot be used for: (l) the development of stable intemal 
boundary layers or (2) situations when the upwind air is 
neutral or unstable stratified. Here, the conditions is near 
neutral both upwind and downwind. The potential tem
perature gradient, with y=O.OOOI Km·l as smallest, is more 
than a magnitude smaller than any value in the compari
sons mentioned. Also, (w'9')0 is smaller in our data and 
values of other parameters differ too. 

4. COMPARlSON BETWEEN GB MODEL AND DATA 

In Fig1.lfe 3 and 4 cOluparisons between contour plots of 
wind speed, as a function of height and distance from 
coast, and modeled IBL growth (Eq. l) are shown for the 
two cases, 24 September and 25 September, respectively. 
For both flights, it is a significant decrease in wind speed 
at the coastline, illustrating the growing IBL. A large wind 
speed gradient clearly shows the linlit for the influence of 
the land conditions. Over a distance of 20 kilometres, from 
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Figure 3: Wind speed as a function ofheight and distance 
from coast for 24 September, 1990. The dashed line is 
predicted IBL height (Eq. 1), with y=0.0002 Km·l for 0-
300 m, y=0.002 Km·l above. 

Distance from coast (km) 

Figure 4: Wind speed as a function ofheight and distance 
from coast for 25 September, 1990. TIIe dashed line is 
predicted IBL height (Eq. l), with y=O.OOOI Km·l for 0-
200 m, y=0.001 Km·l above. 

10 km upwind to 10 km downwind the coastline, the wind 
speed at 25 September decreases from 11 mls to 5 mls, i.e. 
more than a halving of the wind speed. For the 24 Sep
tember the corresponding decrease is 2 mls, from 9.5 mls 
to 7.5 mls. There also seems to be upstream effects, espe
cially in the second flight, decreasing the wind speed up
wind the coastline. This is in agreement with a clima
tological study of this part of the Baltic Sea by [I2]. Possi
ble factors affecting the upstream wind speed decrease is 
e.g. the curvature of the coastline and islands situated 
upstream. 

The height of the IBL can be defmed in different 
ways, e.g. where (1) Ou/m. or (2) (!d/m. has a discontinuity. 



From isoplots of different parameters (here exemplified 
with wind speed, Figure 3 and 4) a graphically comparison 
of the form and height of the IBL, between measurements 
and model result, was performed. Note that there are no 
measurements below 50 meters height. The comparisons 
showagenerally good agreement between measurements 
and predicted IBL height. Although the calculated height, 
in average, shows an even better agreement than the exact 
form of the IBL, the result fulfill the expectations. 

5. IBL EXPRESSlONS 

There are a number of formulas for the growth of the 
(coastal) IBL in the literature. A test of thirteen more or 
less simple expressions, with a limited munber of parame
ters, is performed here. The model (Eq. l) agreed weil 
with the measurements, in spite of the relatively small 
heat flux, the small y and the "reversed" temperature dif
ference. This comparison is performed to see how less 
complex expressions handle these meteorological condi
tions. Most of them involve both physical and empirical 
considerations, but they are derived in different ways and 
use different simplifications. The majority of them are 
compared with one or more data sets. (See Table l. The 
abbreviations for the different expressions from Table l 
are used in the following text.) 

6. COMPARISON OF DIFFERENT FORMULAS WITH 
TIffi GB MODEL 

We have seen that the used version of the model by [4] 
agree weil with our measurements. It is therefore possible 
to use that result as a starting-point for the comparison of 
the expressions in Table r. Choosing this starting-point, 
the result of this test is presented as a comparison of cal
culated IBL growth for all expressions, using the GB 
model as a reference. The ca1culated IBL heights for the 
25 September, 1990, is shown in Figure 5. The GB model 
is drawn with a broad line and all expressions are marked 
with an abbreviation of the name of respective author(s) 
(see Table l). 
In our measurements, both (w'8')o and y is small. The 

expressions ineluding the tenn (x·ITL-Tw I /yYI2 or 
(x-(w'8')o lyr, i.e. Ra, We, Ve and PI, thus ineludes the 
ratio between two small quantities. All these expressions 
give a larger or smaller overestimation of the IBL height. 
This result could be expected, since y is the parameter 
with the most extreme values here. Also the VdH 
formulation gives a large overestimation of the IBL height. 
The VdH equation, and also the SH83 expressions, 
inelude parameters related to the vertical temperature 
variations, and is sensitive to the exact value of those 
parameters. Both SH83 versions overestimate the IBL 
height, but the "form" of these curves resemble the GB 
model result. The difference between the two SH83 
versions is quite small, which confirms the assumption 
that neglecting the (w'8')o term has a minor influence on 
the IBL growth for our cases. 

Three of the expressions, i.e. E, Wo and SH78, 
involve the roughness length, Zoo SH78 use the roughness 

indireet, since the constants depend on Zo and stability. 
Together with the expression by B, these four formulas 
has a larger exponent (0.7-0.8) than the majority of the 
expressions, which have a x°.5 dependence. Both the E and 
Wo equations give IBL heights that agree weil with the 
GB model elose to the coast, but give a too fast growth for 
larger distances. The equation by B has the same form as 
the two equations previously discussed, but gives to small 
values of the IBL height. The SH78 expression, on the 
contrary, gives far too high values of the IBL height. 

Table I: Expressions for IBL growth, used in the compari
son described in section 5 and 6. 
Expression 

{ ) 

~ Um = mean wind speed 
Il = 8. ----=- in IBL, o = temp. diff., 

V mO top to bottom of marine 
surfuce - based inversion 

u. ( ITCTwl)~ TL , Tw = surface 
Il = - x-I-I- , temp. for land 

Vm r and water, 
respectively. 

, F=I/7 

Authors 

VdH: Van der 
Hoven (1967) 
(from [3]) 

Ra: [13] 

Ve: [14] 

PI: Plate (1971) 
(from [3]) 

We: [15] 

{

Il = O.1x (x S 2000m) Ha: [16] 

1l=200+D.03(x-2000) (x>2000m) 

h = ZOl[O.75 + o.o3In(Z02)Y ~)O'8 
ZOl }.ZOI 

ZOI,Zo2=rouglmess length upstream and 
downstream, respectively. 

h = 1.91xoS 

h = axb 
, a,b tabulated 

( 
u..'(Jx JYz L1 = temp. jump 

h = 5 gf,.U m 'at the top ofIBL 

h = 0.2X(O.78-0.33zlLa ) , 

,k=OA L = 
a gk(w'B')o 

E: Elliot (1958) 
(from [17]) 

Hsu: [18] 

SH78: [19] 

SH83a: [20] 

SH83b: [20] 
(used iteratively) 

Wo: [21] 

B: [5], (modified 
version after [1]) 

Finally, two of the expressions depend only on 
the distance: Ha and Hsu. Both formulas give almost the 
same IBL heights as the GB model elose to the coast, but 
for larger distances the Hsu equation gives too low 
heights, while the formula by Ha gives a too fast IBL 
growth. These expressions are formulated with the inten
tion to be simple. According to [16], this kind of formula, 
in contrast to several of the other expressions, do not 'blow 
up' (i.e. produce very small or very large values of the IBL 



height) for extreme values of certain parameters. Since 
both (w'8')o and r is small in our cases, this sensitivity 
becomes important. TIlis may explain why the two sinI
plest expressions give relatively good results here, in 
comparison to some of the other formulas. 
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Figure 5: Comparison of different IBL expressions with 
the GB model, for 25 September, 1990. GB model (broad 
lines) with: r as in Figure 4 (full line) and with y=0 
(dashed line). 

It is important to be careful in drawing general 
conelusions about the different expressions from this com
parison. TIlis is a case study, with two quite special cases. 
But, the comparison do say something about the sensitivity 
of the expressions for the values of the involved parame
ters and, at least for some of the expressions, of the lim
ited range the expressions is valid within. 

7. TIfE POTENTIAL TEMPERATURE GRADIENT 

As illustrated in Figure 5, setting y=0 in the GB model has 
a large effect on the IBL height. Taking the small values 
of the potential temperature gradient into consideration, 
the effect is even larger than nlight be expected. 

The potential temperature gradient upwind also 
changes with height in our cases, for 24 September at 300 
m and for 25 September at 200 m. Such a double structure 
of the marine boundary layer may be caused by several 
reasons, e.g. the conditions over land areas upstream, 
elouds or specific synoptic situations, and may therefore 
not be rare. Above the slightly stable boundary layer here, 
r is a magnitude larger than below. FoIlowing [4], the 
value of r used in the model is changed, when the IBL 
height reaches 300 m and 200 m, respectively. Using this 
change turned out to have large effect on the IBL growth. 
For the 25 September, using r=O.OOOl Km-l for the whole 
IBL growth, in Eq. (1), gave an IBL of 710 m at 15 km 
from the coast, while using r as in Figure 4 gave 420 m. 

The potential temperature gradient also appear 
in some of the IBL height expressions in Table L Using a 
changing r in the We equation, ca1culating the IBL height 
iteratively, gives a form and height more like the GB 
model. At 15 km from the coast, this gives a height of 310 
m, instead of 550 m. This further illustrate the sensitivity 
of the IBL growth on the value ofr. 

8. CONCLUSIONS 

The aircraft measurements used here showed a consider
able decrease in wind speed elose to the coast, starting 
upstream the coastline. The growth of an internal bound
ary layer is elearly seen from the isoplots of wind speed, 
giving a large wind speed gradient at that height. The 
majority of tlIe expressions for tlle IBL growth tested in 
this comparison overestimate tlle IBL height, while otller 
underestimate it. Some of the expressions give reasonably 
result elose to the coast. The GB model agree weIl with 
OlIT measurements, even for larger distances. The vertical 
potential temperature gradient, and the vertical change of 
that parameter, tumed out to be important for the growth 
of the IBL, tllough the near neutral conditions. Finally, if 
further work was to be done on expressions for the IBL 
growth, tlli.s comparison shows tllat tlle way tlle potential 
temperature gradient is used in a formula, and the up
stream effects, is important to study. 
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HIGH RESOLUTION CLIMA TOLOGICAL WIND MEASUREMENTS 
FOR WIND ENERGY APPLICA TIONS 

Hans BergstIÖm 
Department of Meteorology, Uppsala University 

Box 516, S-75120 Uppsala, Sweden 

ABSTRACT: Measurements with a combined cup anemometer/wind vane instrument, developed at the Department of 
Meteorology in Uppsala, is presented. The instrument has a frequency response of about l Hz, making it suitable not ooly for 
mean wind measurements but also for studies of atmospheric turbulence. Jt is robust enough to be used for climatologica1 
purposes. Comparisoos with data from a hot-film anemometer show good agreement, both as regards standard deviatioos and 
the spectra1 decomposition of the turbulent wind signal. The cup anemometer/wind vane instrument is currently used at three 
sites within the Swedish wind energy research programme. These measurements are shortly described, and a few examples 
of the results are given. 
Keywords: Coastal sites, climatic conditions, anemometers, boundary layer, off-shore, wakes. 

1. INTRODUCTION 

The demand for wind data with high temporal 
resolution at heights of relevance to wind energy 
applications is large. The reason for this is not onIy to get 
a better knowledge about the wind energy potential, but 
also to increase the understanding of the turbulence 
structure of the wind in the atmospheric boundary layer. 
Such information is of great importance when estimating 
wind turbine load and fatigue. When judging the extreme 
load situatioos, it is also of great importance to know the 
behaviour of the wind during the most severe wind 
conditions. This includes not ooly knowledge of the 
highest wind speed, but also of the most extreme changes 
in wind speed and wind direction during a short period of 
time, say a few seconds. Thus it is important to measure 
the wind with a temporal resolution of l s or better, and to 
take measurements during as long periods as possible in 
order to reduce the statistical uncertainty in the estimates 
of the most severe wind situations during the lifetime of a 
wind turbine. Wmd measuring periods of the order of 
several years are then desirable. 

Within the Swedish wind energy research programme, 
such wind measurements are at present taken at three 
locations. At Alsvik on the island Gotland in the Baltic 
Sea, at Lyse on the Swedish west coast, and at 
Östergarnsholm 4 km east of the island Gotland. 

At all sites wind measurements are taken with a high 
quality cup anemometer/wind vane instrument, allowing 
accurate measurements of the two horlzontal wind 
components with a time resolution of l s. At the 
Östergarnsholm site, all three wind components are also 
measured using Solent ultrasonic anemometers. 

2. TECHNICAL DESCRIPTION 

Al the Department of Meteorology in Uppsala a 
combined Cup Anemometer/W"md Vane (CA WiV) 
instrument has been developed. The instrument has ashort 
response time, making it possible to measure the turbulent 
fluctuations of the two horizontal wind componems up to a 
frequency of 1 Hz. This is sufficient for wind energy 

purposes, and thus at a rather low cost makes it possible to 
take high quality measurements of the atmospheric 
turbulence structure. 

Aschematic picture of the instrument and a block 
diagram illustrating its components is shown in Figure 1. 
The wind speed is measured with a three-cup anemometer 
of the pulse type. The radius of the rotor is 4 cm. and the 
cups are conical in shape, made of plastic, and has a 
weight of 10 g. 

MUX 
DVM 
0-10 V 

RS232 

Wind .peed, 
F/V converter 

PC 
Tape rec. 

Figure l: Schematic picture and block diagram of the cup 
anemometer/wind vane system. 

A 4O-s1ot disc connected to the shaft of the 
anemometer chops an infrared beam. The pulses are 
detected by an infrared sensitive photo transistor, and the 
pulse frequency is fed into an FlY COllverter, where the 
frequency is transformed to an analog voltage signal. This 
voltage is then a direct measure of the wind speed. 

The wind direction part of the instrument coosists of a 
potentiometer, sensing the position of a high performance 
wind vane, made of balsa wood. The size of the wind vane 
is 8cmx 16 cm. 

The complete instrument thus makes it possible to 
measure the two horizontal wind components with a high 
frequency resolution. Before storing data on cassette tapes 
at a sampling frequency of 1 Hz, in order to avoid aliasing 

1 



the analog signals are passed through e1ectronie filters 
with their half energy points at 0.5 Hz. 

Before taken into use, 16 anemometers of this type 
were calibrated in a wind tunnel. These calibrations 
showed that the mechanical parts of the anemometer 
(hearing, shaft, slot disc) gave practically identical wind 
response when compared using the same cups. 
Comparisons of the different cups also showed good 
agreement, all of them being within ±1.5% in measured 
wind speed. 

Lyse Alsvik Östergarnsholm 

Figure 2: Map of southem Sweden showing the location of 
the three experimental sites. 

3. FIELD PERFORMANCE TESTS 

Data from the Alsvik site (ef. below) sarnpled with a 
frequency of 1 Hz was compared with turbulence data 
taken with a hot-film instrument sarnpled at 20 Hz. The 
eomparison shows that the CA WiV instrument has 
negligible over-speeding, and is capable of measuring the 
variance of the longitudinal and the lateral wind 
eomponents with high accuracy [1]. At 40 m the cup 
anemometer instrument catches 93% and 95% of the 
standard deviations of the longitudinal and lateral wind 
eomponents respectively, eompared to measurements with 
the hot film instrument. The remaining 5-7% are the 
contributians from frequencies between 1 Hz and 20 Hz. 
The losses can easily be corrected for by assuming the 
inertial subrange -2/3-s1ope to be valid above 0.5 Hz, and 
integrating over the higher frequencies to estimate the 
losses. 

Spectra1 densities of the longitudinal and lateral wind 
eomponents were determined using the FFr technique. 
Also spectra from the CA WiV instrument compare well 
with those measured with the hot film instrument, [1]. 

4. EXAMPLES OF APPLICA TION 

Wmd measurements for wind energy applications are 
presently made at three sites in Sweden: Lyse at the 
Swedish west coast, Alsvik on the island of Gotland in the 
Baltic Sea, and Östergarnsholm, a small island 4 km east 
of Gotland. see Figure 2. 

4.1 Alsvik 
Measurements at Alsvik have been taken since April 

1990. Two towers (MI and M2 in Figure 3) are since June 
1991 equipped with anemometers at 8 leveis, (lO, 18,24, 
31, 36, 41, 47, and 53 m), whieh are sarnpled with 1 Hz 
and stored on data cartridge tapes. Before June 1991 
instruments were mounted at 7 heights from 3 to 41 Dl. 

The measurements also include temperature at five levels 
(3, lO, 18,31, and 41 m) in tower MI. 

Figure 3: Map of the Alsvik. site. Towers are marked MI 
and M2, wind turbines are marlced T1-T4. Shaded areas 
are eovered with forests. 

The Alsvik measurements are primarily intended for 
the study of wind turbine wakes at a number of distances 
from 1 to 9.6 rotor diameters downwind of the four 23 m 
diameter, 180 kW turbines located at this site, 50-200 m 
from the shore-line (T1-T4 in Figure 3). But they also give 
valuable information on the strueture of the atmospherie 
turbulence, suitable for load and fatigue estimates, e.g. 
RFC (rain tlow count) statisties of the wind speed and 
direction. 

The site is very tlat and the eoastal area surrounding 
the turbines is mainly grassland, occasianally partly 
overed with small ponds when the water level of the 
Baltic Sea is high, making it difficuIt to accurately 
determine the exact location of the coast line. To the east 
of the site, towards the interior of the island, there are 
some forested areas with mainly 5-10 m high pines. 
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Figure 4: The turbulence intensity at Alsvik, tower MI, 
as function of wind direction (mean values in 10 sectors). 
The peaks around 1100, 1650 and 3450 are caused by 
upstream wakes. 
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Figure 5: The turbulence inteDSity at Alsvik, tower M2, 
as function of wind direction. The peaks around 40", 210°, 
260° and 320° are caused by upstream wakes. In the sector 
around 120° the anemometers are downstream the tower. 

The climatologica1 influence from the four wind 
turbines upon the turbulence characteristies eould e.g. be 
illustrated by looking at the wind directional dependence 
of turbulence intensity, a/U (where <:s=standard deviation 
of the wind, and U=mean wind speed). This is shown in 
Figures 4-5, where we can clearly see the influence from 
the wakes. The increased turbulence levels with winds 
from the forested areas with winds from the northeastem 
sector is also obvious. The turbulence intensities are here 
as a mean between 0.15 and 0.20, whereas the intensities 
with winds from the sea are only about 0.07 to 0.08. 

The vertleal gradients of mean wind speed may be 
devided into two parts, an asymetrie and a symetrie 
gradient, r. and r. respectively. Raving three levels of 
wind measurements, ZI - Z3 , these two gradients are 
defined around the heights Z2 as: 

ra =OiU3 -U2 + U2 -UI ) 

1.. z3 -z2 z2 -zl 

r
s 

= OiU3 -U2 U2 -Ut) 
1.. z3 -z2 z2 -Zt 

where UI-U3 are the mean wind speeds at there three 
heights. Thus the symetrie gradient is the part of the total 
gradient that has opposite sign above and below the 
heights Z2, wbile the asymetrie gradient is the remaining 
part. In the ease of the wind speed varying linearly with 
height, the asymetrie gradient will give the total wind 
gradient, while the symetric gradient will be zero. This 
partitioning of the gradient is useful in wind turbine 
design because the response of the turbine will be 
different for the symetrie and the asymetrie parts. 

The variation of the mean asymetrie and symetrie 
gradients around the 31 m level of tower MI are shown in 
Figure 6. In free sectors with no wakes, the symetrie 
gradient is elose to zero, while in sectors with wakes (ef. 
Figure 4) it becomes positive (minimum wind speed at 31 
m). The asymetrie gradient is usually around 0.05 s·I, with 
values eloser to zero within wake sectors. 

The standard deviation of the asymetrie gradient is 
about 0.04 s·t, while it is onIy about 0.02 s·1 for the 
symetrie gradient. 11ms although the mean asymetrie 
gradient is only 0.05 S·I for winds from the sea, much 
larger values are expected to occur even on a 10 min 

average base. In Figure 7 the distribution of the asymetrie 
gradient is shown. Jt has a broad maximum between 0.01 
and 0.05 s·I, with extremes around -0.1 and +0.2 s .1. 

The distribution of 1 s maximum and minimum 
asymetrie gradients are shown in Figure 8. As they were 
deermined using wind data from 5 heights between 18 and 
41 ID, they should respresent extreme gradients which 
endeed would affect a wind turbine. The most extreme 
positive gradient corresponds a wind speed difference of 
10 mls over a vertleal distance of 20 ID. 
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Figure 6: Asymetrie and symetrie gradients versus wind 
direction. Data from tower MI, 1990. The line give mean 
values in 1 ° sectors, while the vertical bars are the 
eorresponding standard deviations. 
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Figure 7: Distribution of the asymetrie gradient. Data from 
tower MI, 1990. 
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Figure 8: Distnbution of maximum, 'Yx, and minimum, 'Ya, 
l S asymetrie gradients. Data from tower MI, 1990. 
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4.2 Lyse 
Since the autumn of 1992 similar l Hz. tower 

rneasurements are taken at the Lyse wind turbine site, 
using the same type of instruments. To be able to get 
undisturbed measurements from all directions, 
anemometers have been mounted at 7 heights (lO, 23, 31, 
40, 48, 57, and 64 m) on the northwestem side of the 
tower, and at 5 heights (32, 40, 49, 57, and 65 m) on the 
southeastem side. Temperature is rneasured at 5 heigbts 
(2, !O, 23, 40, and 64 m), and relative hurnidity and air 
pressure at 2 ID. 

The termin at Lyse is, in contrast to the fiat and rather 
homogeneous Alsvik site, much more heterogeneous. The 
coastal area to the east is rocky with peaks reaching 50 m 
a.sJ. within the nearest 1-2 km. Nearby islands to the west 
and southwest are 30 to 40 m high. Both the islands and 
the nearby mainland rocks have only sparse vegetation, 
with patches of grass and herbs, and oo1y very few bushes 
and trees. 1bus the rougbness of the surface could be 
expected to be rather small, except for the heterogeneous 
rocky landscape itself. 

A comparison between the turbulence at Lyse and 
Alsvik reveals that with winds from the sea sector, the 
more heterogeneous terrain at Lyse increases the 
turbulence intensity at 30 m from 0.08 at Alsvik to 
between 0.08 and 0.15, see Figure 9. 

With easterly winds, i.e. from land, the turbulence 
intensities at Lyse are of the same order of magnitude as 
those at Alsvik, indicating that the turbulence intensity 
above a heterogeneous hilly terrain with sparse vegetation 
may be approximately the same as over fiat, partly 
forested, terrain. The peak around 2200 is caused by 
upstream islands at a distance of 0.5-1 km. 
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Figure 9: Turbulence intensity at Lyse, 32 m level, as 
function of wind direction. The peaks around 3600 and 
1650 are caused by upstream wakes from nearby turbines. 

4.3 Östergarnsholm 
On the island Östergarnsholm 4 km east of Gotland in 

the Baltic Sea, meteorological measurements were started 
in May 1995. On a 30 m high tower wind and temperature 
are measured at 5 heigbts. The tower is located on the 
southem tip a the island, allowing a free over water fetch 
in a wide sector from northeast over east to sOllthwest. In 
the westem sector the water fetch is about 4 km, while for 
winds from the northem sector Östergarnsholm will 
locally affcet the measurements. The site thus offers the 

opportunity to to take observations in a wide wind 
direction scetor of the off-shore conditions. 
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Figure 10: Turbulence intensity on Östergarnsholm, 30 m 
level, as function of wind direction. 

This may clearly be seen in Figure lO, where 
turbulence intensity is plotted against wind direction. For 
winds from the sea, the intensity levels are between 0.07 
and 0.09. In the scetor around west-southwest, whith 
winds from Gotland, the turbulence intensity show 
maximum levels of about 0.10. Further to the north 
Östergarnsholm locally affcets the turbulence leveis. 

5. SUMMARY 

The field test reveals excellent performance of the 
CA WiV instrument. Tt truthfully records fiuctuations in 
the two horizmltal wind components of all scales up to the 
frequeocy limit 0.5 Hz set by the sampling frequency l 
Hz, and thus illustrates the possibility of using a relatively 
low cost instrument for high quality wind and turbulence 
measurements. 

Within the Swedish wind energy research programme, 
the Department of Meteorology in Uppsala is presently 
taking wind measurements at three sites: Alsvik, Lyse and 
Östergarnsholm. 

Site measurements amount of tower 
started data hei ht 

Alsvik April 1990 5 years 54m 
Lyse Iune 1993 3 years 66m 
Östergarnsholm May 1995 7 months 30m 

Also at the wind turbine site Näsudden on Gotland, 
winds are measured (by Vattenfall AB) on the 145 m high 
tower, but with a more slow respanding cup anemometer 
system., only allowing data to be sampled with 0.1 HL The 
0.1 Hz measurements started in 1993. Hourly rnean wind 
data are available from the Näsudden tower since 1980. 

Acknowledgement: The work was sponsored by NUTEK, 
Swedish Board for Industrial and Technical Development. 
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Wind Characlerisation for Design and Comparison with Standards, an Example from 
Lyse at the Swedish west Coast 

Hans Ganander, Teknikgruppen AB, Box 21, S-19121 Sollentuna, Sweden 
Ingemar Car16n, Division of Marine Structural Engineering, Chalmers Technical University, S-412 96 Gothenburg, Sweden 

Hans Bergström, Department of Meteorological , Uppsala University, S-751 20 Uppsala, Sweden 

ABSTRACT:The Lyse site at the Swedish west coast is an area with an archipelago of rocky islands to the west and an 
equally rocky mainland to the east. In between there are some open sea areas. As being a responsible project manager for the 
erection and the operation of a turbine at a site like Lyse, the question arises about characterisation of the wind for design or 
purchase of a wind turbine. Or in other words what wind turbine c\ass has to used for the design, according to existing stan
dards like for exemple IEC-1400.? 

KEYWORDS:wind turbine dass, extremes, design, certification 

1. INTRODUCTION. 

Since June 1993 meteorological measurements continu
ously measure wind speed and temperature at the Lyse 
site. After about two years an evaluation of all recorded 
data (95871 observations) started. Data from different 
wind direction sectors and for different stability situations 
were studied. Consequently it is possible to study in 
detail, and to quantify, the influence from quite different 
upstream conditions, in this type of heterogeneous coastal 
area. Thus e.g. mean wind profiles, turbulence intensities, 
and spectra are compared with results from 'ideal' sites 
with homogeneous surface conditions. There was also a 
possibility to test mode Is of different complexity against 
the observations. This is of interest, because most wind 
descriptions for design assume homogeneous conditions 
and neutral stratifications as weil was analysed in terms 
of common meteorological characteristics as mean wind 
speed, turbulence intensity and spectra. Wind structural 
parameters have therefore also been studied. They are 
called asymmetric and symmetric gradients and are used 
in design according toa method which is described in 
[1]. The large amount of continuously measured data has 
also made it possible to evaluate extreme value distribu
tions. A presentation of this meteorological investigation 
is found in [2]. 

In the first part of this paper some results of the meteoro
logical study are presented. Most of the results chose n are 
of interest for wind models for design purposes. The 
second part deals with aspects about the applicability of 
wind descriptions as in IEC-1400, regarding wind meas
urements of the Lyse site as an ex ample. 

2. SITE. 

A map of the measurement site located at the Lyse Wind 
Power Station in the northem part of the Swedish west 
coast, is shown in Figure l. This is a rather heterogene
ous area, with an archipelago of rocky islands reaching 
typically 30 m to 50 m above sea level. Also the nearby 
mainland is non-homogeneous with many rocky parts 
with peaks and plateaus up to about 50 m in height. 

Fig l Map of the Lyse site 

3. MEASUREMENTS. 

The meteorological tower is 66 m high. It has been in
strumented with combined cup/wind vane anemometers 
at 7 heights, giving information on mean wind conditions 
and turbulence characteristics of both longitudinal and 
lateral wind components. The upper five levels are 
equipped with two anemometers at each level, mounted 
on a northwest (308°) southeast (128°). The anemometers 
were calibrated in a wind tunnel. To get information 
about the thermal stabil ity of the atmosphere, temperature 
is measured at five heights, using Pt-500 thermometers. 
At 2 m height air pressure and relative humidity are also 
measured. 

Data is sampied on a PC (IBM compatible) with a time 
resolution of l s. lt is temporarily stored on a hard disc 
for 3 days, and then a backup is made on a Wangtek l Gb 
steamer tape station. 

4. SOME RESULTS OF THE EVALUATlON 

4.1. Turbulence intensity 

The turbulence intensity (crjU) of the two horizontal 
wind components (u and v), are often used as measures of 
the degree of turbulence in the atmosphere. Standard 
deviations and means are calulated per 10 min periods. 
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To illustrate how the heterogeneous surroundings influ
ence the turbulence leveis, the turbulence intensities have 
been averaged in 10 -sectors and plotted versus wind 
direction. The results are shown in Figure 2 for the u
component. Note the influence of the two turbines on 
turbulence intensities and on the gradient quantity in fig 3 
as weil. 
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Fig 2 Turbulence intensity (10 min) of the longitudanal 
wind speed component u, versus wind direction (l dgr) 

4.3. Vertical wind gradient fluctuations 

As wind observations were made once every second, it is, 
in analogy with the standard deviation of the wind speed, 
possible to determine the standard deviation of the verti
caJ wind gradients using the individual I s measurements. 
The variation with wind direction of the standard devia
tions of the asymetric (ga) and of the symetric gradients 
(gs), aga and ogs respectively, evaluated over consequtive 
10 min periods, are shown in Figure 3 as mean values 
and standard deviations in 10 sectors of wind direction. 
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Fig 3 Standard deviations (lO min) of asymmetri c vertical 
gradient (ga). 

The behaviour of au, the standard deviation of the longi
tudinal wind component, is rather weil known, once the 
roughness length is known, at least simple homogenuous 
terrain. This is, however , not the case for the standard 
deviations of the asymetric and symetric gradients, why a 
relation to determine oga and ogs from Ou would be use
ful. In Figure 4 oga are plotted as function of au for neu
tral stratification. 
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Fig 4 Standard deviations (10min) of asymmetric verti
caJ gradient versus au' for neutral stratification. 
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Linear relations seem to be valid at least up to Ou =2.8 
mls during neutral stratification. For other conditions it is 
found that linear relations are approximatively valid up to 
Ou =2.2 mls during stable stratification, and up to au = 1.5 
mls for unstable stratification. At larger Ou -values, the 
relations with oga seem to leveioff at constant values. 

Comparing the relations for the three stability classes, we 
find that ag) Ou and agJ Ou increase with increasing 
stability. 

We may thus conclude that complete knowledge about 
oga and ogs' may not be gained only through ou, but 
some consideration regarding the upstream conditions in 
heterogeneous terrain is also needed. But in most cases, it 
seems possible to determine oga and ags to within ±1O-
20% through empirical relations with au, at least for Ou -
values less than about 1.5 mls. 

4.3 Extremes 

Higher loading, in most aspects, is relatively more 
important for the designer. The reson is that fatigue 
damage is rather non linear. Behaviour of the wind in 
terms of variations (standard deviations) and extremes 
have therefore been investigated. Some of these results 
are shown below. 

The variation of the 10 min averages of ga, versus wind 
direction is shown in Figure 5 for neutral stratification, 
where mean values and standard deviations for 10 sectors 
have been plotted. It can be observed that the standard 
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Fig 5 Mean va lues and standard deviations of the asym
metric gradient determined during 10minutes 
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deviations are nearly of the same order as the mean val
ues. 

The frequency distributions of the standard deviation of 
the asymetric gradient during all 10 min periods with 
neutral stratification are shown in Figures 6 
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Fig 6 Frequency distribution of standard deviation of 
asymetric gradient over consequtive 10 min periods 

The frequency distributions of the extreme I Hz asymet
ric gradient during all 10 min periods with neutral strati
fication are shown in Figures 7. 
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Fig 7 Frequency distribution of extreme I Hz max of 
asymetric gradient over consequtive 10 min periods 

5. SUMMARY OFTHE METEOROLOGICAL STUDY. 

One conclusion of the analysis is that in spite of the 
rather heterogeneous surroundings with rocky terrain at 
various distances in all directions, the turbulence levels 
are by no means extremely high, when talking about 
mean values. Neither is the mean wind gradient extreme. 
Instead, the me an wind profile showa much smaller 

vertical gradient below 30 m than might have been ex
pected even over the open sea, while above 40 m the 
wind gradient is somewhat larger than over the sea. 

3 

Comparisons with theoretical relations, for both mean 
wind profiles and profiles of turbulence intensity, show 
that the conditions above 40 m with wind directions from 
the land sector are about the same as the conditions over 
homogeneous terrain. The roughness length is of the 
order 0.1-0.2 m. With winds from the rock y islands in the 
western sector, the wind characteristics above 40 m are 
about the same, as in homogeneous areas with the rough
ness length 0.01-0.02 m. 

The largest turbulence leveIs, except in the wake from the 
two wind turbines, have been found in a narrow sector 
around 2200 with unexpectedly high turbulence levels 
and large mean wind gradients above 40 m, as weIl. The 
conditions in this sector are about the same as with winds 
from land as regards the turbulence leveis, while the 
mean wind gradient is even larger, corresponding to a 
roughness length of 0.5 m. The cause for these rather 
extreme conditions in this narrow sector seems to be a 
combined effect of the upwind trajectory passing over the 
southeastern comer of the island Bläckhall, and further 
away passage over a main part of the larger island Stora 
Komö. 

The results of turbulence intensities also indicate large 
variations around the mean values. Standard deviations of 
25-50% of the mean values are relatively common. The 
reason for these variations are not investigated yet. 

An analysis of the I Hz vertical wind gradient values, 
divided into an asymetric and a symetric part, were also 
carried out. The gradients are evaluated at the height 49 
m using simultanuous data from the height interval 32 m 
to 65 m. The result is that the standard deviations of these 
turbulent gradients, as an average, could be related to the 
standard deviation of the longitudinal wind component, 
but that variations in the se relations were found to de
pend on the upstream conditions and also on the thermal 
stability . The distribution of the l Hz asymetric gradients 
showed that the difference in l Hz wind speed between 
the 65 m and the 32 m levels have an range between 
about -9 mls anQ 16 mls. 

6. AN EXTREME COHERENT EVENT. 

Due to the fact that the NWP400 turbine at the Lyse site 
has an event logging system and also measure some 
controi system quantities, it was possible to flnd a situa
tion with very unusual wind behaviour. The wind speed 
was about 15-20 mls, coming from NE. Turbulence 
intensity was about 15-20 % and the turbine was running 
in stall at rated power. Examination of the logging infor
mation indicated an emergency stop and details of the 0.8 
Hz sampied controi variables made it clear that some
thing extreme in yaw and/or teeter motions occurred. The 
meteorological measurements are continuously recorded, 
which made it possible to go into details regarding wind 
conditions at this occasion. 

The result of this is presented in figure 8 below. They 
show during 5-7 seconds rather rapid and large changes 
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of wind direction. It is interesting to note that all ten (flve 
shown in the fig.8) anemometers within the rotor area 
indicate the same time sequence. The average, at every 
sample, of all wind direction signals varies from 75° to 
25° degrees during 3.5 seconds, indicating a wind direc
tion ch ange of 14 o/sec. These average quantities could 
be used as regarded as wind structural parameters, indi
cating coherent properties of the wind speed structures 
and changes. 

Fig 8 Time series of flve wind direction signals at 32, 40, 
49,58 and 65 m heights. 
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Fig 9 A veraged wind direction signal, showing a change 
75° -> 25° during 3.5 seconds, approx 14 o/sec. 

7. COl\tPARING SPECTRA 

Fatigue caIculations are normally based on turbulence 
intensity models and spectra. The large variation of 
measured turbulence properties at the Lyse site, in differ
ent directions, have therefore been compared with IEC 
1400-1. Figure 10 shows spectral densities, averaged 
over several sequencies for U = 10 mls, z = 49 m, and 
near neural conditions. Sector 30° - 600 (dashed line) and 
270° - 300° (dashdotted line), are compared with IEC 
1400-1 (1996-2, Annex B, turbulence intensities A and 
B, Kaimal). InertiaI subrange level for sector 30° - 60° 
corresponds closely to IEC 1400-1 (turbulence intensity 
B), while for the sea sector, 270° - 300°, this level is 5-6 
times lower. 

The foIIowing observations between measured spectra 
and those defined in IEC 1400 can be made: 

- the re is a relatively small difference between IEC spec
tra in comparison with measured spectra 

- spectra for sea sector conditions or equivalent sites 
seem are rather low. 
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Fig IO.Comparison between two measured spectra and 
spectra according to IEC 1400-1. 

8.COMMENTS 

Even if the concept of 'wind turbine class' according to 
the IEC code is accepted and used, results of these pre
sented investigations arises many questions about the 
practical applicability of the code. Some of the questions 
are: 

- how to flnd values of wind model parameters for fatigue 
design or for the determination of wind turbine class, 
reagrding different wind direction? Should weighted 
mean values be used or worst value or ... ? 

- what does it mean that spectra for rough terrain are weIl 
described by the IEC code, while sea conditions or cor
responding flat terrain are not? 

- is there any description available, which defines the 
range of applicabiIity of wind models in the IEC code? 
What is flat / complex terrain and/or what obsticals 
within what distances are important? 

These are some of the questions that can be asked. 
Hopefully results presnted here will contribute to future 
R&D and cerification activities 
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ABSTRACT: In this paper characteristic parameters in a wind turbine wake are studied. The 

data used are full-scale measurements from a wind farm in Sweden, Alsvik, and results from 
a numerical model calculated for the same site. The results are valid for neutral stratification. 
The model employs a particle-vortex approach at the rotor plane, a Navier-Stokes solver in the 

near wake and applies self preservation in the far wake. The parameters investigated are the 
relative velocity deficit at centre line and hub height, and the radial distribution of the turbu
lent kinetic energy. 

Keywords: Wake, Measurements, Model, Turbulence 

1. INTRODUCTION 

To be ab le to obtain information of the wake ef
fects in a wind farm numerical models have to be 
used. 

For validations of the numerical modeIs, tests 
against full-scale measurements have to be per
formed. Here some of the results derived with 
a numerical model are compared with full-scale 
measurements from the Alsvik wind farm in Swe
den. 

The measurements from the Alsvik wind farm 
have earlier been used to investigate how different 
parameters influence the wake flow e.g. in [1]. 

One result from these investigations is that the 
atmospheric stratification is affecting the flow. 
Another result is that the efficiency of the turbine 
is important for the development of the wake. It 
was also found that the best way to analyse the 
measured data is by using the transport time, t, 
downstream the turbine as parameter instead of 
the distance, x. With this method it was possible 
to derive an expression for the velocity in the wake 
as function of turbine data and site characteristic, 
see below. 

The transport time, t, is calculated: 

x 
t(z) = Ua(z) (1) 

where x is the distance downstream and Ua is the 
ambient wind speed at the height, z. This ap
proach is also applicable on the model results, as 

the free stream velocity is known. 

2. DESCRIPTION OF THE MODEL 

The model is axisymmetric and assumes that the 
wake is decomposed into three regions: the rotor 
region the near-wake region and the far-wake re
gion [2]. 

Figure 1 shows aschematic description of the 
different parts of the numerical model. 

• rotor region 

• near wake region 

• far wake region 

The flowaround the rotor of a wind turbine is a 
rotationai flow. Bound vorticity is generated on 
the blades as a result of their shape whereas, ac
cording to Kelvin's theorem, free vorticity must 
be shedded downstream the rotor plane. The 
vortices generated at the blades are treated with 
a three-dimensional vortex particle model, GEN
VUP=GENeral Unsteady Vortex Particle method 
[3]. 

The data calculated with the vortex model are 
used as inlet conditions for the near-wake region, 
together with the ambient flow data. The velocity 
distribution used is the one given by the analysis 
of the rotor region, whereas the inlet distributions 
of the turbulent kinetic energy k and the turbulent 
length scale L are modified in order to account for 
the specific ambient conditions [3]. 
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Figure l: Schematic description of the model 

As regards L, for r> R (where R denotes the 
radius of the rotor) it is set equal to the ambient 
length scale Lo:, whereas for r < R, local equilib
rium between production and dissipation of k is 
used [2] This assumption was found to be the best 
choice according to the conclusions of a paramet
rie analysis presented in [4]. 

With these boundary conditions the N avier
Stokes equations are solved with the AXI-NS code 
to obtain the velocity and turbulence intensity 
profiles in the near-wake region. 

The velocity in the far wake is calculted with 
funetions assuming self preservation 

3. THE FULL-SCALE MEASUREMENTS 
AND SITE DESCRIPTION 

The full-scale data in this paper are from mea
surements in a wind farm on the island Gotland 
in the Baltic sea. The wind farm consists of four 
180 kW Danwin wind turbines. The hub height 
is 35 m and the rotor diameter is 23 m. The tur
bine starts to operate at 5 ms- l and regulates 
due to stall at 12 ms-l. At the site (see Fig
ure 2) there are two 54 m meteorological masts 
located (MI and M2). On both masts there are 
wind sensors at eight levels and also temperature 
sensors at five levels on mast MI. The data are 
sampied at a rate of 1 H z. The wind sensor is a 
combined light-weight cup anemometer and wind 
vane, developed at MIUU (Meteorological Depart
ment, Uppsala University). The temperature pro
file consists of Pt-500 sensors in ventilated radia
tion shields. The measuring system is described 
in [5]. 
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Figure 2: The site 

During a concentrated field effort in June 1991 
turbulence measurements were performed on mast 
M2 at three leveis. The turbulence instrument 
used was the MIUU instrument, which is described 
in [6]. It is basically a wind vane based three axial 
hot film system supplemented with dry and wet 
bulb temperature sensors. The sampling rate was 
20 Hz. 

4. RESULTS 

4.1 Relative velocity deficit 

In this section interest is directed towards the de
velopment of the relative velocity deficit at cen
tre line and hub height as function of transport 
time downstream, for neutral stratification. The 
radial distribution is also studied for three trans
port times. 

In this study CT is calculated with the aid of the 
produced power. The assumption is that the rela
tion between CT and produced power is constant, 
henee, independent of the actual wind speed. The 
power produced must be divided into two classes 
depending whether or not the turbine is regulated. 

Figures 3 to 5 shows radial distribution of the 
relative velocity at three times downstream the 
turbine. In figure 3 the model results (-) is larger 
at centre line compared to the measuremets (+). 
The measurements shows double peaked structure 
while the calculted values have maxima at the cen
tre line. For the other two times studied the cal
culated relative velocity deficit is lower compared 
to the measurements at centre line. However the 
form of the distribution is satisfactory. The above 
difference at the centre line might be a result of 
the mixing velocity, which probably is higher in 
the model compared to what is found for the mea
surements. The time dependency of the relative 



Figure 3: Radial distribution of the relative veloc
ity deficit at 3s, CT = 0.8 
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Figure 4: Radial distribution of the relative veloc
ity deficit at lOs, CT = 0.8 

velocit at centre line and hub height is presented in 
figure 6 which shows a comparision at centre line 
of the relative velocity deficit between results from 
the numerical model (-). and measurements (*) 
for CT = 0.8. From the figure it is seen that, for 
t < 20 s, the numerical results are lower than mea
sured, while the opposite is true for larger travel 
times, t. 

An analytical expression has been derived for 
the relative velocity deficit time dependency for 
times larger than the time required to create one 
maximima at centre line, to. 

llU (to) U = 0.4 In T +CT (2) 

The curve corresponding to neutral stratification 
( .... ), to = 5.25 s, agree with the measured data 
and the slope of the curve in the range 5 - 15 s 
is similar to that of the numerical curve in this 
range, t = 15 s is the approximate lower limit of 
the far wake. 

4.2 Turbulent kinetic energy 

The radial distribution of the turbulent kinetic en-
2 

ergy, k = ffi for three cases is presented in Figures 
7 to 9. The general structure is that the measured 
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Figure 5: Radial distribution of the relative veloc
ity deficit at 8.5s, eT = 0.65 
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Figure 6: Calculated an measured relative veloc
ity deficit as function of the time downstream the 
turbine. -: numerical model, ... : Eq 4, *: mea
surements, CT = 0.8 

values (+) are larger compared to the modelled 
values (-) at all times downstream. At 3.5 s, 
Figure 7, the model has maximum energy at r = R 
and a minimum at r = O. This behaviour is a re
sult of the large reduction of wind speed in the 
middle sections of the blades. Large reduction of 
wind speed generates large shear, and at this time 
there has not yet been any considerable advection 
of turbulent energy towards the centre. The mag
nitude of the measurements is much higher than 
the predictions. This higher level is a result of 
the higher turbulent intensity in the ambient How 
(0.13 compered to 0.07) and higher efficency of 
the turbine for the measured data. But the struc
ture in the measurements does not contradict the 
shape derived from the model. At t = 8.5 s and 
t = 17 s (see Fig. 8 and Fig. 9) energy has been 
transported towards the centre. for the model, 
although the relative velocity deficit has a maxi
mum at the centre line at this time, see Figure 4. 
The reason for this might be that the production 
of turbulent energy at the maiximum gradient is 
higher than the advection rate. The data from the 
measurements does not indicate a minima at the 
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Figure 7: Radial distribution of the relative veloc
ity deficitturbulent kinetic energy at 3s, eT = 0.8 
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Figure 8: Radial distribution of the relative veloc
ity deficitturbulent kinetic energy at 8s, eT = 0.8 

centre line, so the advection rate might be higher 
than found in the model. In Figure 9 after 17.5 s 
the peak value of turbulent energy is occuring at 
the centre line. Studying the lateral structure of 
k for the different times, it is round that the posi
tion of the maximum is moved towards the centre 
as the time increases. This is a consequence of 
the behaviour of the velocity distribution in the 
wake. Initially the maximum reduction is occur
ring approximately at the centre of the blade, and 
as the time develops the maximum is occurring at 
the centre line. The turbulent energy produced by 
shear is advected towards the centre. 

CONCLUSIONS 

Comparisons between full-scale measurements and 
numerical simulations have been performed. The 
relative velocity deficit at centre line and hub 
height is investigated, together with the turbulent 
energy The agreement is found to be relatively 
good for the near wake. In the far wake the re is 
substantiai difference. This could be attributed to 
the axisymetric character of the numerical model. 
The 3D effects of the atmospheric boundary layer 
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Figure 9: Radial distribution of the relative veloc-
ity deficitturbulent kinetic energy at 175, eT = 0.8 e 
which is important for the far-wake are not taken 
into account by the model. However, an poste-
rior i procedure for the influence of such effects is 
described in [4]. Nevertheless, where the relative e 
velocity deficits are similar , the results for the tur
bulent kinertic energy also agree. This indicates 
that the energy transport in the wake is, as ex
pected, strongly correlated to the relative velocity 
deficit . 

further work 

The next step is a full 3D resolution of the wake 
for better understanding on one hand the 3D at
mospheric boundary layer effects and on the other 
hand the influence of the atmospheric stratifica
tion which can indirectly be included in a 3D nu
merical model by the inlet conditions. Since the 
influence of the atmospheric stability is found to 
be rather important for the development of a wind 
turbine wake [1]. 
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ABSTRACT: Wind turbine wakes have been studied by analysing a large set of atmospheric 

data, from a wind farm with four turbines sited on a flat coastal area. The results obtained 
have been generalized to allow tests against data from other full scale wind turbines as weil 

as wind tunnel simulations. These comparisons are found to give very satisfactory results. 
The thrust coefficient is found to be a better parameter for description than wind speed, of 
wake characteristics beacuse it implicitly includes the effect of regulation. It is also found 
that down-wind travel time is more convenient to use than downwind distance in this con

text. The travel time to the end of the near wake region, i.e. to the point where a single 

velocity deficit peak first appears, is found to be inversely proportional to the rotationai 
frequency of the turbine and to the turbulence intensity of the ambient air flow and propor

tional to the ratio of the wake radius and the hub height. For larger travel times, i.e. for 

the far wake region, it is found that the centre line relative velocity deficit decreases with 
the logarithm of the time traveled and is parametrically dependent on the time constant 
and the thrust coeficient 
Keywords: Wake, Measurements, Stratification, Turbulence 

1. INTRODUCTION 

For large-scale exploitation of wind energy, it will 
be necessary to put wind turbines together in clus
ters or wind farms, as areas with suitable wind 
resources ·are limited. But in wind farms the tur
bines will always interfere with each other. The 
flow field behind a wind turbine is characterised 
by low wind speed, strong wind shear and a high 
degree of turbulence, and thus a second wind tur
bine placed behind the first one along the wind 
direction is likely to produce less energy than the 
undisturbed one, by an amount that will decrease 
with increasing distance. As wind shear and tur
bulence is recognised as two causes for dynamic 
loads on wind turbines, it implies that detailed 
knowledge of the flow field behind wind turbines 
is needed for planning of wind farms. 

In this investigation wakes behind wind turbines 
in the Alsvik wind farm on the island of Gotland 
in the Baltic Sea have been analysed by using the 
time as the parameter determining the develop
ment of the relative velocity deficit. 

2. SITE AND MEASUREMENTS 

The Alsvik wind farm consists of four 180 kW 
Danwind turbines and is located close to the shore 
line on the West coast of Gotland. The site, which 
is presented in Figure 1, is a flat coastal strip cov
ered with grazed grass and low herbs. Only data 
with wind coming from the sea (2000 

- 3200
) is 

used in this investigation. 
The four turbines are stall regulated, three 

bladed with a diameter of 23 m and a rotation 
speed of 42 r.p.m .. The hub height is 35 m. Cut
in speed is 5 ms- 1 and the rated wind speed is 12 
ms-l. 

Meteorological measurements have been per
formed at Alsvik since June 1990. There are two 
masts (MI and M2 in Figure 1) whith a total 
height of 54 m. Wind speed and direction are 
measured at 8 heights on both masts and tem
perature at 5 heights on mast MI. Wind speed 
and direction are measured with a type of sensor 
developed at the Department of Meteorology in 
Uppsala (MIUU). The instrument is a combina
tion of a small three cup anemometer and a very 
light wind vane . Wind speed and direction are 
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Figure l: The site 

sampied with l Hz. The instrument is described 
in [l]. Temperature is measured with 500 W plat
inum sensors. 

The four turbines are marked Tl-T4 in Figure 1. 
Wake profiles from turbines Tl-T3 are measured 
on mast M2, while the undisturbed wind profile is 
recorded on mast MI. The distance from Tl, T2 
and T3 to mast M2 is 9.60,4.20 and 6.10, where 
D is the rotor diameter (23 m). 

2. DATA 

In [2] the relative velocity deficit and the turbu
lence in the wake we re studied as function of dis
tance and stabil ity. The relative velocity deficit 
is defined as tU = (Ua;U .. ), where 'a' denotes 
the ambient wind speed a~d 'w' the wind speed in 
the wake. The stability parameter used was the 
Richardson Number, Ri. 

(1) 

where To is a reference temperature, g is the 
acceleration of gravity and e is the mean potential 
temperature. 

It was found that the relative velocity deficit de
creased with increasing distance from the turbine 
and increased with increasing stratification. 

In the present investigation atmospheric stratifi
cation is divided into three stability classes: unsta
ble (Ri<-0.05), neutral (-O.05<Ri<0.05) and sta
ble (Ri>0.05). Richardson number was calculted 
using temperature and wind speed at 18 and 31 
m. 

The thrust coefficient is used for determine how 
weil the turbine operates in the wind. 

4. RELATIVE VELOCITY DEFICIT 

4.1 Dependence of transport time and sta
bility 

Figure 2 a shows measurements of relative velocity 
deficit for unstable stratification as a function of 
distance and for eT = 0.84. This is the usual way 
to plot relative velocity deficit but the data points 
are very scattered at each distance (4.2D, 6.10 
and 9.60). A more physical way to represent the 
variation of deficit is to use transport time behind 
the turbine instead of distance. The near wake is 
determined by the properties of the turbine but 
the diffusion of the wake downstream is settled by 
the ambient turbulence and the longer transport 
time the stronger influence of atmospheric turbu
lence. The transport time, t, at a fixed height, z, 
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Figure 2: The relative velocity as function of a) 
distance and b) time 

is calculated. 
x 

t(z) = Ua(z) (2) 

Figure 2 b shows the same relative velocity 
deficit values as in Figure 2 a but as a function 
of transport time. There is still a rather large 
scatter, but the data points form a more contin
uos band. Taking the data at x = 6.10 with the 
standard deviation u ::::: 0.075, and dividing it in 
data intervalls of l s, it will range from 17 to 23 s. 
The mean of the standard deviations is in this case 
reduced to u ::::: 0.06. The mean of the relative ve
locity deficit at this distance is of the order 0.25. 

By using time scale instead of length scale, 
yields a more contiuos pattern and also reduces 
the scatter. We conclude that the relevant param
eter is the transport time instead of the distance. 

In Figure 3 isolines of relative velocity deficit 
in unstable stratification are given as function 



of height above ground and transport time for 
CT ~ 0.85 in Figure 3 a and CT ~ 0.6 in Figure 
3 b. The relative velocity deficit is much larger 
for large CT -values (low wind speeds) than for 
small (high wind speeds), because the turbine is 
working much more effectively at low wind speed, 
although the power production is less. In Figure 
4 a and b the corresponding relative deficit val
ues are given but for stab le air. It is quite dear 
that the relative velocity deficit increases with in
creasing stability. The ambient turbulence is less 
effective to diffuse the wake during stable condi
tions, and the stability tends to suppress vertical 
motions. 
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Figure 3: The relative velocity deficit as function 
of time, a) CT=0.85 stable, b) CT=0.85 unstable 

4.2 Near wake 

In the region dosely behind the turbine the wake 
is mainly determined by the characteristics of the 
turbine, although atmospheric stratification also 
comes into play. In [3] theoretical calculations, 
supported by measurements, show that just be
hind the rotor the relative velocity deficit has two 
peaks, situated at the middle section of the blades. 
With increasing transport time behind the turbine 
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Figure 4: The relative velocity deficit as function 
of time, a) CT=0.6 stable, b) CT=0.6 unstable 

momentum transport towards the centre gradu
ally wipes out the two peaks and one maximum 
at the centre will occur, the time required is de
not ed to. 

For neutral stratification to can be expressed as 

to = 2. . In (H) . R 
f Zo H 

(3) 

where f is the rotationai frequency, H the hub 
height, Zo the roughness height and R the rotor 
radius. 

For the Alsvik turbines to is calculated to be 
approximately 5.25 s, with a zo-value of 0.0005 
for the sea sector at Alsvik. 

4.3 Far wake 

Beyond t = to the relative velocity deficit de
creases with downstream travel time. Initally at 
the time to the relative velocity deficit is larger 
for larger CT. An analytical expression can be 
derived by using the ab ove results. 



fitting this expression to data from Alsvik gives 
C2 = 0.4. In Figure 5 (6J') is given as function 
of transport time for the sites : a) Nibe, b) Sex
bierum, c) Alta Nurra, d) wind tunnel measure
ments at TNO and e) Näsudden. The solid curves 
in all figures are Eq (4). The overall impression is 
that this equation fairly weIl describes the deficit 
decrease as a function of transport time. The site 
with largest difference between measurements and 
calculation is Näsudden. This is due to the fact 
that the averaging time is 30 min. The averaging 
time for the other full-scale si tes is l min. (Nibe, 
Alta Nurra) and 3 min. (Sexbierum). Case studies 
at Alsvik show that longer averaging times gives 
lower relative velocity deficit, because of meander
ing of the centre. 

Conclusions 

The thrust coefficient, CT of the turbine is found 
to be a better variable for description of tur
bine wake characteristics than wind speed, be
cause it implicitly includes the effect of regulation 
on power output from the turbine. 

The characteristics of the wake is found to be 
primarily a function of downwind travel time as 
opposed to travel distance as conventionally as
sumed. The scatter of the data points is found 
to be reduced when time instead of distance is 
used in the various ex pressions describing down
wind development of the wake. This behaviour is 
thought to be due to the time of exposure of the 
developing wake to the turbulence in the ambient 
air flow being of decisive importance. 

In the near wake the crosswind profile has two 
peaks, which gradually merge into a single cen
tre line peak. The down wind travel time for this 
merge to appear, to, is found to be inversely pro
portional to the rotationai frequency of the tur
bine and to the turbulence intensity of the ambi
ent atmospheric flow and proportional to the ratio 
of the wake radius to the hub height. 

For travel times t > to , i.e. for the far wake 
region, the relative centerline velocity deficit is 
found to be linearly related to In (~ ). 
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Abstract: ExternaI loads acting on wind turbine blades are mainly transferred via the hub to the rest of the structure. It is 
therefore a normal approach to measure the loads acting on the turbine by load measurements in the blade roots. The load 
measurement is often accomplished by measurements of strain on the surfaee of the blade or the hub. The strain signals 
are converted to loads by applying calibration faetors to the measurements. This paper deals with difficulties associated 
with load measurements on two different wind turbines; one with strain gauges applied to a steel hub where a linear stress
load relationship is expeeted and the other with strain gauges applied to the GFRP blade elose to the bearings where 
strong non-linearity's and temperature effeets are expeeted. This paper suggests calibration methods to overeorne these 
problems. 

Keywords: Calibration, Load, Measurements, Blades, 

Introduction 

Part I, deal s with load measurements on a three bladed, 
Danwin 180 kW, stall regulated WECS. The turbine under 
test is loeated in the Alsvik wind farm on the isle of 
Gotland in the Baltic sea. Strain gauge sensors were 
applied on the steel hub. The calibrations were 
performed by rotating the turbine slowly in low wind 
conditions. Comparisons of measured and ealculated 
moments from the turbine in Alsvik showed large 
diserepancies. An explanation of the problems 
associated with the load measurements and calibration 
and recommendations to avoid these problems are 
presented. 

Part II, deals with load measurements on the two 
bladed, 3000 kW, pitch controlled WECS, Näsudden II. 
The turbine under test is located on the Näsudden 
peninsula on the island of Gotland in the Baltic sea. 
Strain gauge sensors were applied on the GFRP blades 
elose to the bearings. Play in the blade pitch bearings 
and other non linear deformations near the bearings 
influenee negatively the linear relationship between 
externai loads and the strains at the location of the 
gauges. A calibration method has been developed to 
overeorne this problem. The method utilises 
measurements in well defined eonditions, such as start in 
high steady wind speed in eombination with 
corresponding struetural dynamie simulations. 

Part I: 
Experiences from load measurements on the 
DANWIN 180 kW turbine in Alsvik 

Background 

An extensive investigation of the blade loads on a three 
bladed, stall eontrolled WECS has been carried out 
through continuos measurements since 1990. The 

turbine under test is located in the Alsvik wind farm on 
the island of Gotland in the Baltic sea. The hub is made 
of east steel and has relatively long eylindrieal root 
parts suitable for applying strain gauge sensors. Strain 
gauge sensors were applied on the steel hub, on all three 
legs, in planes 45° off the plane of rotation. The purpose 
for not aligning the bridges in pure in-plane and out of 
plane directions was to enable the blade gravity moment 
to be the applied ealibration load, thus acting on both 
lo ad components. 

Calibration 

The calibrations were performed by rotating the turbine 
slowly in low wind eonditions. Figure l shows the 
measured and fitted output from one of the two 
components. The mass of the blades and the centre of 
gravity are weIl known. The ealibration factors were 
then easily determined from the fitted sinusoidal output 
from the two components. Flap wise (out of plane) and 
edge wise (in plane) bending moments were composed 
from the two eomponents of the measured signals. 

Comparison with measurements 

Comparisons between measured and ealculated moments 
on Danwin 180 showed large discrepancies. The 
measured flap moments were far below the calculated 
values. Comparisons of the mechanical input power 
estimated from the edge wise bending moment (and 
rotationaI speed) and the corresponding output power 
from the generator indicated an efficiency of the 
transmission of more than 100%. In other words, also 
the edge moments seemed to be too low. However, the 
magnitude of the gravity moment tumed out correct. 
These discrepancies put forth a question on the 
appropriateness of the used calibration procedure; Were 
the loads during ealibration representative for the loads 
during normal grid connected operation? 
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Finite element analysis (FEM) of the hub 

A comprehensive finite element analysis of the hub was 
performed in order to investigate these questions. A 
model of the hub, shaft and blade root was made, see 
Figures 2 & 3 The end of the primary shaft of the model 
was assumed to be fixed. Unity loads (six components) 
were applied to all blades in order to get the complete 
picture. The different load conditions from normal 
operation and calibration could easily be investigated by 
appropriate combinations of the unity loads. The 
analyse was made with STRlPE [1], a finite element 
program developed at FF A. 

Correction matrix 

From the calculated signals it was possible to derive a 
6*6 matrix (below) which could be used to correct the 
measured flap and edge wise moments. The matrix 
accounts for sensitivity and cross talk correction factors 
for each component. 

Corr. Matrix Meas. 
Flap l 16.4 1.216 0.000 0.094 -0.068 0.094 0.06 10. 

Edl!e l 20.~ 0.000 1.131 -0.028 0.144 0.028 0.14< 18.5 
Flap2 29.9 0.094 0.068 1.216 0.000 0.094 -O.06! 19.8 

Edge 2 8.6 0.028 0.144 0.000 1.131 -0.02! 0.14< 7.1 
Flap 3 37.8 0.094 -0.068 0.094 0.068 1.216 O.()()( 29.4 

Edge 3 -8.6 -0.028 0.144 0.028 0.144 0.000 1.13 -11.1 

Figure 4 shows a comparison between measured and 
corrected signals from the slow rotating calibration. The 
ca1culated signals from the finite element analysis are 
very elose and confirms the validity of the results from 
the FEM analysis. 

Corrected measurements 

Figures 5 and 6 show a comparison between measured 
and corrected signals from arneasurement campaign. The 
measured mean flap and mean edge moments should be 
increased by up to 40%. 

Figure 7 shows how a typical load spectra based on the 
old measured data and the new corrected data. The 
difference is significant. 

Discussion and Conclusions from Part I 

Load measurement is accomplished by strain 
measurements which is converted to loads by means of 
calibration factors. Loads in other parts of the structure 
may give rise to strain levels in the measured parts and 
consequently apparent loads (cross talk) in the part of 
interest. Although the hub in Alsvik seemed to be ideal 
for load measurements, the interaction (cross talk) was 
surprisingly strong. The measurements in Alsvik 
fortunately ineluded all three blade roots thus enabling 
the cross talk to be taken into account. 

The bending moments, during calibration by slow 
rotation, from each blade are balanced by each other and 
no torque is transferred into the shaft. During normal 
operation however, moments from the blades are 
balanced by the shaft. So the stress flow during normal 
operation is different from the stress flow during 
calibration. 

To avoid these problems the following general 
conelusions can be drawn: 

Measure all major extern al loads that affect the 
structure. 
Use a calibration method that, as far as possible, 
resembles the load situation during measurement 
conditions. 
Evaluate the cross talk. 

Part II: 
A calibration procedure for the Näsudden-II 
strain bridges in the blade roots, where 
strong non-linear and temperature effects are 
present 

The cylindrical (CP 2.5 m) blade roots at the Näsudden II 
turbine have 6 full strain bridges each, situated very near 
(0.6 m) the pitch bearings. As the strain gauges, by lack 
of space, have been bonded so elose to the bearings, the 
bridge signals are not linearly depending on the blade 
loads in the whole loading range. The complex stress 
distribution near the pitch bearings makes, in general, 
all strain bridges sensitive to all types of loads (strong 
cross talk). The blade root material (GFRP) is rather 
anisotropic, making the bridge signals significantly 
influenced by the temperature. 
As a consequence of these related conditions, the blade 
root bridges cannot be calibrated by slowly rotating the 
turbine rotor (loaded by its own weight) or by static 
loading the blades by externai weil-know n forces. 
Instead the bridges must, if possible, be calibrated in or 
elose to the realoperating conditions, as described 
below: 

A turbine start at steady high wind has been chosen from 
the continuous measurements at Näsudden, where the 
following steps can be observed: 

l. the rotor accelerates up to 21 RPM by pitch controi 
2. the generator is connected to the net 
3. the power is raised up to about rated power (3MW). 

Based on the measured wind speeds at 38, 75 and 120 m 
height, pitch angla, rotor-speed and generated power, a 
corresponding turbine start has then been simulated by 
the computer program VIDYN [2]. The results are written 
as time series representing, among many other 
quantities, the blade root loads, rotor and pitch angles, 
rotor speed and generator power. 

VIDYN is a program written by Teknikgruppen AB for 
simulations of horizontal axis wind turbines (HAWT). 
Its results have been verified against measurements from 

• 



many turbines at different operating modes and wind 
situations. 

The characteristics of the procedure mean that the 
calibration of the blade root bridges is based on: 

l. Measurements from a turbine start at steady high 
wind. 

2. Simulation (program VIDYN) of a corresponding start 
at the same wind conditions. 

3. Least Square Method: The compos ed measured signals 
are fitted to the VIDYN-computed quantities when the 
measured and simulated rotor angles are equal 
(after interpolation) and 

a) before generator net-connection: the rotor 
speeds are as equal as possible 

b) after generator net-connection: the generator 
powers are as equal as possible. 

All samples from the start recordings have not been used 
in the curve-fitting computations, instead, limited 
periods have been chosen. Especially only a late period 
from the rotor acceleration phase was used due to the 
non-linearity's caused by the too elose neamess to the 
pitch bearings. However, after the generator connection, 
all recorded samples have been used up to about I 5 
turbine rotations at full power. 
The temperature influence on the strain bridge signals 
has been considered by ineluding additional high wind 
start measurements (4 starts, May 96) at quite different 
temperatures in the same curve fitting computation. The 
rotor speed and its squared value have also been involved 
in the curve-fitting process for further increasing the 
calibration accuracy and reli abili ty. 
The calibration quality has been examined by computing 
the turbine power as the product of rotor speed and the 
computed edge-moment sum at the hub. The 
correspondence between the computed and measured 
power was quite good at these tests. 
It is not possible to give a more detailed description of 
the calibration process due to space limitations in this 
paper. However 4 figures are shown belowas an 
illustration to the method and the results. The numbered 
figures contain only time plots and represent the 
following: 

8. Näsudden II measurements from the high wind speed 
start at 1995-08-09 21 :40:30 - 21 :44:24, have been 
used as input to the VIDYN program. From top to 
bottom the curves show: 
WS38 = wind speed at 38 m height in the met mast 
WS75 = at 75 m [mls] 
WS120 = at 120m [mls] 
Pitchvinkel = pitch angle [deg] 
Effekt = Power [kW] 
Gen. varvtal = generator speed [RPM] (Rotor speed = 
generator -speed/73.4 7 5 [RPM]) 

9. Plotted results from VIDYN simulation 
Fi = rotor angle [deg] 

Fip = rotor speed RPM] 
Mflap, Medge, Mpitch = computed moments [Nm] at 
hub center 
FfIap, Fedge, Fnorm = computed forces [N] at hub 
center 
Pitch = Pitch angle [deg] 
Pgen = generator power [kW] 

10. Additional measured quantities are shown from the 
related start (see fig. 8), and as can be seen especially 
from the blade root I: 
Rotorlage = rotor angle [deg] 
Gen. varvtal = generator speed [RPM] 
Flapmom bl, Edgemom bl, Pitchmom bl [mV] 
=signals from blade-fixed bridges, specially designed 
to sensing bending and torque moments in blade-root 1 
Tvarkr l bl, Tvarkr2 bl, Normalkr bl [mV] 
= signals from bridges designed for sen sing 
corresponding forces 
Pitchvinkel = Pitch angle [deg] 
Effekt = generated power [kW] 

II. The results from the calibration are here shown for 
the root of blade #1, when applied to the start 
measurements. As can be seen, these curves coincide 
rather weil with the corresponding VIDYN-curves i n 
figure 9. (Unfortunately the two diagrams no 7 show 
opposite sign-definition). 
The curve no 9 (AxeIEff) in figure 11 represents 
computed power, based on the measured and 
transformed edge moments and the rotor speed, see 
above. During synchronizing, before the generator net 
connection, this curve differs a lot from the underlying 
curve, which represents Pgen(=measured generator 
power). 

Conclusions from Part II 

It has been demonstrated that acceptable accuracy can be 
obtained from load measurements by combining 
information from measurements in well defined 
conditions with ca1culations. However, the general 
advice is: Never mount strain gauges for load 
measurements elose to bearings. 
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Figure 1 Measured and fitted output from the calibration. 

Figure 2 The FEM model of the hub. 

Figure 3 Complete model with blades. 
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Figure 4 Measured and corrected signals from the slow 
rotating calibration 
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moment. 
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Abstract: Measurements of blade loads on a turbine situated in a small wind farm shows that the highest blade loads oc
cur during operation elose to the peak power Le. when the turbine operates in the stall region. In this study the extensive 
experimental data base has been utilised to compare loads in selected campaigns with corresponding load predictions. 
The predictions are based on time domain simulations of the wind turbine structure, performed by the aeroelastic code 
VIDYN. In the calculations a model developed by Stig 0ye were adopted in order to inelude the effects of dynamic stall. 
This paper describes the work carried out so far within the project and key results. 
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1. INTRODUCTION 

An extensive investigation of the loads on a three 
bladed, stall regulated WECS has been carried out 
through continuos measurements since 1990. The tur
bine under test is a 180 kW DANWlN, stall controlled, 
wind turbine located in the Alsvik wind farm on the isle 
of Gotland in the Baltic sea. The measurements inelude a 
range of operation conditions, such as very low turbu
lent flow when the wind comes from the open sea, and 
high turbulent flow when the wind comes from the inte
rior of the island. Wake effects at different distances 
have been investigated thoroughly in previous projects. 
These investigations show that wake operation can 
create high loads that significantly exceeds the loads 
that occurs in high turbulent conditions and in complex 
terrain. However, the highest blade loads occur during 
operation elose to the peak power i.e. when the turbine 
operates in the stall region. At these conditions both 
high flap load cyeles and high edge load cyeles of high 
frequency occur. In the current study the extensive ex
perimental data base has been utilised to compare loads 
in selected campaigns with corresponding 10ad predic
tions. The predictions are based on time domain simula
tions of the wind turbine structure, performed by the 
aeroelastic code VIDYN. 

2. PROJECT GOAL 

Dynamic simulation ineludes many key issues such as 
the structural description, integration methods, mode de
scription, couplings, steady and unsteady aerodynamic 
stall models, wind description, etc. The objective has 
been to utilise the data bas e to compare loads in selected 
campaigns with corresponding load predictions. This i s 
done as one mean of identifying if and where modifica-

tions in any of the many steps are necessary to be able 
to predict loads in the stall region. 

3. INITIAL STEPS OF WORK 

3.1 Wind field simulation 
Wind fields were simulated using an in house code called 
SOSISB7. This code is based on conventionai wind 
simulation technique, involving orthogonal decomposi
tion of the spectral matrix, and inverse Fourier trans
form. The meteorological models used here were diabatie 
spectral densities (u- and v-components) proposed by 
Kaimal et. al. [1], and the diabatic logarithmic wind law 
(se for example [2]). Cross-spectral densities were mod
elled using a modified exponential coherence function. 
Model parameters, such as roughness length, Monin
Obukhov length, and coherence decrements, were fitted 
to the measured wind. These procedures were developed 
for neutral to moderately stable atmospheric boundary 
layer. 

3 . 2 Selection of measured wind conditions 
Several wind sequences below stall and in the stall 
region were selected from the database and analysed. Two 
wind sequences below stall were used to tune the struc
tural model and one wind sequence above stall was used 
for the simulations in stall. The sequences below stall 
were selected because a good matching could be obtained 
with the simulated wind field. 

3 . 3 Tuning the response of the structural 
model 

The aeroelastic code VIDYN [3], developed by Teknik
gruppen AB, is a simulation program for statie and dy
namic analysis of horizontal axis wind turbines. The 
method used for calculation is based of numerical inte-



gration of dynamic equations of the whole turbine sys
tem. Structural dynamic modelling of the DANWIN tur
bines in Alsvik turbine were done in the project 
"Dynamie Loads In Wind Farms II" [4]. The results from 
this project has been used as input to the current project. 
Further refinement of the structural model has led to, 
what we believe, a good structural description of the tur
bine. Finite element modelling of the blade has enabled 
an adjustment of the structural description of the blade. 
The stiffness in the yaw-system has been adjusted. A 
coupling between the rotation of the nacelle due to the 
side-to-side motions of the tower and the power fluctua
tions has been identified and implemented in the VIDYN 
code. Figures 1 and 2 shows comparisons of measured 
and calculated dynamie response of Flap and Edge mo
ment for a moderate wind condition. The turbine rationaI 
frequency is =0.7 Hz. The agreement is very good. 

4 AIRFOILDATA 

Two sets of data where used. An estimation of Aerofoil 
characteristics for NACA 63-2xx airfoils at a Reynolds 
number of around 2 million was made. Figure 3 shows 
this set which is called Aerodata 1. For the inner part of 
the blade a 3D correction was applied which is shown as 
the data for c/r=0.3. The first simulations in stall 
resulted in too low flap and edge moment vibration am
plitudes compared to measurements so a second set of 
data called Aerodata 2 where also used. For this set of 
data, the 15% and 18% aerofoils were given CI(a) charac
teristics to be more prone to stall induced vibrations. 
This set of data is shown in Figure 4. 

5 MEANPOWERANDFLAPMOMENT 

Figures 5 and 6 show the calculated mean power and flap 
moment compared to measurements. The agreement i n 
power is best using Aerodata 2, but for the flap moment 
actually Aerodata 1 best reproduce the slope of the flap 
moment as function of the wind. 

6 CALCULATIONS BELOW STALL 

Calculations were done with different descriptions of the 
wind as function of space and time. 

1.) Simulated wind field updated with 16Hz, as de
scribed in paragraph 3.1. The wind was given in a 
22x22 matrix with a mesh width of 1.25 m. Both u 
and v-component. (Windfield484) 

2.) Wind field created from the wind in the meteoro
logical mast at five heights within the rotor swept 
area. The wind field is updated with 2 Hz. No trans
versal gradients or v component. (Windfield25) 

3.) Wind input as the measured wind at three heights 
within the rotor swept area. The wind field is up
dated with 2 Hz No transversal gradients or v com
ponent. (~easured wind) 

4.) Constant exponential wind shear and no time 
variation. 

Results from the simulations below stall at a mean wind 
speed of 8.6 mls with a turbulence intensity of 7% i s 

seen in Figure 7 as Rain Flow Count spectra of the flap 
moment. 

It is seen that the general agreement between simula
tions and measurements is good except when all time 
variation of the wind is excluded. The figure shows that 
the difference in load spectra by using the simulated wind 
field with both u and v-components compared to using 
the measured wind at three or five heights is small. The 
simulated wind field have statistical properties that 
matches the measured wind over a longer period than the 
500 seconds of simulations that was used to create the 
load spectra. During these 500 seconds the simulated 
wind has a slightly larger mean wind speed and standard 
deviation than the measured. This has resulted i n 
slightly larger load variation in the simulation and ex
plains why the results with simulated wind show slightly 
larger load variations. 

7 CALCULATIONS IN STALL 

7 . 1 Dynamie stall model 
The dynamic stall model of 0ye [5] has been used. The 
calculations with the dynamic stall model were made 
with a non-dimensional time lag Tf=6. (Tf is non-di men
sional with the half chord so that Tf is equivalent to 
2·r: fac used in [5]) 

7.2 Seleeted sequence from measurements 
Simulations and comparisons with measurements are 
shown for a 200 seconds long sequence. The wind speed 
is =15 mls and the turbulence is =8%. This situation rep
resents a fairly severe condition for the turbine with flap 
moment oscillations of an amplitude of 35% of the mean 
leve!. The measured yaw misalignment during the se
quence is approximately 12 degrees. 

7.3 Type of simulations 
Simulations were done with several combinations of 
aerofoil data, types of wind input and at different yaw 
angles. In the subsequent paragraphs results are included 
to show the effect of: 

• Aerofoil data and dynamic stall model 
• Yawangle 
• Type of wind input 

7 .4 Effects of Airfoil data and dynamie 
stall model (Figure 8) 

Calculations were first made with Aerodata 1. We had 
suspected that, without the inclusion of a dynamic stall 
model, large stall induced vibrations should occur in the 
calculations. However, for the chosen campaign the 
simulations showed no sign of large flap-vibrations. 
The load variation is substantially lower than found in 
the measurements. (A partiai explanation to this is that 
this first calculations were made with zero yaw miss
alignment. As shown in paragraph 7.5 the yaw angle has 
a large influence on the loads.) 



In order to investigate the influence of different static 
aerofoil data, a second set of aerofoil data was made up as 
described in paragraph 4. 

With this set of data large vibrations occurred both in 
flap and edge during short time sequences of the cam
paign. These vibrations had an amplitude much larger 
than the measured flap moment amplitude. 

The next step was to include the dynamie stall model. 
With the dynamic stall model applied (Tf=6) the stall-i n
duced vibrations disappeared and the load variation dras
tically decreased as shown in Figure 8. With Aerodata 1 
used, the inclusion of the dynamic stall model resulted i n 
slightly increased loads. This can be explained by the 
fact that the lift-coefficient variation becomes larger 
when the dynamic stall model is applied (e.g. Cl,max in
creases). 

The results in figure 8 show that the choice of static aer
ofoil data and dynamic stall model has a Iarge influence 
on the loads. 

7.5 Effect of yaw misalignment (Figure 9) 
The difference between the nacelle direction and the wind 
direction in the meteorological mast indicated a yaw 
angle of 12 degrees. Calculations were made with differ
ent yaw misalignment. Figure 9 shows load spectra for 
these calculations. It is seen that the yaw angle has a 
large effect on the simulated loads. For the simulations 
made with an yaw-angle of 12 degrees, the agreement be
tween simulations and measurements are very good. The 
shown caIculations are done using Aerodata 2 and TF=6. 
If Aerodata 1 was used the load variation became lower 
both with and without the dynamic stall model used. 

7.6 Effect of wind input (Figure 10) 
The calculation shown in figure 8 and 9 were made with 
the wind input from a simulated wind field. The calcula
tions below stall, described in paragraph 6, showed that 
the use of a wind field with u and v-components com
pared to using the measured wind resulted in only small 
differences in the flap RFC spectra. However, at 15 m/s 
per second the method for describing the wind showed 
out to be important. 

Figure 10 shows the flap RFC spectra for simulations 
with two different types of wind input. 

1.) Simulated wind field in 22x22 points updated with 
16Hz. Both u-and v-components. 

2.) Wind input as the measured wind at three heights 
within the rotor swept area Only u-component. The 
wind field is updated with 2 Hz. (Measured wind) 

Results from simulations with two realisations of the 
simulated wind with different random seeding are in
cluded. 

It is seen that the calculation with the measured wind re
sults in a large under-prediction of the load variation i n 
comparison to using the simulated wind and compared to 
the measured flap moment variation. 

8 CONCLUSIONS 

The study shows that 

the selection of aerofoil data in combination with 
appropriate stall model is crucial for arealistic be
haviour in stall. 

the description of the wind as input to the calcula
tions is important and has a major influence on the 
simulated loads. 

in order to be able to compare the predicted loads 
with measured loads it is necessary to have a good 
knowledge of the yaw misaIignment as it turned out 
to have a crucial influence on loads. 

The results are encouraging and show that simulations 
with VIDYN agree weIl with measured loads. 

This project will go on and include more severe condi
tions from the measured data base and simulate loads for: 

combined stall and wake effects 

combined stall and large yaw rnisaIignment (>20°) 

and to: 

evaluate other stall models 

study other quantities such as blade edge loads and 
tower loads. 
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AERODYNAMICAL ERRORS ON TOWER MOUNTED WIND SPEED MEASUREMENTS 
DUE TO THE PRESENCE OF THE TOWER 
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ABS1RACf: Field measurements of wind speed from two lattice towers showed large differences for wind directicns 
where the anemometers of both towers should be unaffected by any upstream obstacle. The wind speed was measured 
by cup anemometers mounted m booms almg the side of the tower. A simple wind tunnel test indicates that the 
boom, for the studied conditims, could cause minor tlow disturbances. A theoretical study, by means of simple 20 
tlow modelling of the tlow around the mast, demmstrates that the tower itself could cause large wind tlow 
disturbances. A theoretical study, based on simple treatment of the physics of motion of a cup anemometer, 
demcnstrates that a cup anemometer is sensitive to velocity gradients aeross the cups and responds clearly to velocity 
gradients in the vicinity of the tower. Comparison of the results from the theoretical study and field tests 
shows promising agreement. 
Keywords: Anemometers, aerodynamics, velocity, wind speed, wakes, 

1. INTRODUCTION 

Measurements of loads m wind turbines and of 
meteorological conditims have been carried out at the 
Alsvik wind farm m the isle of Gotland in the Baltic sea. 
The measurements include wind speed data from two 54 
m high triangular open towers, MI and M2, placed 145 m 
apart, see Figure 1. The width (side) of the mast is 0.34 
ro. The anemometers in MI and M2 are mounted on 1.2 m 
long booms with square cross secUm of 30x30 mm. The 
booms are directed such that they point towards the wind 
for wind directions 219° in M I and 3100 in M2. 

Figure l: Map of the Alsvik site. Towers are marked M l 
and M2, wind turbines are marked Tl-T4. Shaded areas 
are covered with forests. 

The analysis of the measured wind data indicates a 
large difference in wind speed between the two towers for 
wind directicns where the anemometers on both towers 
should be unaffected by the wake of the tower or any other 
upstream obstacle. Figure 2 shows the measured ratio 
between the wind speeds from the two towers. The large 
dips are the velocity deficits in Ml due to the wakes of 
upstream turbines. The wind speed in the sectors between 

the wakes is, however, expected to be the same at both 
towers. The measurements, however, show a variation in 
wind speed ratio of the order -5% to +2% for these 
sectors. 

The reasm for this could not be explained by different 
distances from the shore-line to the two towers, being of 
the order 50 m to tower MI and 200 m to tower M2 for 
the sector 280°_300°. One could then expect the inlernal 
boun.dary layers to be about 5 m and 20 m high at towers 
M1 and M2 respectively. As we can see in Figure 2, the 
trend in wind speed ratio from about +2% at 1800 to -5% 
at 3000 is approximately the same at the heights 10 ro. 31 
m and 41 ro. but at 41 m the anemometers on both towers 
will measure the conditims over the sea. Different 
upstream cmditions is thus probably not the reason for the 
observed trend. 
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Figure 2: Ratio between measured wind speed in towers 
M2 and MI. Data from the period April 1990 to June 
1991 has been used. Heights 10 m (o), 31 m (x), 41 m (+). 

2. BOOM TEST IN FFA WIND TUNNEL 

The possible intluence on the measured wind speed of 
the boom on which the anemometers are mounted was 

1 



checked in FFA 10 m1low speed wind tunnel, see [1]. The 
anemometer was mounted on top of a very slender pole. A 
boom could be inserted from the side of the tunnel to 
simulate the presence of a boom. The boom was inserted 
on the side of the anemometer where the cups were 
moving with the wind. The vertical distancc between the 
anemometer and the boom was 5.5 boom diameters. The 
rotationai speed of the anemometer was repeatedly 
measured with and without the boom inserted, also with 
the boom inserted in the wind tunnel far away from the 
anemometer in order to check the influence on wind 
tunnel speed due to the presence of the boom. 

The rotational speed of the anemometer without a 
boom inserted or with a boom inserted far away from the 
anemometer both gives measured values between 461.2-
461. 7 r.p.m.. The influence of the boom on the speed in 
the wind tunnel was thus negligible. The rotational speed 
of the anemometer with boom inserted beside the 
anemometer gives measured values between 466.0 and 
466.8 r.p.m.. The ratio between the rotational speed with 
and without the boom at the anemometer is 1.011. It can 
therefore be concluded that the presence of the boom 
increases the wind speed by 1.1 % as measured by the cup 
anemometer. 

The sensitivity of the boom position was exarnined by 
measurements with the anemometer pointing up or down. 
With the anemometer pointing upwards the boom is 
located on the side of the anemometer where the cups are 
moving with the wind, and with the anemometer pointing 
downwards the boom is located on the side of the 
anemometer where the cups are moving against the wind. 
The rotational speed of the anemometer with the 
anemometer pointing upwards give measured values of 
468.0-468.1 r.p.m.. The rotational speed of the 
anemometer with the anemometer pointing downwards 
give measured values of 462.2-462.9 r.p.m.. The ratio 
between the rotational speed with the anemometer 
upwards and downwards is 1.012. 

The conclusions, based on the combined results from 
the wind tunnel experiment are that the presence of the 
boom, in any direction, could only cause wind speed 
deviations in the order of 1 %, as measured by the cup 
anemometer. The relatively large deviations experienced 
at Alsvik could therefore not be explained by the presence 
of the boom oo1y. 

3. ASSESSMENT OF TOWER EFFECfS ON THE 
FLOW AROUND A TOWER 

Anotherpossible cause of the measured differences at 
Alsvik could be tower effects or interference between 
tower and anemometer. The presence of the tower 
influences the flow field. Distwbances in the flow field 
have mainly two causes: 1) The "solid body" displacement 
caused by the tower. 2) The wake bebind the tower. The 
speed will be reduced in front of and increased beside the 
tower. It is assumed that the aerodynamic force of the 
tower oo1y acts in the flow direction (drag). Any side force 
(lift) generated is neglected. The flow field can be 
estimated by means of simple 2D flow modelling based on 
potential flow including solid body effects (source-sink) 

and wake flow (source). Figure 3 shows the towercross 
sectionallayout, the coordinate system used and velocity 

y v 

Figure 3: Tower cross seetion with definitions of 
coordinate systems and wind vector. 

u 

cornponents. The velocity components u and v at a point P 
are obtained by summing the components from the two 
considered cases: solid body flow and wake flow. 

Free 
stream 

Wake 
flow 

~= 1 + CdxLx~ 
Vo 4x1t? 

VIOl = 

CdxLxL 
4x1t r2 

,----
2 2 

"101 + VIOl 

Solid body flow 
(doubiet flow) 

a2 xcos(29) 

? 
a2 X sin(29) 

r 2 

Necessary inputs to the calculation are the width of the 
tower (L) , the drag coefficient (Cd) , the radius (r) and the 
angle (9). To account for the solid body disturbance the 
tower is represented by a fictitious cylinder with radius 

(a). Details are given in [1]. 

3.1 Estimation of the drag of the mast 
The drag coefficient, Cd, for the entire tower is 

estimated by an area weighted summation of the drag 
coefficients for projected individual parts. 1he drag 
coefficient for cylindrical parts is set to 1.2 and for sharp
edged plates to 2.0. 1he Cd value obtained by summation 
amounts to 0.7, and can be regarded as an upper bound for 
the Cd of the tower. The total drag coefficient will, if 
shadowing effects are taken into account, probably be 
lower. In this context the tower is considered to be an 
evenly diffused object seen at a distance. In reality local 
effects such as the proximity to a comer, etc. must be 
included. 

3.2 Assessment of tower effects on the flow around the 
Alsvik tower 

Figure 4 shows calcu1ated local relative wind speed 
versus position around a tower with a drag coefficient of 
0.6 and for 9 different distances r. Note that the position 
angle differs from (9) in the formulas above. In Figure 4 
the angle is zero when the boom is pointing against the 
incoming flow. A positive angle is obtained when the mast 
is tumed counter clockwise as seen from above. The 
radius of the fictitious solid body was assumed to be to 
0.12 m. The calcu1ations indicate that the wind speed in 
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front of the tower is reduced by maximum 4.7 % and 
increased by maximum 2.6 % at the side of the tower for 
r=2L These numbers are reduced to 1 % or less for r>6L. 
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Figure 4: Local relative wind speed ratios versus position 
around the tower for 9 values of distance to the tower: 
r=2L to r=10L, giving values closer to 1 for an increased r. 

4. SIMPLIFIED PHYSICS OF A CUP ANEMOMETER 

The cup anemometer usually consists of three cups but 
can. in a sirnplified way of looking, be treated as a device 
with two cups oil each side of the vertical sbaft of rotation. 
The cups, usually shaped as hoIlow half spheres or cones, 
tum different faces towards the incoming wind. The drag 
coefficient for the cups depends on which side of the cup 
which is facing the stream. The incoming wind now 
creates forces on each side of the shaft. An ideal 
anemometer will ron with no torque on the shaft. The 
anemometer will then, for each wind speed, adjust the 
rotational speed so the forces on each side of the shaft are 
equal. 

The foIlowing equilibrium equation can be written for 
the forces acting on the cups: 

(U -00 xr)2 
2 X pxAxrxCdl = 

(U+ooxr)2 
= 2 xpxAxrxCd2 

The magnitude of the forces depends on the square of the 
relative wind velocity (U±oor), the density p, the projected 
area (A), the radius from the axis of rotation to the centre 
of the cup (r), and the drag coefficient (CJ; }on each side. 

A typica1 drag coefficient value for a half-sphere with 
the opening against the stream is 1.4 and 0.4 with the 
convex side against the stream. This would give a drag 
ratio, Cdl!C.n, of 3.5. 

4.1 A cup anemometer exposed to a linear velocity 
gradient 

As the forces on each side of the anemometer is 
proportional to the square of the now speed approaching 
the cups, the anemometer will strongly respond to 
variations in wind speed across the projected area. A cup 

anemometer will, for instance, respond to the velocity 
gradients in the vicinity of a tower. 

Assume that the cup anemometer is exposed to a 
linear velocity gradient giving a speed increase e on the 
side where the cups are moving with the wind flow and a 
speed decrease of the same value where the cups are 
moving against the wind. The errors in wind speed as 
measured by the cup anemometer due to the velocity 
gradient will for e=O.OO2 give a 0.7 % too high wind 
speed output, and correspondingly 0.7 % too low wind 
speed output for e=-O.OO2. Anemometers with high drag 
ratios (C.JJCn) will be less sensitive to velocity gradients. 
For a given velocity gradient anemometers with small 
diameters will be less sensitive to a velocity gradient. 

5. COMBINED TOWER AND SHEAR EFfECTS ON A 
CUP ANEMOMETER 

The velocity distribution of the now in the vicinity of a 
tower is not uniform. The velocities vary with distance to 
the tower and a cup anemometer will respond to these 
velocity gradients. The flow will be symmetric around a 
symmetric tower, but the anemometer is asymmetrical and 
will respond differently on the twO sides of the tower. 
Figure 5 shows the calculated anemometer response due to 
the tower effect, velocity gradient effect and combined 
tower & velocity gradient effects, for the conditions at 
Alsvik. The radius from the axis of rotation to the centre 
of the cup is 0.04 m. 
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Figure 5: Calculated cup anemometer response due to 
tower effects (thick line), velocity gradient effects (dashed 
line), and combined tower & velocity gradient effects (thin 
line). 

5.1 Comparison of measurements and theory 
Figure 6 shows a comparison of the 000 between 

measured wind speed from the two towers at Alsvik and 
corresponding calculated wind speed ratios. The 
calculations take tower and velocity gradient effects on the 
wind speed measurements into account. The boom effects 
derived from the wind tunnel test are, bowever, not 
included due to the fact that the wind tunnel test ooly 
covered two angles ±90". 

From Figure 6 it is clear that the calculations rather 
weIl represents the general conditions at the site. Botb the 
increased velocity ratios in the sector 225°-255° as weIl as 
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the decreased velocity ratios in the sector 290°-320° are 
weIl represented by the calculations. 

1.1 

-..... - r---
'If. ... "" -~ >< >< 

F 
7: .. .. .. :t x .. 

';.~ 
>< 

"i >< l:f 

~ >< 

>< 

0.8 

~ ! o .• 

.. . 
0.7 

>< 
.. ,.... 

... 
0·"0 210 240 270 300 330 

W D (0) 

Figure 6: Ratio between rneasured wind speed on towers 
M2 and MI (31 m), together with the theoretical results 
taking account of tower and anemometer effects( full line ). 

6. A FIELD COMPARISON BETWEEN TWO TYPES 
OF ANEMOMETER MOUNTINGS 

At an agricultural site with dominantly open fields and 
ahomogeneous fetch over l-S km, measurernents were 
taken with two anemometers at 2 m heigbt. Both 
anemometers were mounted on horizontal booms, of 
which one was mounted on a trlangular tower like at 
Alsvik. and the other on a pole with 50 mm diameter. 
Both booms pointed in the direction 305°, see Figure 7. 

anemometer 

triangular tower 

Figure 7: Sketch of the experimental setup during the field 
comparison between two anemometer mountings. 
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Figure 8: Ratio between wind speed measured on the pole 
and on the tower. 

The resulting wind speed ratio between the wind 
measurements on the pole and on the tower respectively 
are shown in Figure 8. Il can be seen from the figure that 
these results do not agree the measurements at Alsvik. 
Here the tower mounted anemometer measures a higher 
wind speed as compared with the pole mountcd onc when 
the wind direction is along the boom. i.e. the anemometer 
is on the upwind side of the tower, wbile for wind 
directions when the anemometer is besidc the tower, the 
rneasurements on the pole give the higher wind speed. 
Also the magnitudc of the wind speed ratio is here within 
±2%, whereas at Alsvik the ratio varicd between -5% and 
+2% . 

The reason for this apparent disagreement is not 
obvious, and a thorough investigation has not yct been 
made. But one explanation may be that the disturbance on 
the wind field around a pole is larger than onc migbt 
expect. Results in [2] show that wind speed ratios may 
amounl to +11.3% at a distance of 4 diameters besidc a 
pole. Although the distance in our casc is much larger, 
about 14 diameters, it might be possible to explain the 
observed wind speed ratios between 0.98 and 1.02 in the 
same way as above for the Alsvik data. 

7. POWER CURVES 

Il is of course extremely important to have accurate 
wind measurements when dctermining power curves for 
wind turbines. Oppositely power curves may be uscd as 
indications of aerodynamical errors due to the prescDCC of 
the tower. This has been done for 3 MW wind turbine on 
Näsudden, Gotland. Comparing power curves using wind 
data from two 30° sectors centered around 245° and 305°, 
with the booms pointing towards 240°, onc may cooclude 
that the differences are large. Assuming the same power 
performance for both sectors, it is possible to determi.ne 
the eITors in wind speed necessary to explain the 
differences. They amount as a mean over the whole power 
range to 6.4%. This is of the same order of magnitudc as 
the theoretical calculations give using Cd=O.8 and r=2.5L. 

8. CONCLUSIONS 

The present study shows that not only the boom effects 
but also the tower effects and anemometer response to 
velocity gradient effects have to be taken into account to 
minimize errors in wind speed measurements. 

Comparisons with field data from two sites show that 
great care has to be taken when wind speed data accurate 
to within ±1 % are needed. Theoretical calcu1ations 
indicate that booms reaching at least the distance 6L from 
the tower are needed to accomplish this. 
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This paper describes a method to predict fatigue lifetimes of tiber reinforced plastics in wind turbine blades. It is based on 
extensive testing within the EU-Joule program. The method takes the measured fatigue properties of a material into account 
so that credit can be given to materials with improved fatigue properties. The large mllnber of test resltlts should also give 
contidence in the fatigue calculation method for fiber reinforced plastics. 

The method uses the Palmgren-Miner sum to predict lifetimes and is verified by tests using weil defined load sequences. 
Even though this approach is generall)" weil known in fatigue analysis, man)' details in the interpretation and extrapolation of 
the measurements need to be clearly defined. since they can influence the results considerably. The following subjects will 
be described: Method to measure SN curves and to obtain tolerance bounds. development of a constant lifetime diagram, 
evaluation of the load sequence. use of Palmgren-Miner sum, requirements for load sequence testing. 

The fatigue lifetime calculation method has been comparcd against mcasured data for simple loading sequences and the morc 
complcx WISPERX loading sequence for blade roots. The comparison is bas ed on predicted mean lifetimes. using the same 
materials to obtain the basic SN curves and to measure laminates under complicated loading sequences. 

Key\\ords: Glass Reinforced Plastics. Fatigue. Palmgren-Miner sum. WISPERX 

INTRODUCTION 
No widely accepted method to predict fatigue 

lifetimes of composite structures exists today. One 
reason is that the micromechanical failure mechanisms 
are poorl)' understood or need too many parameters to 
be described. Therefore. it is currently not possible to 
base a fatigue failure method on basic physical 
principles. Simple methods based on the linear 
Palmgren-Miner sum (I) lack a physical meaning for 
composite materials. However. if checked carefully the 
Palmgren-Miner sum can be used with asafet)' facto r as 
an engineering approach. Designers have to predict 
fatigue lives keeping these shortcomings in mind. 

Table I: Materials 

Material Glass Matrix. 
Code Layup Manufact. Method 

A 0/90 Epox)'. Prepreg 
B 0/90 WR 90% 11* Polyester. 

CSMon surfaces. Hand layup 
C 0/±45 Epoxy 

Hand layup 

D 0/±45 Polyester 
Hand layup 

*Woven rovmg With 90% of fibers 10 the load dlrectlOn. 

The method suggested here is compared against 
experimental results of four materials. An overview of 
the materials is given in Table I. Material A was 
investigated by Sahu and Broutman and details about its 

properties can be found in Ref. (2). Material B was 
investigated by Riso (3). FFA (4). IPM (5). and DNV 
(6). Materials C and D \vere investigated by DLR (7) 
and ECN (8.9) respectively. 

2 FATIGUE LIFETIME CALCULATION 

2.1 Obtaining constant amplitude fatigue design curves 
and tolerance bounds 
Standards do not exist for most fatigue tests of 

composites. However. good experience has been 
obtained with various test methods (10). Fatigue 
lifetimes are usually presented as SN curves (Wöhler 
diagrams). showing number of cycles to failure for a 
given stress leve!. For composite laminates it is more 
convenient to represent the data as EN curves. sho\ving 
the cycles to failure for a given initial strain amplitude. 
(Since composites loose stiffness with increasing cycle 
numbers. the strain increases with increasing number of 
cycles at a constant load amplitude.) If for a design SN 
fatigue data are needed. such data can be easily 
calculated from EN curves using the relationship "stress 
equals Young' s modulus times strain" cr = E E, as long 
data are in the linear range. 

Various fit methods are used to describe fatigue 
results. e.g. fitting the data to a straight line in an E vs. 
loglo N plot. in and loglo E vs. loglo :V plot. or as a 
Weibull curve in a 10glO E vs. 10glo:V plot. In most cases 
a log-log representation has yielded good results. In 
particular for high cycle numbers this method seems to 
give the best results (11.12). The difference between the 
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mean values of a Weibull tit and a log-log tit seems to 
be small ( 13). In this work data are described by a linear 
loglo E vs. 10glO.v fit: 

10g10'Y = loglo K - 111 10gl0 E (I) 

Linear regression analysis of data pairs (E.N) by this 
mode I will lead to least-squares estimates of the 
intercept loglo K and the slope m. Values for K and m 
are listed in Table 2. 

Table 2: Parameters describing the fatigue mean 
properties. 

B C D 
R= IogloK 0.5371 1.707 
0.1 

1----- 1------1------riI:"iI4-m 10.350 
R= logIOK 0.9905 4.374 3.759 
-I 

1----- riI:"677-r----- c-iö."i36-m 9.574 
R= IogloK -0.2168 -0.6856 
10 

1----- r----- r----- r "23:"i6Z-m 11.678 

"Run oue specimens and static test va lues \Vere not 
used for the fatigue analysis. because such 
measurements cannot be directly related to a fatigue 
analysis (12). CRun ouC specimens are specimens 
which did not fai!. but testing got stopped.) 

The European CEI directive on wind turbine blades 
requires that a 95% tolerance bound with 95% 
confidence has to be used for design (14). The 95/95 
tolerance bound should be obtained according to proper 
statistical procedures where N is the dependent variable 
and E is the independent variable. Details about the 
procedure can be found in Ref. (15.13). Note that the 
curve describing the tolerance bound with a confidence 
has an approximate hyperbolic shape and is not paralIei 
to the mean curve. Figure I shows the fatigue lifetime 
curves for material B as an example. 
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Figure I: SN curves of laminate B (R= -I). based on a 
small number of specimens. 
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2.2 Constant lifetime diagram 
Mean stresses have to be considered when 

performing a fatigue analysis for FRP structures. 
Constant lifetime diagrams are common ly used to 
obtain fatigue lifetimes for a given stress amplitude and 
mean. Fatigue data are often only available for three R
rat ios. R=IO, -I, and 0.1. These represent three lines in 
the constant lifetime diagram, other values have to be 
interpolated. Linear extrapolations are mostly used. 
giving the constant lifetime diagram a triangular shape. 
Some data confirm that this is a good approach (9,16), 
however. the extrapolations add another element of 
uncertainty to the fatigue life predictions. 
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Figure 2: Schematic of a constant amplitude life 
diagram. The drawing illustrates the description in 
Section 2.2 describing how the fatigue life for a strain 
amplitude a at mean Il (described by point P as an 
example) can be found. 

The exact method to carry out the linear 
extrapolation in a constant lifetime diagram is generally 
not specified and tends to vary from investigation to 
investigation. In order to gain experience with fatigue 
lifetime predictions, it is important to compare results 
based on the same method. The following linear 
extrapolation method was used here: 
• The constant lifetime diagram was constructed as 

a strain amplitude vs. mean strain diagram. Note 
this is equivalent to the more common ly used 
presentation in stress-space . 

• The diagram was based on fatigue curves 
measured at the R-ratios R=IO. -I, and 0.1. In 
addition the static tensile and compressive strains 
at failure were needed. 

• The constant lifetime diagram could be divided 
into four sectors. The sectors are shown in Figure 
2. Within each sector constant life lines were 
drawn for lifetimes of I, 10, 100. 1000 .... cycles. 
These lines are assumed to be straight. 

• 

• 

For sectors I and 4 all lines \Vere connected to the 
static tensile and compressive strains at failure. 
Very little data are available to justify this 
extrapolation. Most materials are also sel dom used 
in these sectors. If a material is used in this sector 
a careful analysis should be made. Otherwise it is 
recommended to use reduced static values to 
obtain the constant lifetime diagram. 
One constant lifetime diagram was constructed 
based on mean constant amplitude fatigue data. 
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From this diagram the mean expected nLlmber of 

cycles to failure N~:xp (a. 11 )could be obtained. 

• Another constant lifetime diagram was 
constructed based on constant amplitude fatigue 
data representing the 95/95 tolerance bound. From 
this diagram the expected number of cycles to 

failure N;;~95 (a, 11) with 95% tolerance and 

95% confidence could be obtained. 
• The expected number of cycles to failure for a 

given a, 11 was obtained by linear extrapolation to 
the nearest R line in the constant life diagram 
( 17). 

• If fatigue data at other R-ratios exist an equivalent 
approach with more sectors can be used. 

2.3 Evaluation of the load sequence 
The load sequence was analyzed by Raintlow 

counting (30). The ntlmber of load cycles ni at an 
amplitude a and mean 11 was obtained for all 
combinations of a and 11 present in the particular 
loading sequence. Raintlow counting is considered to be 
the most conservative method considering mean values 
and amplitudes. 

It should be noted that substantiai uncertainties can 
exist in the load sequence. Usually conservative fond 
sequences are used for the fatigue analysis. thereby 
including an extra unknown facto r of sa fet y in the 
analysis. A more proper fatigue lifetime anall'sis could 
take the uncertainties of the loads into account (18) in a 
more rationai \Val'. 

2.4 Use of Palmgren-Miner sum and requirements for 
load sequence testing 

Possibly the most critical issue in a fatigue analysis 
is how to calculate the expected fatigue life for a given 
load sequence based on measurements from constant 
amplitude loading. One method that has been used in 
most fatigue calculations is the linear Palmgren-Miner 
sum (I). There is no physical reason why this method 
should be applicable to composite materials, but its 
simplicity makes it very attractive. 

Lifetimes are often predicted quite accurately, but 
since there is no physical reason for the Palmgren
Miner sum approach. it should be used with great 
caution. Considering the lack of an)' better method it is 
proposed here to use the linear Palmgren-Miner sum 
modified by a facto r y to the summation. or rather to 
define failure to take place whenever the Palmgren
Miner exceeds a level of y instead of the usual threshold 
of 1.0. 

This Palmgren-.Hiner slIm method assumes that 
fatigue failure will occur when the sum of applied load 
cycIes n; at an amplitude a and mean 11 divided by the 

expected total number of cycles to failure N;"'P at 

amplitude a and mean 11 becomes equal to or greater 
than y. 

(6) 
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The total number of combinations of a and '1 in the 
loading sequence is K. The load cycles 11; at an 
amplitude a and mean '1 are obtained from the ruin flow 

analysis. the expected total numbers of cycles N;"'P at 

amplitude a and mean '1 are obtained from the constant 
lifetime diagram. The value of the threshold y has to be 
chosen in such a \Val' that it approximately accounts for 
the modet uncertainty associated with the Palmgren
Miner sum. This will be described in the next section. 
Note that ideally the threshold y should be l. 

The expected number of cycles to failure for a given 
load sequence is: 

N/O' 
~l 

i= 1 ± n;x~a.11) 
;~I N~l.; (a,l1) 

(7) 

The 95/95 tolerance bound for the number of cycles to 
failure for a given load sequence is: 

K 

Y L n;(a,l1) 
i= I (8) 

~ n;(a,l1) 
~ Nexp ( ) 
;~I 95/95.; a, 11 

Equations 7 and 8 are both based on the assumption that 
no uncertainties are related to the number of load cycles 
n; at each of the K combinations of a and '1. in the 
representation of the load sequence. 

2.5 Load sequence testing 
Due to the uncertainties in the Palmgren-Miner sum 

it was found to be necessary to perform at least one load 
sequence test to estimate the threshold y. The load 
sequence should be representative of the application. Il 
should contain typical peak loads and load sequences. 
Specimens should be tested using the load sequence for 
different maximum strains. Results of the tests can be 
plotted as maximum strain of the load sequence vs. 
number of cycles. 

The threshold y can be found by comparing 
experimental data with predictions according to 
equations 7 and 8. The predicted curves \\'ere plotted 
together with the data. If 50% of the data lie above the 
mean curve and 95% of the data lie above the tolerance 
curve. the chosen y is acceptable for that material and 
similar loading sequences. Note. that a lower y has to be 
chosen if this requirement is not fulfi lied and a higher y 
can be chosen if more than 50% of the data lie above 
the mean curve. 

In the ideal case y can be l. but not larger. If y has to 
be less than 0.1 it is very doubtful whether the 
Palmgren-Miner sum is the proper \Vay to describe the 
material behavior. 

3 COMPARISON WITH EXPERIMENTS 
To gain confidence in the fatigue lifetime 

calculation method described in Section 2. it was 
compared against experimental results. Experimental 
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results are presented for load sequences of different 
complexity. 

3.1 Two-Stress level cumulative damage tests 
An extensive fatigue study on cross-plied glass 

reinforced epoxy (Scotchply 1002) was carried out by 
Sahu and Broutman (2). They determined the SN curve 
of the material at R=0.05 and performed two-Ieve! 
cumulative damage tests. 

The data showed that for high-Iow stress cumulative 
damage tests the Palmgren-Miner sum was either 
greater or very c!ose to I. with one exception. For low
high stress cumulative damage the sum was less than I 
for ten out of twelve cases. This is an indication of a 
sequence effect. i.e.. the material behavior and 
occurrence of failure depend on the order in which the 
load cycles are applied. The Palmgren-Miner sum 
approach used here cannot account for the sequence 
effect. A longer experimental fatigue lifetime compared 
to Palmgren-Miner prediction was also found by Bach 
(19) for specimens loaded in a high-Iow stress 
cumulative damage test. 

While these results show that Palmgren-Miner sum 
has its limitations for loading sequences with a 
pronounced sequence effect. they also give an estimate 
of the error when using Palmgren-Miner sum. If one 
would choose y = 0.25 in equations 6-8, the Palmgren
Miner sum can be used as a simple method to predict 
the lifetimes for this loading sequence. This approach 
may suffice for engineering purposes. 

3.2 Block testing at constant R-ratio 
Block testing at constant R ratio R=O.I (3) and at 

three R ratios R=O.1. R=-l. and R=IO (6) was carried 
out on material B. The load blocks are described in 
Tables 3 and 4 respectively. The analysis offatigue lifes 
of both load sequences did not require any constant 
lifetime extrapolation since all R ratios were tested. but 
extrapolated values from the EN curves have to be used. 

The block test sequence was mn for different 
specimens at various maximum loads exposing the 
specimens to different maximum strains. Test results are 
shown in Figures 3 and 4 together \\ith the predicted 
lifetill1es according to the procedure of Section 2. 

The lifetill1es of material B can be predicted quite 
weil for both loading sequence using Palmgren-Miner 
sum \\ith the ideal value of y= l. 

Table 3: Load Sequence of the Block Testing at R = 
0.1. Loads are given in % of the maximum load of the 
test. 

Minimum Maximum Numberof 
Load Load Cyc!es 
(%) (%) 

3 30 50000 
5 50 50000 

7.5 75 20000 
10 100 500 
7.5 75 20000 
5 50 50000 

2.00 

1.60 

0.40 

0.00 
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MATERIAL B 
BLOCK LOADING 

AT RIS0 

Test Results R=O 1 

Curve for 
Miner Sum = 1 

1E+l 1E+2 lE+3 lE+4 lE+S 1E+6 lE+7 lE+8 lE+9 
CYCLES TO FAILURE 

Figure 3: Comparison of predicted and ll1easure fatigue 
life under the block loading sequence show n in Table 3. 
Calculations are made for the Miner sum = l. 
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Figu re 4: Comparison of predicted and measure fatigue 
life under the block loading sequence shown in Table 4. 
Calculations are made for the Miner sum = l. 

Table 4: Load Sequence of the Block Testing at three 
R ratios. Loads are given in % of the maximum load of 
the test. 

Minimum Ma"imum Number of 
Load Load Cycles 
(%) (%) 

10 100 50 
-10 10 50 
-30 -3 50 
-50 50 50 
10 100 50 

-30 -3 50 
-10 10 50 
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Figure 5: Comparison of predicted and measured 
fatigue life under the WisperX loading sequence for 
material B. Calculations are made for the Miner sum = l. 

3.4 WISPERX load sequence testing 
A fU\1her test to cheek how weil fatigue lifetimes 

can be predicted is to campare predictions \vith 
experiments for loading sequences that resemble the 
service loads clasely . The WISPERX load sequence 
describes typical loads on wind turbine blade roots (20). 
Testing materials with typical load spectra is also 
common practice in other areas. in particular for 
aeronautical applications. 

Tests using the WISPERX load sequence were 
performed for material B at FF A (21 ). for material C at 
DLR (7). and for material D at ECN (8.9). All these 
materials are glass fiber reinforced plastics. 
Experimental results and lifetime prediction curves are 
shown in Figures 5 to 7. 
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.\. 

1E+1 lE+2 lE+3 lE+4 lE+5 lE+6 lE+7 lE+8 lE+9 
CYCLES TO FAILURE 

Figure 6: Comparison of predicted and measured 
fatigue life under the WisperX loading sequence for 
material C. Calculations are made for the Miner sum = I 
and Miner sum = 0.2. 
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Figure 7: Comparison of predicted and measured 
fatigue life under the WisperX loading sequence for 
material D. Calculations are made for the Miner sum = I 
and Miner sum = 0.2. 

The results show again that lifetimes of material B 
can be weil predicted by the Palmgren-Miner sum = I. 
However. lifetimes for materials C and D can only be 
predicted by a Palmgren-Miner sum = 0.2. 

4. DISCUSSION 

4.1 Fatigue lifetime predictions 
If the Palmgren-Miner sum and the procedure of 

Section 2 were the ideal method to predict fatigue lives 
of GRP the sum should always be the same for all 
loading eonditions and for all GRP laminates. The test 
results show that fatigue of material B under a couple of 
load conditions can indeed be modeled by using a 
Palmgren-Miner sum of I. However. for the other 
materials the results deviated from the ideal value of I. 
ranging from 0.2 up to 1.6. Table 5 shows the best 
Palmgren-Miner sum values at failure for the 
experiments reported here . 

Table 5: Best values for Palmgren-Miner Sum 

Material Load Sequence Ideal Palmgren-
Miner Sum y 

A Two Blocks 0.25 - 1.6 

B Table 3 I 

B Table 4 I 
B WISPERX I 
C WISPERX 0.2 

D WISPERX 0.2 

A range of 0.2 to 1.6 for y is not satisfactory if one 
wants to understand the fundamental mechanisms 
governing fatigue of GRP. However. from an 
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engineering point of view this range can be acceptable. 
In fact. a similar range is observed for metals and 
Palmgren-Miner sum is frequently used for these 
materials. 

The results indicate. that a y=O.1 should be a safe 
choice for most cases. Ho\\"ever. since the Palmgren
Miner sum value at failure can vary for different 
laminates and for different load sequences it is highly 
recommended to check how weil the procedure 
described in Section 2 applies for a chosen material and 
a typical load sequence of the application. This check 
will ensure that the method works for the y chosen. If 
the load sequence of the application is fairl)' weil 
known and the test sequence is representative for the 
application. the load sequence tests could be used to 
document that a ylarger than 0.1 could be used. It 
seems that lifetimes of material B could be predicted by 
a y=1 if used in wind turbine blades. for which the 
WISPERX spectrum is representative. Lifetimes of 
materials C and D should be predicted using y=O.2. if 
the WISPERX spectrum is representative for the 
application. 

It should be noted that for all materials the 
experimental data see m to follow a slightly different 
slope than predicted by the fatigue lifetime calculations 
when exposed to WISPERX loading (see Figures 5-7). 
Whether this is a systematic problem that may influence 
the long term life predictions should be investigated in 
the future. 

The lack of representatives of the Palmgren-Miner 
sum is accounted for by the threshold tllCtor y that is 
used to define failure and that is determined from the 
mean values of the lifetime measurements. The 
variability of materials data and the confidence in these 
measurements is represented by the 95/95 tolerance 
bounds of the fatigue curves. Life predictions based on 
these tolerance bounds are much less than the 
predictions based on the mean levels (17). However. it 
is still important to distinguish between the uncertainty 
and bias in the Palmgren-Miner model and the 
uncertainty in the materials data themselves. 

-l.2 Large structures and components 
For safety critical structures it may be necessary to 

perform fatigue testing of components or the full scale 
structure in addition to testing of small specimens. One 
reason for testing large structures is the uncertainty 
about size effects. Large scale tests are also used to 
document resistance to mixed stresses and buckl ing. 
Such tests. especially when performed under realistic 
load sequences. are very time consuming and expensive. 
Performing constant amplitude tests on these structures 
can save some time and the total lifetime can then be 
calculated by the Miner-Sum approach as described 
above (22). However. it should be c1early kept in mind 
that the structure or component should always be 
exposed to the maximum service stresses in such tests. 
If constant amplitude tests are performed at stresses 
below the maximum service stresses. the high stresses 
that may shorten the service life will not be simulated. 
Therefore. in the case of proof tests by constant 
amplitude loading. some defined loads should be added 
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that go up to the maximum design load. The occurrence 
of these high loads should be as often as expected in the 
service life. 

4.3 Comparison with other design codes 
The method to predict fatigue lives presented here 

takes explicitl)' the properties of the materials into 
account. The test eff0l1 is high, but the method should 
represent the actual properties of the materials. 

Two European fatigue design codes for wind 
turbine blades are used today (23.24). Both codes are 
based on the static strength of the material assuming 
general fatigue con stan t lifetime diagram for all 
materials. normalized by the static strength. Fatigue 
lives are then calClllated by the Palmgren-Miner sum 
using the general fatigue properties. The safet)" factors 
are not explicitly given and they are not based on 
standard deviations of the material. A comparison 
between life predictions by the codes and experiments 
showed that the codes predict fatigue lives in a 
conservative way (9). However. if the codes are used to 
prediet mean fatigue lives by omitting the safety factors 
of the codes. the codes will sometimes be non
conservative. i.e. they will lead to overprediction of the 
fatigue lives. This shows that direct tests of a specific 
material should be done to ensure its safe use in fatigue 
applications. 

5 CONCLUSIONS 

• A detailed fatigue analysis method has been given. 
based on constant amplitude fatigue data. the 
Palmgren-Miner sum. and testing with a typical 
load sequence. 

• Load sequence testing is essentiai for fatigue 
predictions, because the Palmgren-M iner sum at 
failure is not necessaril)' I for all materials and 
load sequences. For the four materials investigated 
here. the Palmgren-Miner sum at failure was I for 
on I)' one material. while for the three others it was 
0.2. 

• The method described here requires extensive 
testing of a material. But it should also give a high 
level of confidence in the fatigue predictions. 

• Due to the lack of knO\vledge of the basic fatigue 
mechanisms the empirical fatigue lifetime 
prediction described here should be applied with 
caution. In addition. effects of specimen size and 
mixed stress states in large structures should be 
considered. Provided these limitations are taken 
into account. the fatigue lifetime prediction method 
described here can be used for non-constant load 
sequences. 
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Abstract: The JOULE II project "Dynamic Stall and 3D Effects" started in January 1994 and was completed in September 
1995. The objective of the project has been to increase the understanding of the three-dimensional and unsteady aerody
namics of stall controlled HAWT's. The objectives have also been to develop "engineering models" - suitable for inclu
sion into aero-elastic codes. The project included the participation of 13 parties within Europe. This paper describes an 
overview of the work carried out within the project and key results. 
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1. INTRODUCTION 

The use of 2D steady state aerofoil data in strip theory 
including aeroelastic effects will result in unsatisfactory 
predictions of wind turbine loads at high wind speeds and 
when operating in yaw. The maximum power for stall 
regulated turbines is generally under-predicted using 2D 
wind tunnel data. To achieve the correct power level and 
blade bending moments it is therefore common practice 
to apply empirical corrections to 2D airfoil data. In addi
tion, the amplitude of blade oscillations relies heavily 
on the aerodynamic damping. When the blade is stalled, 
the aerodynamic damping is small and the blade would be 
undamped and oscillate heavily if it was not for 3D and 
unsteady dynamic stall effects. In order to correctly 
simulate the loading and performance of a wind turbine 
operating in stall, it is today clear that dynamic stall and 
3D effects have to be included in aeroelastic 
calculations. 

2. PROJECT GOAL 

The objective of the project has been to increase the un
derstanding of the three-dimensional and unsteady aero
dynamics of stall controlled HAWT's. The objectives 
have also been to develop "engineering models" - suit
able for inclusion into aero-elastic codes - for dynamic 
stall and 3-D effects. 

3. OUTLINE OF THE PROJECT 

The project has included 13 parties in Europe. FFA has 
been the technical coordinator of the project. The other 
participants have been: Risjlj and Tech. Univ. of 
Denmark in Denmark, ECN, NLR and Delft Univ. of 
Technology in the Netherlands, Univ. of Bristol, Garrad 
Hassan, Imperial College and Cranfield University in 
England, Nat. Tech. Univ. of Athens and CRES in Greece 
and Univ. du Havre in France. 

A more comprehensive description of the project and 
results can be found in the project report [1]. 

The project was divided into three tasks: Experiments, 
calculations and development of engineering models. 

Full unsteady 3D viscous flow calculations on a rotating 
blade were outside the scoope of the project and the work 
with calculations were therefore divided into steady 3D 
and unsteady 2D calculations. 

Measurements on several rotating and non-rotating wind 
turbine blades were used to analyse 3D effects. From 
these experiments, aerodynamic section coefficients as 
function of angle of attack were determined. These data 
were used for comparison with calculations and for com
parison with expected 2D characteristics. Measurements 
on rotor blades carried out in a wind tunnel and field rotor 
measurements under conditions with low wind turbulence 
provided information on "quasi-steady" 3D flow. Risjlj 
field rotor measurements during turbulent conditions and 
during yawed operation provided unsteady Cn(a,t) data 
that were used for comparison with Navier-Stokes 
calculations and simulations with the dynamic stall 
models 

4. THREE-DIMENSIONAL EFFECTS 

4.1 Inner part of the blade 
All experiments of the project show a stall delay for the 
inner part of the blade. 

An analysis of the 3-D boundary layer equations by Snel 
[2] has shown that convection terms containing radial 
derivatives are of higher order than remaining terms. 
Neglecting radial derivatives allows a simplified system 
of equations which can be solved in a 2-D sense. This i s 
used by NLR in the viscidlinviscid strong interaction 
code ULTRAN V. Further, neglecting the radial pressure 
gradient, the analysis of NLR [3] shows that the main 
effects of rotation scales with the ratio of local chord to 
local radius, c/r. 

The ULTRAN V "quasi 3D" calculations [3] show a stall 
delayand increased lift at angles of attack past the 2-D 
stall, as seen in experiments. 



Calculations were in the project also made with a 3D 
Navier-Stokes code EllipSys by Denmark Technical 
University. Figure I shows these calculations for a con
stant chord non-twisted blade. Results for different radii 
are compared to 2D calculations with the same code and 
aerofoil. For small radii, the 3D lift coefficient of the ro
tating shows a large stall delay compared to the 2D case 
in the same way as predicted by NLR. 
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Figure 1. 3D Navier-Stokes calculations. 

Looking at angles of attack past 2D static stall a 
"triangular shaped" pressure distribution, quite different 
to 2D pressure distributions at equivalent angles of at
tack, have been measured on several rotating blades. 

Such pressure distributions also were the result of calcu
lations in the project. Calculations with two different 
codes are shown in Figure 2. The Figure shows calcula
tions by NLR and DTU for the same rotor as in Figure I 
at an angle of attack of 19.3 degrees. It is seen that both 
codes give similar results. For the 2-D case, flow separa
tion occurs at around 30% xJc following a flat pressure 
region to the trailing edge. The flow is separated also for 
the rotating case. However, for the rotating case, no 
constant pressure region is found. The flow in the rotat
ing cases of Figure 2 is also associated with significant 
radial flow directed outwards in the separated region (not 
shown in the Figure). 

Calculations with viscouslinviscid interaction and 
Navier-Stokes codes thus show promising results. The 
increased normal force coefficient in staH has been 
caught by these two different types of code. The ob
served triangular shape of the suction side pressure dis
tribution for staHed flow on rotating blades has been 
captured by both these methods. The UL1RAN V code 
does not model the fuH full 3D flow field but includes the 
effect of rotation. However, both codes qualitatively 
give the same result indicating that the main cause for 
the stall-delay and increased 3-D post stall lift 
coefficients is the effect of rotation, with Coriolis forces 
occurring in the separated 3-D boundary layer flow. 
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Figure 2. Calculated pressure distributions for a rotat
ing blade compared to calculated 2D pressure distribu
tions at the same angle of attack at an rJR of 35%. 

4.2 Reynolds number scaling of rotationai 
effects 

The integral boundary layer equations show that the 
Coriolis term in the momentum equation scales with the 
boundary layer thickness. For larger Reynolds numbers 
the boundary layer thickness will become smaller and 
the viscous effects become less dominant. Therefore the 
radial flow becomes less and the Coriolis force will be 
small er with increasing Reynolds number. The effect of 
rotation wiIl thus not only scale with c/r but also with 
Reynolds number. This is an important finding and leads 
to the conclusion that the effects of rotation will be 
smaller as the turbine size increases. 3-D effects derived 
from experiments on relatively small turbines may not 
therefore be directly applicable for larger turbines. 

4.3 Outer part of the blade 
At larger values of rJR the effect of rotation on increased 
Cn,max decreases but measurements show that the stall 
characteristics can differ from that measured during 2D 
tests. 2D measurements of aerofoils generally show a 
drop in Cn above Cn,max. Local instantaneous damping 
of flapwise motion can be written as proportional to the 
derivative oCnloa. For unsteady motion the Cn(a) curve 
will differ from the character attained during a slow 
change of a. However, even if a dynamie stall model i s 
applied the result will be dependent on the static data 
used as input. Hence the importance of stall and post 
stall data. 

The time averaged Cn(a) at 70% rJR from Ris~ measure
ments on a LM 8.2 m blade shows a post stall behaviour 



where all regions of negative aCn/aa. are absent. The 
tests of FP A on a non-rotating and a rotating blade at 75 
% rlR both showadrop in Cn past Cn,max even though 
the drop is slightly smaller for the rotating case. 

In Figure l it is seen that Ci around a. for static stall i s 
lower for rlR larger than 44% but that the post stall levet 
of CI around is larger. 

No firm conclusions could be drawn in the project regard
ing how 3D effects affect the stall behaviour at the im
portant outer radial half of the blade. It, however, seems 
as if the general trend is that the drop in CI (or Cn) past 
the stall angle of attack is smaller on rotating blades 
than during 2D measurements. 

5. DYNAMIC STALL 

Different aspects of dynamie stall were investigated by 
calculations with 2D Navier-Stokes solvers and with the 
ULlRAN V viscid-inviscid interaction code with effects 
of rotation included [l]. 

5.1 Pitching aerofoil versus pitching inflow 
Studies on the importance of the type of type motion, 
e.g. pitching aerofoil versus pitching inflow, were car
ried out. A first conclusion is that the actual physies of 
the dynamic stall mechanism does not really depend on 
the generation mechanism of the unsteadiness at least 
not in the range of reduced frequencies for wind energy 
applications. 

5.2 Dynamie variation of the relative velocity 
Simultaneous with angle of attack variation there i s 
often a variation in the velocity relative to the aerofoil. 
Risj1l has developed an "fgh-method" for dynamie stall. 

c da ( c )2 d
2 
a c dW 

Cn = Cn,oflot + f . W Tt + g' W dt 2 + h· W 2 Tt 
The f-, g- and h functions were determined by application 
of a systematic optimization algorithm such that the 
best fit between simulations and measurements was 
obtained. The modet was then applied to different sche
matie a.- and W variations. Dynamie stall loops became 
slightly different depending on whether the W variation 
was in phase or counter-phase with a.. Calculations were 
also made with an unsteady Navier-Stokes solver but 
these results showed a much small er influence of a 
dynamie variation of W. No firm conclusion could thus 
be drawn, but it is recommended that this subject i s 
studied further. 

6. ENGINEERING MODELS 

Engineering models were developed in order to 
incorporate dynamie stall and 3-D effects in aero-elastic 
codes with aerodynamie models of "strip theory" type 

6.1 Dynamie stall 
Five different dynamie stall models were applied to simu
late the aerodynamie forces taken from two types of 
tests. The models were the 0ye modet used by DTU, The 
Beddoes modet used by Garrad Hassan, the Onera modet 
used by ECN, a new time-lag modet by ECN and the fgh
model used by Risj1l. 

The dynamie stall models were applied to simulate the 
aerodynamie forces taken from two types of tests: 

• 2-D tests on aerofoils used on many wind turbines. 
• Measurements of Cn on a blade section at 68% rlR from 

the Risj1l field rotor test with LM 8.2 meter blade. 

The agreement between measurements and simulations 
with the engineering models was reasonably good. The 
simulations showed that the dynamie stall models both 
seem applicable to different types of aerofoils as weil as 
they reasonably weil predict the measured dynamie stall 
characteristics on a real rotor. 

An example which shows the good comparison with 
measurements is shown in Figure 3 which shows Cn(a.,t) 
from the Risj1l field rotor test and simulations with the 
Risj1l fgh-method. 
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Figure 3. Measured and simulated dynamie stall. 
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6.2 31> effects 
Two different methods to correct 2D data for rotationai 
effects were developed. Garrad Hassan applied an angle 
of attack delay applied together with the dynamic stall 
method and ECN extended their 3D lift correction method 
with a drag correction part [I]. 

In the project, Garrad Hassan carried out calculations of 
power in different ways to study the effect of the 3D 
modeis. Calculations were made in the following ways: 

l). Steady state performance calculations with static 
data (2D qs calc). 

2.) Power curve taken as the mean power from simula
tions with an aeroelastic code with turbulent wind 
and with steady aerofoil data (2D qs sim.). 

3). As 2 but with a dynamic stall moder applied (2D un
steady sim.). 

4). As 3 but with the Garrad Hassan 31> correction 
added and finally (GH 3D 2D un-steady sim.). 

5.) As in l with the ECN 3D correction method applied 
(ECN 31>, qs calc.) 

The result is shown for the turbine of the NREL com
bined experiment in Figure 4. The Figure shows that 
applying the 3D correction methods substantially 
improves predictions but further more that dynamic stall 
alone has a large effect on the mean power curve. It i s 
thus important to separate 3-D effects from unsteady 
effects, and when using data from field rotor measure
ments to validate 3-D correction methods the effect of 
unsteady aerodynamics should be separated. 
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Figure 4. Measured and calculated power curves. 

6. CONCLUDING REMARKS 

The project has lead to improvements in the capabilities 
of calculating the viscous flowaround wind turbine 
blades. Separated three-dimensional flow was for some 
cases weil predicted and certain aspects of dynamic stall 
were investigated. Still, Navier-Stokes solutions are 
shown to be highly sensitive to the choice of turbulence 
models. The 3-D solutions were obtained with course 
grids and rather simplified boundary conditions. In order 
to increase the possibility to understand the 3-D viscous 
flow, both in general and for specific new designs, it i s 
recommended that further work related e.g. turbulence 
models for Navier-Stokes methods is done. 

It is recommended that the engineering dynamic stall 
mode Is are further validated using data from more ex
periments. It is also recommended that improvements, 
for e.g. the calculation of the unsteady drag, are done. 
The influence of a varying relative velocity is also 
recommended to be studied further. 

A further validation of either the engineering models or 
Viscous calculations will also require more experimental 
data not yet available. 
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ABSTRACf: During the last flve years the production and operation of variable-speed wind turbines have advanced 
from a few experimental machines to aseriai production of at least 10 MW of instalied capacity of variable speed 
machines per week. The rated power of serial wind turbines is today around 600 kW and for the prototypes up to 
3000 kW. Variable speed operation of wind turbines can be obtained with several different types of electrical 
generating systems, such as synchronous generators with diode rectiflers and thyristor inverters or induction 
generators with IGBT-converters, for the wide speed range. For the narrow speed range the wound rotor induction 
generator with a rotor cascade or a controlled rotor resistance is preferable. The development of permanent 
magnetic material and the reduction of costs of the power electronic components have opened a possibility of 
designing cost-effective wind turbines with a directly driven generator. Pitch controi together with variable speed 
will make it possible to limit the power variation within a few percent, 2 to 5 %, of the rated power. 
Keywords: Converters, Control, Electrical Generators, Variable-Speed Operation. 

l . lNIRODUCTION 

Variable speed operation of wind turbines, 
connected to the utility grid, has been discussed for the 
last 20 years. To achieve a wide speed range of the 
turbine speed the most common way is to disengage the 
frequency of the generator from the frequency of the grid. 
This separation of frequencies is usually made by static 
electronic converters. Other types of variable speed 
systems have also been considered, such as hydraulic 
systems and variable ratio gearboxes. The electrical 
system is preferable due to high efficiency and low 
maintenance. The breakthrough for the electrical 
variable-speed systems has come during the last years 
mosUy due to the development of static electronic 
val ves such as Insulated Gate Bipolar Transistors 
(1GBT). This component is easy to controi and the 
power rating is increasing every year. 

The speed range can also be narrow, a 10 % rise 
of the nominal speed. With this design the speed 
variation is achieved by a controlled rotor resistance or 
a rotor cascade of the induction generator [1]. 

During the last five years the production and 
operation of variable-speed wind turbines have advanced 
from a few experimental machines to a serial production 
of at least 10 MW of the instalied capacity of variable 
speed machines per week. The rated power of serial wind 
turbines is today around 600 kW and for the prototypes 
up to 3000 kW. 

In [2] there are 36 wind turbine manufactures with 
87 different models listed which can be classified 
according to Table I. 

The three main manufactures of variable speed 
machines are Enercon and Kenetech with a wide speed 
range and Vestas with a narrow speed range. These three 
companies have a large part of the wind turbine market. 

T bl I D'f~ a e : I erent types o f . d b' wm tur mes. 
Stall controi Stall controi Pitch controi Pitch controi 

Constant Variable Constant Variable 
speed sp~ed speed speed 

59 2 18 8 

2. ADVANTAGES OF VARIABLE SPEED 
OPERATION 

A wind turbine which operates with variable speed 
has the weIl known advantages of decreasing the mecha
nical loads and especially the loads in the drive train of 
the wind turbine. This smoothing of torque and power is 
achieved by speed variations on the turbine. The power 
of a pitch-controlled, constant speed, turbine of 12 kW 
with a rotor diameter of 12 meter is shown in Figure 1. 
This can be compared with the same wind turbine but 
with variable speed operation (Fig. 2). As can be seen, 
the maximum power is reduced from 25 to 13 kW. 
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Figure l: Power at constant speed operation. 
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Figure 2: Power at variable speed operation. 



With a wide speed range design, the noise will 
also be decreased due to the reduction of the operating 
speed at low wind speed conditions. 

The energy production increases by 2-6 %, 
depending on the location, due to higher aerodynamic 
efficiency, Le. optimal Cp-A. operation, and also due to 
lower losses in the electrical generating system. 

There is also a possibility to avoid rotationai 
speed which is triggering mechanical resonances in the 
wind turbine. Active damping of resonances in the drive 
train is also possible. In [3] it is shown that active 
damping in the drive train will decrease the amplitude of 
the drive train resonance considerably. 

With variable speed operation the power quality 
from a wind turbine can be increased due to the 
elimination of flicker on the output voltage. Two 
different phenomena occur between the grid and the wind 
turbine. Stationary voltage variations emanate from 
starting and stopping the turbine, and voltage 
fluctuations emanate from power fluctuations. According 
to the flicker curve in the IEC 868 Standards, stationary 
voltage variations are aIlowed to be as large as 3%, 
while voltage variations occurring, for example, at 1 Hz 
may be only 0.7%. The XlR ratio of the grid has a 
significant impact on the minimum short-circuit ratio, 
to fulfil the standard, at the point of common 
connection (PCC). X in the ratio stand s for the 
reactance of the grid and R stands for the resistance of 
the grid. The XIR ratio for a standard grid on the 
countryside is around 1. The short-circuit ratio is the 
ratio between the grid short-circuit power and the rated 
power of the wind turbine. Calculations of a constant 
speed wind turbine reveal that the minimum short-circuit 
ratio is deterrnined by the stationary voltage variations, 
if the XIR ratio of the grid is low at the PCC, less than 
2.3. At higher XIR ratios, the minimum short-circuit 
ratio is determined by voltage variations caused by 
fluctuating power (Fig. 3) [4]. 

By variable speed operation the power fluctuating 
is eliminated and thereby it is possible to connect the 
wind turbine to a weaker grid with less short-circuit 
power. The flicker problem is of ten the driving task in 
the integration of wind turbines. If the reactive power 
consumption of the electrical generating system is 
controlled, even more wind turbines can be installed on 
a weak grid [S]. 
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3. GENERATORS 

Today, most wind turbines use an induction 
machine as a generator. The induction machine operates 
at almost constant speed but has the advantage of being 
weIl enclosed and almost maintenance-free. The small 
operating speed variation with an induction machine 
gives a weIl needed damping of the wind turbine. In 
some wind turbine designs, two induction machines are 
used. The larger, high-speed machine, is used at higher 
wind speeds and more out-put power. The smaller 
machine, with a lower rated speed, is used at low wind 
speeds and lower out-put power. The two machines can 
be combined in a single machine. The winding can in 
this machine be switched so that two operating speeds 
will be possible. The drawbacks of the induction 
machine are that it consumes reactive power and that 
electrical transients occur during switching-in. The 
reactive power consumption can be compensated with 
capacitors, and several "soft-start" equipments are 
available, which reduces the transients. However, in 
variable speed operation, the small speed variation and 
reactive power consumption, make the converters 
unnecessarily complicated. 

The conventionai synchronous machines, with 
their constant speed, are not suitable to use in wind 
turbines without extra damping of wind-induced 
transients. In variable speed operation the damping can 
be provided by controlling the generator torque by the 
converter. With a synchronous machine a simple diode
equipped rectifier can be used. The rectified out-put 
power of the generator is supplied to the grid via a 
controlled inverter (Fig. 4). 

The magnetic field in the synchronous machine 
can be created with a conventionai field-winding or by 
using modern permanent magnets. With permanent 
magnet excitation a compact low-weight, low-speed, 
multiple pole, directly driven synchronous machine will 
be possible to design. The cost reduction of power 
electronic components and controi equipment will in the 
future reduce the total cost of variable speed systems 
with synchronous machines. 

Power electronic equipment creates harmonics. 
These harmonics will, if uncontrolled, produce harmonic 
torques in the generator and contribute to voltage 
variations and harmonic currents in the grid. The 
harmonics will besides give extra losses in the 
generator. Usually the power of generator is derated 
about 20 % when connected to a converter. The 
harmonic problem can with modern controi methods be 
mastered. 

4. CONVER1ERS 

In a variable-speed system the frequency of the 
generator is not the same as that of the grid and therefore 
two eonverters are needed: a rectifier converting the 
variable frequency ae into dc, and an inverter converting 
the dc into ac at grid frequency. 

The converters can be characterized by their 
valves: non controllable (diodes), controllable 
(thyristors) and tum-off val ves (GTO, 1GB T). With 
diodes only rectifieation is possible. With controllable 
val ves the converter can operate in the rectifying as weIl 
as in the inverting mode. Thyristors can controi active 
power, while tum-off val ves can controI both active and 



," 

reactive power. It goes without saying that the price tag 
foIlows the converter's performance, which in short is: 
RECIlFIER 
Diodes: 
Thyristors: 

GTO,IGBT: 

INVER1ER 

UncontrolIable dc, uncomplicated, robust. 
Controlled dc, facilitating electrical 
damping of synchronous generator, but 
increases losses. Damping should 
preferably be performed by controi of 
the inverter. 
Controlled dc and reactive power, and the 
flow of power can be reversed. 
Asynchronous machines can therefore be 
used, and they can furthermore start up as 
motors being supplied from the grid. 

Thyristors: Burdens the grid with variable reactive 
current and low order harmonic currents. 
Relatively uncomplicated. 

GTO, IGBT: Controlled power factor. Output voltage 
contains high order (usually not 
harmonic) voltage overtones. Connected 
to grid via inductors or filters . The 
current overtones can be kept low. 
Autonomous operation possible. The 
converter is quite complicated, especiaIly 
withGTO. 

The choice of a system depends on acceptable 
cost and desired performance. Ruggedness, complexity 
and expected reliability should also be considered. 

Figure 4 shows an attractive system with low 
generator and rectifier los ses and high power quality, 
Le. controllable reactive power and low harmonie 
currents to the grid from the inverter. 

The IGBT or similar future gate voltage
controlled valve devices will sooner or later replace the 
gate current-controlled GTO, which today is used for 
high power and/or voltage that is in the MV A and kV 
regions. A rough measure of the rated output power of a 
three-phase IGBT inverter bridge with 1200 V, 600 A 
valves is 

S={3.U.I={3.1;00.6~0 = 312kVA , 

and for a future generation with 2000 V, 1000 A 
valves S will be about 800-900 kV A. Devices, or better 
valve bridges or modules, may be connected in paraliei 
to increase the output power. 

New technologies are coming resulting in, say 
4000 V, 1000 A devices, Le. S @ 1.7 MVA, and that 
would definitely mean the end of the GTO epoch. 

5. ELECTIUCALSYSTEMS 

The choice of electrical system, for the wide speed 
range, can be divided into two almost independent 
choices. The generator and rectifier must be chosen as a 
combination and the inverter can be chosen almost 
independently of the generator and rectifier used. 

5. 1 Choice of generator and rectifier 
The cost comparison of the generator/rectifier 

alternatives is clear. The synchronous generator with 
diode rectifier has much lower total cost than the 
induction generator with force-commutated rectifier. The 
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difference in total cost is large not only because of the 
high price of the force-commutated rectifier, but also 
because of its high losses. The advantages of the 
induction generator system is that it can be used for 
motor start of the turbine [6]. 

5 . 2 Choice of inverter 
The comparison of the total cost of the inverter 

and its Iosses clear1y shows that the thyristor inverter is 
the least expensive choice. Even with a substantial re
duction of the IGBT inverter cost, the thyristor alterna
tive will be cheaper because the difference in losses is 
not likely to be reduced much. However, the increasing 
demands on power quality may make the thyristor 
inverter less attractive in the long run. The IGBT 
inverter can even improve the power quaiity of the grid. 

5.3 Efficiency of electrical systems 
If a comparison of the efficiency of different 

electrical systems is to be carried out, it is important 
that the average efficiency of the systems is compared 
and not the rated efficiency. The calculation of the 
average efficiency is carried out by calculating the 
average power of the turbine, Ptav, and the average 
losses of the electrical system, Pdav. The average power 
and los ses are calculated by using the probability 
density distribution of the wind speed and the power as 
weIl as the losses as a function of the wind speed [7]. 
The average efficiency can then be calculated as 

n = l - Pdav I Ptav 

Three different systems with the rated power of 
500 kW have been investigated and compared. These 
are; 

a conventional constant speed system with a step
up gear and a directly grid-connected induction 
generator. 
a variable speed synchronous generator with a 
frequency converter. 
a directly driven variable speed permanent-magnet 
generator with a frequency converter. 

Table II: A verage and rated efficiency of the 
systems. 

Low- Medium High- at 
wind -wind wind Rated 
speed speed speed load 
site site site 

lnduction 82.0 % 87.3 % 89.7 % 93.8 
generator 

% 
Synchronous 84.0 % 86.8 % 88.1 % 90.6 

generator 
% 

Directly 86.4 % 88.8 % 89.9 % 91.6 
driven 

generator % 
Average wind 5.3 mls 6.6 mls 7.8 -

speed 
mls 
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Figure 4: The proposed system for variable speed wind turbines. Synchronous generator and diode 
rectifler for low losses and low cost. IGBT inverter for high power quality. 

6. OONIROL 

The goal of the controi of a wind turbine is 
operation at optimal Cp-Ä. in low-wind conditions and 
above rated wind speed to operate at rated power output. 
By a wide speed range of variable speed operation it is 
possible to achieve optimal Cp-Ä. operation. To operate, 
with a smooth output power at rated power requires 
variable speed of at least a 10 % variation and a pitch 
controi of the turbine. 

6.1 Pitch controi 
Pitch controi together with variable speed will 

make it possible to limit the power variation within a 
few percent, 2 to 5 %, of the rated power. This can be 
compared with the standard constant speed systems 
which have power variations of +/- 30 to 60 % of the 
rated power. 

6.2 Stall controi 
Variable speed operation with stall controi is not 

so common; a few prototypes are running today. Of 
course optimal Cp-l operation is obtained, but it is 
difficult to controi within the allowed limits of power 
variations. Test results show that it is possible to limit 
the power variations to a maximum of +/- 20 % of the 
rated power. 

7. CONCLUSlON AND FUfUREDEVELOPMENf 

The current research and the impact of power 
electronics on power engineering indicate that within 
flve years it will be possible to design a cost-effective 
wind turbine that will have a PM directly driven 
generator with a diode or an IGBT rectifler and an IGBT 
inverter. The main reasons for the electrical system are 
high efficiency, a good power quality, the possibility to 
controi the power output and to avoid gearbox 
problems. The variable speed is also very important for 
noise reduction. The wind turbine will have pitch 
controi and will be designed to act in a soft way, Le. 
small movements instead of loads on the mechanical 
parts and thereby it will be possibIe to make a weight 
reduction in the design. All this altogether will make the 
wind turbines of tomorrow more cost-effective compared 
to the wind turbines of today. 
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ABSTRACT: This paper discusses some design alternatives for directly driven generators, and one 
specific generator type is investigated for a wide range of rated power. First, the specification for 
a directly driven generator is presented, then different design alternatives are discussed. A radial
flux permanent magnet generator for frequency converter connection has been chosen for a more 
detailed investigation. The design, optimization and performance of that generator type are 
presented. Generators from 30 kW to 3 MW are designed and compared with conventionai four
pole generators with gear. It is found that a directly driven generator can be more efficient than a 
conventionai generator and ge ar and have a rather small diameter and a low active weight. 

KEYWORDS: Generators, Direct drive, Power Electronics, Performance. 

1 INTRODUCTION 

The interest in directly driven generators for wind 
turbines is increasing because the y make the gear 
unnecessary. Without the gear, the wind energy converter 
can be cheaper, lighter and more efficient. Some different 
alternatives of electromagnetic design of the generators 
have been proposed, for instance: radial-flux generator 
[1,2]; axial-flux generator [3]; and transversal-flux 
generator [4]. 
Which generator type that is the best one is not c\ear, 
there is a need for further comparison of different design 
options. The papers mentioned above do not include fully 
optimized generators and, therefore, the achievable size 
and performance of the generators should be further 
investigated. 
The purpose of this paper is to discuss some of the design 
alternatives in order to choose a generator type that can 
lead to a small, light and efficient generator. This paper 
also presents the size, efficiency and active weight of 
optimized directly driven generators from 30 kW to 
3 MW of the chosen generator type. A brief comparison 
with conventionaI four-pole induction generators and 
gears is also made. Another paper discusses the 
optimization of the chosen generator more in detail [5]. 

2 GENERATOR SPECIFICATION 

The specification for the directly driven generators in this 
paper is shown in Table 1. The rated torque of a directly 
driven generator is determined by the turbine power and 
speed. Out of data for 25 wind energy converters from 
30 kW to 3 MW an approximate function for the rated 
torque and rated speed has been determined. 

Table J The specification of the directly driven 
generators, PN is the rated power. 

Rated torque ( PN t23 
71.1 Nm 1 kW 

Rated speed ( PN JO.23 
134 rpm 1 kW 

Winding temperature :::; l30·C 

Peak torque ~ Rated torque 

The required peak torque of the generator depends on the 
type of wind energy converter in which it is used. Stall
controlled turbines or turbines with electrical braking 
need a generator that transiently can produce a higher 
torque than the rated one. Pitch-controlled wind turbines 
without electrical braking do not require the generator to 
produce a high peak torque. The generators discussed in 
this paper do not have to produce a peak torque higher 
than the rated one. If that is required, the generator can 
be expected to be slightly larger than what is shown in this 
paper. 

3 SOME DIFFERENT DESIGN ALTERNATIVES 

A directly driven generator has to produce a large torque 
because of the low shaft speed. The size and the los ses of a 
generator are to a large extent determined by the required 
torque. Therefore, directly driven generators can be very 
large and heavy and have a low efficiency. To avoid these 
unfavourable features, the generator must be of an 
efficient type with a high force density in the air gap. 

3.1 Electrical excitation or permanent magnets 
Almost all large generators are electrically excited, i.e. 
the flux density is generated by a current in a field 
winding. However, permanent magnets are increasingly 
used because they eliminate the need of a field winding 
and the Iosses due to the field current. 
The pole pitch is important for the thickness of the stator 
and rotor yokes and for the length of the end windings. 
(The pol e pitch is the distance between the magnetic north 
and south poles on the rotor surfaee.) If the pole pitch is 
small, the end windings are short, which leads to low 
resistive losses. A short pole pitch also leads to a low 
weight of the iron core. Therefore, the pole pitch should 
be small in a low-speed generator. 
The pole pitch is also important for the field winding. 
However, a decreasing pole pitch increases the losses and 
weight of the field pole. As the pole pitch is decreased, the 
no-Ioad field current can not be decreased and the rotor 
pole has to be high er to make room for the field winding, 
which is illustrated in Figure 1. Since the number of poles 
increases as the pol e pitch decreases, the total field 
winding losses increase. The pole pitch of an electrically 
excited directly driven wind turbine generator should not 
be small er than about 0.1 m. Alarger pole pitch is 
preferred to reduce the field winding losses. 
Permanent magnets allowasmaller pole pitch than field 
windings do. The equivalent magnetizing current that a 



permanent magnet produces is proportional to the 
thickness of the magnet. As the pole pitch is decreased, the 
magnet thickness remains constant, which is shown in 
Figure 1. The minimum pole pitch is only limited by 
mechanical considerations and by the leakage flux between 
the magnets. A pole pitch of 50 mm, or even smaller, is 
possible. Since a small pole pitch is preferred in low
speed wind turbine generators, to limit the weight and 
losses, permanent magnet excitation is chosen for the 
investigated generator. 

3.2 Frequency converter or direct connection to 
the grid 

To connect the generator directly to the grid requires that 
it genera tes 50 or 60 Hz voltages and that oscillations 
between rotor and grid are damped. Because of the 
minimum pole pitch, the diameter of an electrically 
excited 50 Hz generator has to be large. The diameter has 
to be at least 3 m for a 30 kW generator, 5.5 m for a 
300 kW generator and 9 m for a 3 MW generator. 
These diameters will lead to expensive generator 
structures. Therefore, electrically excited generators 
should not be connected directly to the grid. 

Permanent magnets allow a small er pole pitch than 
electrical excitation does. 50 Hz can be generated with a 
reasonable diameter, less than half the diameters presented 
above. However, a generator with a small pole pitch 
cannot damp oscillations efficiently with damper 
windings. The oscillations can be damped by mechanical 
dampers [6] but that leads to a complicated mechanical 
design. Therefore, also permanent magnet generators 
should be connected to a frequency converter. 

To use a frequency converter between the generator and 
grid, does not only solve the problems of connecting a 
generator directly to the grid, but also improves the 
performance of the wind energy converter. The turbine 
can operate at variable speed, which increases the energy 
production slightly and decreases the noise at low wind 
speeds. Torque peaks in the turbine shaft can be 
eliminated and the grid interference can be reduced. The 
investigated generator is designed for frequency converter 
connection. 

3.4 Diode or transistor rectifier 
The rectifier will have a very important influence on the 
rated power and peak power that can be produced by a 
generator. The two main types of rectifiers are: the cheap 
and efficient diode rectifier; and the more expensive and 
not as efficient self-commutated transistor rectifier. The 
reactance of the generator consumes reactive power. If 
the rectifier cannot supply that reactive power, the 
terminal voltage and active power will be reduced. A 
generator can be made smaller, if it is allowed to have a 
high reactance, than if a low reactance is required. In 
Figure 2 the output powers of a three-phase permanent 
magnet generator with the two types of rectifiers are 
shown. The generator reactance is 0.5 per unit. 

The transistor rectifier allows a higher power than the 
diode rectifier does at equal current. About 35 % higher 
rated power can be achieved with the transistor rectifier if 
the reactance of the generator is 0.5 p.u. Diode rectifiers 
should not be used with higher reactance than 0.5 p.u. 
while transistor rectifiers can be used for generators with 
up to about 1.2 p.u. reactance. The difference in peak 
power is even larger than the difference in rated power. 
If the current is not limited, the generator can always 
produce about 2.5 times higher peak power if it is 
connected to a transistor rectifier instead of to a diode 
rectifier, but at about twice as high current. 

~ • .-----120mml----~.~ ... 50 mm. 

Figure J Electrical excitation and permanent magnet 
excitation with two different pole pitches. The 
no-load field current and the magnet height are 
almost the same for all pole pitches. 

--- Transistor rectifier 
- - Diode rectifier 
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Armature current (p.u.) 

Figure 2 The output power as a function of current for a 
generator with a reactance of 0.5 p.u. 

The cost of the generator can be assumed to be much 
higher than the cost of the converter. Therefore, the 
reduction of the generator size that can be achieved, if a 
transistor rectifier is used, will probably pay the extra 
cost of the transistor rectifier. The losses will remain 
almost the same at the generator rated current no matter 
which rectifier is used. Since a transistor rectifier alIows a 
higher power, it will make the generator more efficient. 
The increase in generator efficiency at rated load will be 
in the same order as the difference in efficiency between a 
diode rectifier and a transistor rectifier. A transistor 
rectifier is chosen for the investigated generator. 

4 GENERATOR DESIGN 

The generator type chosen for this investigation is a three
phase radial-flux permanent magnet generator connected 
to a frequency converter with seIf-commutated transistor 
rectifier and inverter. The winding is a two-Iayer winding 
in semiclosed slots and the magnets are made of NdFeB. 

A generator design method has been developed for the 
investigated generator type [7], including the optimization 
of the generator. The design method is based on 
conventionai analytical functions for the generator 
performance and a lumped parameter thermal model. The 



meehanieal strueture has not been investigated in detail 
but its influenee on the optirnization has been studied. 

4.1 A verage losses 
The efficieney included in the optirnization is the average 
efficiency (i.e. the energy efficieney, not the effieieney at 
rated load). The average effieieney is for this type of 
generator higher than the efficieney at rated load. The 
reason for the high average efficieney is that the largest 
part of the losses at rated load is resistive losses in the 
windings. As the current decreases with decreasing 
power, the resistive losses deerease rapidly, 
proportionally to the eurrent in square. Since a wind 
turbine operates at parti al load most of the time, the 
average losses are mueh lower than the losses at rated 
load, as illustrated in Figure 3. The average effieieney is 
diseussed more thoroughly in [7,8]. 

4.2 Optimization 
The eost funetion for the optimization includes the eost of 
the aetive part of the generator, the eost of the losses and 
an estimation of the eost of the generator strueture. The 
effect of the eost funetion on the design of a 500 kW 
directly driven generator is diseussed in detail in [5]. The 
three different eosts are plotted as funetions of the 
diameter in Figure 4. It can be seen that the eost of the 
aetive parts, the losses and the structure all inerease as the 
diameter decreases below 2 m. The eost of the strueture 
is only a rough estimation, but it is still clear that the 
diameter can not be mueh lower than 2 m. Beeause the 
eost of los ses and the eost of the aetive part do not ehange 
mueh at large diameters, the eost of the strueture will be 
the limiting faetor for the maximum diameter. The 
optimum diameter will be between 2 and 3 m almost 
independently of the eost of the strueture as long as it is 
assumed that the eost of the strueture inereases more than 
linearly with the diameter. 

4.3 Generators from 30 kW to 3 MW 
The generator design method has been used to ealculate 
the size and performanee of the generators for turbines 
between 30 kW and 3 MW. The generators are all 
optimized using the eost funetion deseribed in [7]. The air 
gap diameter, stator length, pol e pitch, winding 
temperature, air gap flux den sit y, teeth flux density and 
slot height are optimized. The winding temperature is 
limited to 130·e aeeording to the speeifieation, but may 
be lower. 
The air gap diameter and stator length of the generators 
are shown in Figure 5. The outer diameter and length are 
larger but the outer diameter will still be of about the 
same order as the width of a normal naeelle for all these 
generators. 
The average efficiency and efficieney at rated load of the 
generators are shown in Figure 6. The average efficieney 
is eaIculated for a wind energy eonverter on a site where 
the capacity faetor is 25 %. The efficiency inereases with 
inereasing power as for eonventionai four-pole 
generators. The optimum temperature of the winding is 
low for the small generators and inereases with inereasing 
rate d power. Only the 3 MW generator reaches the 
temperature limit. The eonsequenee is that small 
generators, although they have lower efficieney, are 
easier to cool than large ones. 
The aetive weight of the generators is plotted in Figure 7. 
It inereases almost linearly with the rated power. The 
costs for the aetive part, eost of the losses and the eost of 
the generator strueture also inerease almost linearly with 
the rated power. The eos t of the strueture is only a rough 

Losses at rated 

......... ---------- ------ -_ ... -... ---

o 8kW 38 kW 

Figure 3 The different types of losses at rated load and 
the average losses for a 500 kW generator. 
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Figure 4 The eos t funetions for the aetive parts, the 
strueture and the losses as a funetion of the 
diameter for a 500 kW generator. 
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Figure 5 The diameter and length of the generators. 

estimation, but the results show that the specific eost 
(eost/kW) of the active part of the generator and the 
specifie eost of the losses will be rather equal for 
generators of all the investigated powers. 
The reaetanee of the optimized generators increases as the 
rated power inereases, from 0.76 p.u. for a 30 kW 
generator to 1.05 p.u. for a 3 MW generator. The small 
generators will be eapable of produeing a torque higher 
than the rated torque transiently but for the large 
generators that eapability is limited. 
Nothing in this study indieates that there is an upper or 
lower power limit beyond whieh the direetly dri ven 
generator is not feasible. 

S COMPARISON WITH CONVENTIONAL 
GENERATORS AND GEARS 

In Table 2 the weight and efficieney of grid-connected 
four-pole induetion generators with gears and direetly 
dri ven generators with frequeney converters are 



presented. The frequency converters for the directly 
driven generators have an efficiency of 96 % at rate d 
load and their average efficiency is 95.6 %. Since the 
generator structure has not been investigated in detail the 
total weight of the directly driven generators is not 
known, on ly the weight of the active part of the 
generators is presented. 
The comparison shows that directIy driven generators 
with frequency converters are slightly more energy
efficient than a directly grid-connected induction 
generator with gear. The average efficiencies of directIy 
driven generators are higher although their efficiencies at 
rated load are lower. These figures do not include the 
difference in energy production between a variable speed 
turbine and a constant speed turbine. The difference in 
produced energy will, therefore, be larger than the 
difference in average efficiency. The active weight of the 
directly driven generators is 2 to 4 times lower than that 
of the gears and induction generators. The total weight 
can be assumed to be of the same order for both systems. 

6 CONCLUSIONS 

To achieve a high efficiency, low active weight and a 
small diameter the generator should be made with 
permanent magnets and connected to a self-commutated 
rectifier. It is difficuIt to design a directIy driven 
generator that can be connected directly to the grid. 
The reactance of the generator limits the possible output 
power. To be able to utilize a generator weIl the rectifier 
has to supply the generator with reactive power. If a high 
peak torque is required, the generator may have to be 
larger than if it is only required to produce the rated 
torque. 
Directly driven generators from 30 kW to 3 MW can all 
be made with a diameter equal to the width of a normal 
nacelle. The average efficiency of a directly driven 
generator can be high er than the efficiency of a 
conventionaI generator and gear but the full load 
efficiency is lower. 
From this study of the active part of the generator there 
seems to be no upper or lower power limits beyond which 
directly driven generators are not feasible. 

Table 2 Four-pole induction generators and gears 
compared with directly driven generators with 
frequency converters. 

Directly driven gen. Grid-connected 
and frequency converter generator and ge ar 

Average Active Average Total 
Rated efficiency generator efficiency weight 
power (at rated load) weight (at rated load) 

(kW) (%) (kg) (%) (kg) 

30 88 (87) 210 81 (89) 440 

220 90 (89) 1300 87 (93) 4700 

500 90 (90) 2700 88 (94) 7400 

3000 91 (91) 14000 90 (94) 53000 
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Figure 6 The efficiency of the generators. 
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Figure 7 The active weight of the generators. 
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ABSTRACT: The power consumption of rotating electrical components is often supplied via slip-rings in wind 
turbines. Slip-ring equipment is expensive and need maintenance and are prone to malfunction. If the slip-rings 
could be replaced with contact-less equipment better turbines could be designed. This paper presents the design, 
some FE calculations and some measurements on a prototype rotating transformer. The proposed transformer 
consists of a secondary rotating winding an a stationary exciting primary winding. The results indicate that this 
transformer could be used to replace slip-rings in wind turbines. 
Keywords: Wind Turbines(HA WT), Electrical Components, Electrical Systems 

el. IN1RODUCTION 

In operation of wind turbines some rotating parts, such 
as pitch controi or other actuators, need power s~pply. 
The electric power is usually supplied via slip-rings. 
Slip-ring equipment is expensive and need maintenance 
and are prone to malfunction. If the slip-rings could be 
replaced with contact-less equipment better turbines 
could be designed. 

To supply rotating parts with electric power is a 
common procedure in electric machine design. In nearly 
all larger synchronous machines, the rotating field 
windings is supplied by induction from a stationary 
stator. The principle with induction can be adapted to 
larger axial diameters and used in wind turbines, as 
suggested in [1]. Some interesting design problems now 
occurs, as the axial diameter is usually less in 
synchronous machines than the diameter of the low 
speed shaft in a wind turbine. The rotating speed is also 
usually much lower. 

2. PRINCIPLE OF OPERATION 

The principle of operation can easily be understood if 
figure 1 is studied. A short simple U-shaped iron core is 
used. The stationary primary winding on the U-core 
creates a magnetic flux which is guided under a rotating 
secondary winding. The primary circuit only covers a 
segment of the secondary coi!. To reduce the air-gap, the 
secondary winding is mounted on thin trans former iron 
strips, which is wound on the shaft. The width of the 
layer of strips determines the air-gap. The frequency in 
the secondary winding is exactly the same as in the 
primary winding, independent of the speed of rotation. 
The rotating secondary winding supplies the rotating 
equipment. 

Stator 

primary 
wi nd in g -~~---pi!!::"'----1 

a i r- g a p.,-=.J=~rl~:::::::::!"""" 

Shaft 

secondary ~ 
winding~ 

Figure 1: Principle of operation. 

3. DESIGN OF A PROTOTYPE 

Traditional trans former calculations [2] gives the 
dimensions and the characteristics of the prototype. The 
calculations were based on available material in our 
laboratory. As a stator, a C-shaped laminated 
transformer core was used. The length of the core was 49'
mm. The magnetic strip which was used in the secondary 
rotating core had a width of 30 mm and the height of the 
layers was 14 mm. With elementary transformer design, 
an initial guess of the winding tums N were determined 
with: 



1\ 

u=4.44·BI·A fe ·N. 

The magnetic flux density B was chosen low, I T. The 
iron area Afe was given by the available materials. 

The conductor copper area was determined from the rated 
currents and a maximum allowed current den sit y of 4 
Nmm2. 

In order estimated the leakage reactances a finite element 
calculations of the magnetic fields [3] were done. 
Compared with a normal transformer, without air-gaps, 
the leakage reactances are higher. 

A plot from the magnetic field calculations, with the 
transformer in no-Ioad operation, is show n in figure 2. 

The details of the calculations is presented in [4]. 

Figure 2: Calculated magnetic field lines. 

4. PR~ECON~UCTION 

The prototype rotor core was wound on large diameter 
shaft in the laboratory, see picture in figure 3 below. 
The shaft was connected to a de-machine acting as a 
prime mover. In order to measure the voltage and the 
current in the rotating secondary winding, the rotor was 
equipped with slip rings. 

Figure 3: The prototype during construction. 

5. MEASUREMENTS 

With the prototype mounted on the dc-maehine several 
measurements were done. Independent of the rotating 
speed, the voltage of the secondary winding is 21 V at 
220 V supply on the primary stationary winding. This is 
lower than expected from the Initial calculations, the 
design voltage was 24 V dc rectified. With the winding 
loaded, the voltage drops signifieantly due to the 
leakage. Especially the secondary leakage reaetanee is 
very high. The secondary voltage was inereased by 
loading the secondary cireuit with capaeitors during 
same load tests. The capacitors can be chosen so that a they compensate for the voltage drop over the leakage .., 
reactances. 

5. MODIFIED DESIGN 

In order to use the rotating transformer in a wind turbine, 
the design must be modified. 

The rated power of the transformer is proportional to the 
air-gap area. The rated power can be increased by 
inereasing the air-gap area by using multiple stator 
segment mounted on the rotor or using a larger part of __ 
the eireumference. The rotor leakage reactanee can be 
redueed by modifying the rotor magnetic eireuit. This 
can be done in several ways, such as using other rotor 
core materials. Finally, the air-gap requirements is less 
in radial than axial direetions due to different mechanieal 



tolerances. By modifying the magnetic circuit so that 
this is obtained, less magnetising current is needed. 

7. CONCLUSlONS 

The calculations and the tests on the prototype indicate 
that it is possible to design a rotating transformer, 
which can supply electric energy to rotating parts in a 
wind turbine. The operation of the transformer is 
independent of the speed of the turbine. The leakage 
reactances of the rotating transformer will however be 
high. By capacitor compensation the influences of the 
leakage reactances can be reduced. 

An other drawback with the proposed design is the air
gap. Due to mechanical tolerances in the axial direction 
of the wind turbine, the air-gap must be large. With a 
large air-gap, the transformer needs a high magnetising 
current. If the air-gap can be reduced, the trans former 
performance will increase. 
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ABSTRACT: In this paper the hybrid wind farm connected to a weak grid is investigated. By combining different electrical wind 
power plant systems a cost-efficient solution is obtained. The point of common connection voltage level can be controIled by injecting 
reactive power from a phase-compensating capacitor battery and a voltage source inverter (VSI). If the short-circuit impedance ratio is 
lower than 1, the demanded reactive power injection to keep the voltage at nominallevei is unreaIistic. For short-circuit impedance 
ratios of 2 or higher the demanded reactive power level is acceptable. When using both induction generators and thyristor inverters the 
reactive power injector VSI size should be about 0.2 pu. If the hybrid farm consists of THY s, IGs and VSIs and the active power is 
equaIIy shared between the systems, the VSI had to be scaled up by S% to handle both active and reactive power. 
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1. INTRODUCTION 

To successfuIly instaIl wind turbines on a weak grid, a 
knowledge of the wind turbine impact on the grid is essential. 
The most common electrical system of commercial wind power 
plants is the induction generator OG) directIy connected to the 
grid. A major drawback is that the reactive power flow and thus 
the grid voltage level cannot be controIIed. Another drawback 
associated with fixed speed system is that the blade rotation 
causes voltage fluctuations of a frequency of 1 to 2 Hz on the 
grid [1]. This fluctuation problem is not solved by using 
several turbines; on the contrary, if several identical wind 
turbines are instalied in a wind park, the rotors can synchronize 
with each other and the power fluctuations are superimposed in 
phase [2]. 

With variable-speed wind turbines severaI advantages can be 
achieved compared to the directIy connected IGs. Such as 
lower noise, increased average efficiency [3], reduced power 
fluctuation between the wind turbine and the grid and less 
dynamic stresses on the mechanical structure of the plant. 
However, the disadvantage is a higher cost of the electrical 
system [4]. 

Today the thyristor inverter (THY), also named grid
commutated inverters, is the cheapest solution to transmit the 
power into the grid. However, the grid voItage can stiII not be 
controIled since the power factor depends on the active power. 
If the grid is weak, voltage distortion will occur [S]. Another 
problem is injected current harmonics into the grid, which 
results in voltage distortion. 

The self-commutated voItage source inverter (VSI) is a grid
friendly converter [6]. The harmonics injected into the grid are 
now of a much higher order and can much easier be filtered. 
The reactive power can now be chosen freely. However, some 
drawbacks are high cost, lower efficiency than with the THY 
and a limited maximum size of the inverter [4]. 

A conventionai wind park connected to a weak grid can give 
rise to voltage variations. Today the solution is to buiId a 
stronger grid. To equip aIl the wind turbine electrical systems 
with VSI would also be a solution, but a rather expensive one. 

In this paper a solution is proposed which combines the 
technical and economical advantages of different systems, the 

hybrid wind farm. The farm consists of wind turbines with 
constant speed using directIy connected IG as weIl as variable
speed electrical systems. One of the variable-speed electrical 
systems has a VSI connected to the grid, the others have 
THYs. The VSI is used to reduce harmonic distortion and 
voltage variations. Important factors are the short-circuit ratio, 
SCR, and the ratio between the reactance and the resistance of 
the grid, SCIR (Short-Circuit Impedance Ratio). 

2. THE SYSTEM CONFIGURATION 

The hybrid wind park consists of wind turbines that have 
directIy connected IGs, variable-speed electrical systems using 
THYs and one or a few VSIs. In Figure 1 the hybrid wind park 
configuration is shown. The variable-speed system uses 
synchronous generators (S G) and a diode rectifier to obtain 
high efficiency and low cost [4]. The grid strength is govemed 
by the grid impedance consisting of a resistance R N and an 
inductance L N • The no-load grid rms-phase voltage is denoted 
EN The grid at the farm, caIled point of common connection 
(PCC), has the rms-phase voltage E. The THY DC-Iink 
voltage yields udc ' The VSI rms-phase voltage is denoted U. 

thyristor 
inverter 

voltage L 
source 
inverter 

* 1~ 
L s R s 

VSI grid filter 

Figure l: The hybrid wind park configuration. 



For the variable-speed system with the THY, two DC-link 
voItage controI strategies are investigated. Apart from using the 
conventionaI controI strategy of constant flux (CF) in the SG a 
proposed strategy is investigated. The idea is how to get 
optimal efficiency (OPT) for the SG [7]. 

3. VOLTAGE VARIATIONS DUE TO WIND 
VARIATIONS 

Since the reactive power injected by lG and THY into the grid 
cannot be controlled, the voltage level of the PCC will vary. 
The two different controI methods of the THY will also affect 
the grid voltage differently. Figure 2 shows the reactive power 
as a function of the active power for the lG and the THY. 
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Figure 2: The reactive power as a function of the active power 

3.1. The voltage fluctuation 
Here, the voltage fluctuation of the PCC with weak grid is 
analysed. In Figure 4 and Figure 5 the voltage fluctuation 
caused by the lG and the THY is presented for the SCR of 10. 
For a low short-circuit impedance angle (SClA) the grid is 
mainly resistive and a high SClA means that the grid is mainly 
inductive. As can be noted SelA strongly governs the voltage 
level, especially at high active power leveIs. Low SClA 
increases the voltage at PCC and for high SClA the voltage at 
PCC decreases. The voltage fluctuation is minimized if the 
SClA is about 40° to 60°. 
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Figure 4: The PCC voltage level variation due to the SCIA and 
the active power from the IG. The SCR is 10. 

1.1 

for the 10 and the THY. The THY uses CF- and OPT-modes. 1.05 

For a typical lG the reactive power varies from approximately 
-0.25 pu to -0.45 pu at rated active power. The reactive power 
of the THY goes from O to -0.38 pu when the advance angle is 
20°. The CF-mode has the largest reactive power span, 
0.45 pu. The reason for the different reactive power functions 
for the two types of THY controIs is that the DC-link voltage is 
higher in the OPT-mode for median wind speeds. In Figure 3, 
the DC-link voltage and the resulting reactive power are plotted 
as a function of the wind speed. 
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Figure 3: The THY DC-Iink voltage and the reactive power as a 
function of the wind speed and for the CF- and OPT-modes. 
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Figure 5: The PCC voltage level variation due to the SCIA and 
the active power from the THY. The SCR is 10 and the minimum 
advance angle is 20°. 

4. VOLTAGE CONTROL OF THE GRID 

The voltage level of the grid is used to controI the reactive 
power injected to the grid. This can be done stepwise by a 
capacitor battery or continuously by controlling the reactive 
power from a VSl, shown in Figure 6. Usually one or two 
capacitor stages are used at wind turbines. 
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Figure 6: The method to controi the voltage level of the grid. 
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5. REACTIVE POWER REQUIREMENTS 

The reactive power, injected into the grid, needed to keep the 
PCC voltage at norninallevel is investigated in this section. The 
SCR is 10 for every combination and the SCIR has the values 
of 0.5,2.5, 10 and 20. The base power, lpu of the wind farm 
is the total nominal active power of the wind farm. The seven 
variants investigated of the hybrid wind farm electrical system 
are presented in Table I. 

Table I: The different electrical system formation in the hybrid 
wind farm 

Variant Type of electrical system 

A VSI 

B IG + VSI reactive power iniector 
C THY(CF) + VSI reactive power iniector 
D THY(OPT) + VSI reactive power iniector 
E IG+THY(CF) + VSI reactive power iniector 
F IG+THY(OPT) + VSI reactive power iniector 
G IG+ THY(OPT)+VSI 

To controi the voltage at PCC all variants, A to G, have a 
capacitor battery, in som e cases an inductor, which injects a 
constant value of reactive power to the grid. Furthermore, a 
VSI is used in every variant to actively controi the voltage level 
at PCC by injecting reactive power. For the variants A and G 
the existing VSI is used. But, for the other variants, B to F, a 
VSI that only operates as a reactive power injector is used. In 
the G alternative, the VSI de livers one third of the total farm 
active power and also injects reactive power to the grid. 

The capacitor battery is designed to deliver the mean demanded 
reactive power. The remaining part of the required reactive 
power is handled by the VSI. In this way, the VSI can be 
dimensioned as small as possible. 

If the hybrid farm contains THY s, the capacitor battery can be 
designed as a tuned filter to remove harmonic currents from the 
grid. 

The injected reactive power required for the different farm and 
grid configurations is shown in Figures 7 to 10. As shown, the 
reactive power demands changes substantially depending on the 
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Figure 7: The injected reactive power required to maintain 
nominal PCC voltage. SCR is 10 and SCIR is 2.5. The electric 
system con figurations are shown in Table I. 
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Figure 8: The injected reactive power required to maintain 
nominal PCC voltage. SCR is lO and SCIR is lO. The electric 
system con figurations are shown in Table I. 
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Figure 9: The injected reactive power required to maintain 
nominal PCC voltage. SCR is lO and SCIR is 2.5. The electric 
system configurations are shown in Table I. 
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Figure 10: The injected reactive power required to maintain 
nominal PCC voltage. SCR is 10 and SCIR is 10. The electric 
system configurations are shown in Table l. 

grid and the farm configuration. In some cases the demanded 
reactive power is inductive. The results are summarized in 
Table II for the different farm and grid constellations; the max 
and min reactive power; the size of reactive battery and the size 
of VSI are labled. The VSI scale factor is also tabled, i.e. how 
much larger the VSI must be to handle both active and reactive 
power instead of only active power. 



When the reactive power demand is almost constant due to 
active power variation, the size of the VSI can be minimized. 
For low values of SCIR, 0.5 and below, the required size of 
VSI becomes large and thus expensive. For these low SCIRs 
the cost of keeping a constant voltage will probably be 
unrealisticly high. However, the SCIR is usually high enough, 
at least for transmission lines with a capacity of 50 MV A or 
higher. The reactive power demand is approximately the same 
for SCIR of 10 and above. The SCIR of 10 to infinit y is the 
same as SCIA of 84° to 90°. In Figures 4 and 5 the voltage 
variations at high SCIAs are almost the same. For the IG and 
VSI injector, variant B, and low SCIR, no capacitor battery 
should be used to compensate the IG reactive power if the pec 
voltage level is to be controlled. Of course the grid current will 
increase, leading to increased transmission losses due to the 
increased reactive current. 

When comparing the different modes of the THY s it is found 
that the CF-mode demands alarger VSI injector. Also the 
capacitor battery needs to be larger than that for the OPT-mode. 
But, when adding IG to the system, variants E and F, the two 
systems get the same characteristics, since, the reactive 
characteristics of the IG and the THY are smoothing each other. 

The VSI injector size is maximum 0.21 pu when the VSI only 
is used as a reactive power injector for the hybrid farm and the 
SCR is 10 and the SCIA is 2.5 or higher. 

When the hybrid farm consists of IG, THY, VSI and each 
subsystem takes one third of the active farm power, case G, the 
VSI only needs to increase about 5% to eliminate the voltage 
variation. The capacitor battery is approximately 0.10 pu. 

If SCIR is larger than 2 it will be no problem to controi the 
voltage at the PPC. 

6. CONCLUSION 

In this paper a hybrid wind farm connected to a weak grid has 
been investigated. It is shown that the voltage can be kept 
constant utilizing a VSI and properly sized capacitor battery 
providing that SCIR is higher than approximately 2. If SCIR is 
lower than l, the reactive power needed to keep the voltage 
constant becomes unrealistically high. 

The VSI injector size is maximum 0.21 pu when the VSI only 
is used as a reactive power injector for the hybrid farm and the 
SCR is 10 and the SCIA is 2.5 or higher. 

The most advantageous configuration is the variant G, where 
the hybrid farm consists of IG, THY, VSI and each subsystem 
takes one third of the active farm power. The VSI only needs to 
increase about 5% to eliminate the voltage variation. The 
capacitor battery is approximately 0.10 pu. 

Table II: The demanded reactive power to maintain the 
'a1IIIPCC nomm vo tage eve at 

Variants SCIR 0.5 SCIR 2.5 SCIR 10 SCIR 20 
A: MinQ [pu] -1.98 -0.42 -0.050 -0.0125 

MaxQ [pu] 0.66 0.12 0.035 0.0196 
Q(C or L) [pu] -0.66 -0.15 -0.007 0.0035 
Q(VSI) [pu] 1.32 0.27 0.042 0.016 
VSI scale 66% 3.6% ",0% ",0% 

B:MinQ [pu] -1.1439 0.1036 0.2498 0.2574 
MaxQ [pu] 0.26 0.2598 0.4079 0.4576 

Q(C or L) [pu] -0.44 0.1817 0.3289 0.3575 
Q(VSI) [pu] 0.70 0.0781 0.0790 0.1001 
C:MinQ [pu] -1.2374 O O O 

MaxQ [pu] 0.0391 0.2670 0.4206 0.4529 
Q(C or L) [pu] -0.5991 0.1335 0.21 0.2264 
Q(VSI) [pu] 0.6382 0.1335 0.21 0.2264 
D: MinQ [pu] -1.2374 -0.0042 O O 

MaxQ [pu] 0.0568 0.1632 0.3145 0.3642 
Q(C or L) [pu] -0.5903 0.0795 0.1572 0.1821 
Q(VSI) [pu] 0.6471 0.0837 0.1572 0.1821 
E: MinQ [pu] -1.1906 0.0709 0.1299 0.1299 

MaxQ [pu] 0.1353 0.2103 0.3698 0.4139 
Q(C or L) [pu] 0.5277 0.1406 0.2498 0.2719 
Q(VSI) [pu] 0.6630 0.0697 0.12 0.1420 
F: MinQ [pu] -1.1906 -0.0548 0.1299 0.1299 

MaxQ [pu] 0.1446 0.1888 0.3612 0.4109 
Q(C or L) [pu] -0.5230 0.1218 0.2455 0.2704 
Q(VSI) [pu] 0.6676 0.067 0.1157 0.1405 
G: MinQ [pu] -1.32 -0.066 0.0866 0.0866 

MaxQ [pu] 0.0932 0.1159 0.2243 0.2739 
Q(C or L) [pu] -0.6172 0.0249 0.1554 0.1803 
Q(VSI) [pu] 0.7104 0.0910 0.0688 0.0937 
VSIscale 138% 3.6% 2.1% 3.9% 
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ABSTRACT: The aim of this paper is to investigate variable speed electrical systems. Synchronous generators with 
diode rectifiers and line-commutated thyristor converters are compared with induction generators with force
commutated transistor converters and scalar control. The system characteristics are examined regarding possible 
speed of response (bandwidth) of the torque control, including the sensitivity to disturbances for the drive train and 
also the possibility to get damping of the drive train resonance. Analyses, simulations and laboratory tests with a 
40 kW machine set-up have been performed. The investigation shows that the system with synchronous generator 
is weIl suited for wind power applications. A rapid standard DC-current regulator is included in the torque controI and 
can be used for damping of the resonance. The torque controI has a bandwidth up to about 3 Hz and the DC-volt 
controller up to about 1 Hz. The system with induction generator with scalar controI (no transformations) is more 
difficult to control. A linear approach is only possible up to about 1.5 Hz. In this region it tums out that the 
behaviour can be visualized as an added inertia on the generator side that can be rather big. 
Keywords: Converters, Control, Electricity Generators, Variable-Speed Operation. 

1. INTRODUCTlON 

During the last decade research ers and wind turbine 
manufacturers have been working on electrical systems 
for variable speed wind turbines. The weIlknown advan
tages of wind turbines with variable speed are reduction 
of noise, optimal Cp-A. operation, a weIl controlled 
torque in the drive train and thereby the possibility to 
damp resonance and avoid speeds causing resonance. For 
the wide speed range the synchronous as weIl as the 
induction generators with frequency converters are the 
most common systems. For prices and efficiencies of the 
systems see articles in [1,2,3]. The aim of this paper is 
to investigate the torque controI of induction and 
synchronous generators for variable speed operation. 

2. GENERATOR CONTROL AND DRIVE TRAIN 
BEHAVIOUR 

2. l Short drive train analysis 
The drive train behaviour is very much influenced 

by the generator torque control. Figure 1 shows a scheme 
with three different inertias. 

20B os 

RTO~ 2·J9 

t 
GTEREF 

Figure l: Model of the drive train. 

The main goal is to get the controI dependent only on 
the generator torque reference GTEREF and to get an 
acceptable damping of the resonances. Two resonances 
can be distinguished, in the following caIled blade 
resonance roB (S mode) and drive train resonan roG. For 
frequencies < the lowest resonance (stiff system) the 

foIlowing transfer functions can be calculated, if 
generator torque is supposed to be independent of speed 

RTORS JGS JGS 
if JGS« JT (1) ;:--

RTORA jT+JGS JT 

RTORS jT ;:1 if JGS «jT (2) 
GTORE jT+JGS 

JGS=N 2 .JG (3) 

As JGS « 2JB + JH = JT a strong damping of 
disturbances from the aerodynamic torque is obtained. 
Where: RTORS = Torque in shaft 

RTORA Aerodynamic torque 
GTORE = Generator torque 
JGS = Inertia of generator (turbine side) 
JG Inertia of generator 

JT = Inertia of turbine JH Inertia of hub 
JB Inertia of blade N = Gear ratio 
DS Damping of shaft KS Shaft spring 
DB Damping of blade KB = Blade spring 

For frequencies ;:: the lowest resonance JGS «JT, and if 
the blade resonance is considerably greater than the drive 
train resonance, they can approximately be treated 
separately and are as follows (Fig. 2). 

coG= 

roB = 

KS (KS 
JGS·JT ;: ~JGs 
JGS+JT 

KB 
JB·JH 

2JB+JH 

(4) 

(5) 



2 KB 

'----t JH 

KS 

Figure 2: Drive train resonance roG and blade 

resonance roB. 

The torque controi could be used to damp the 
drive train resonance. It is difficult to damp the blade 
resonance However, as this frequency normally is 
considerably higher than the drive train resonance it will 
interfere very little with the drive train behaviour. 

3. LABORATORYlESTEQUlPMENTS 

Laboratory tests with a 40 kW machine set-up have been 
performed. The test arrangement consists of a dc-motor 
for aerodynamic torque, a flywheel for the simulation of 
turbine inertia and a soft shaft between the flywheel and 
the generator as a drive train. Both synchronous and 
induction generators with converters have been tested. 
For the experimental set-up the following picture could 
be used (Fig. 3). 
Where: DCMC = DC- motor torque 

GTORM 
IDCREF 

Mechanical torque 
Reference of DC-current 

GTORE ~TEREF 

JT= DS,KS I~ t GRID 

6 kgm2,-~ .......... ,. ........... JGS= 2 D~ \ 0.7 kgm 

GTORM GENERATOR AND 
TORQUE CONTROl 

Figure 3: Scheme used for the experimental set-up. 

4. SYNCHRONOUSGENERATOR 

4.1 Analysis of synchronous generator 
Figure 4 shows a simplified picture of the 

synchronous generator, diode rectifier and thyristor 
inverter. .. Torque- and Voltage 

Controi 

~ Current r 
Grid Voltage 

IDC 

Figure 4: Generator and power electronics. 
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Two controi systems are necessary. The field current is 
used to regulate the dc-voltage, UDC, and the dc-current, 
IDC, to regulate the electrical torque, GTORE. Different 
windings are used for these regulations and they are 
therefore only slightly dependent on each other. The 
electrical torque is also rather independent of the 
generator speed, GS. 

WIND TURBINE 

TORQUE CONTROl GlEREF 

... FLlER 

~E~t1 ~+I t tv 
DC ~ I DC-REGULATOR -t + 

L-------·l~ m 
FIELD CONTROl .. ~ IDCREF 

450 

400 

__ ....... --1 350 

UDC 300 
Y 

t:DCREF 

Figure 5: 
DC IF GS 

Controi scheme for the synchronous 
generator with converter. 

Figure 5 shows the complete controi scheme. A 
rnachine model with parameters from the experimental 
set-up is also incIuded in order to be able to make 
simulations to guide the laboratory tests and 
measurements. 

In the torque controi a standard IDC-regulator of 
the thyristor inverter is incIuded. The transfer function 
was selected to be of second order with a time constant of 
0.01 sec. In order to get a torque control, the following 
caIculations are made: 

GTORE=(IDC· UDC+PF)/GS (6) 

In the field controi a transfer function from 
IFREF to IF was deterrnined to be of second order with a 
time constant of 0.03 sec. and relative damping of 1. 
The function UDC = f(lF,IDC) at 1200 rpm has been 
rneasured (Fig. 5). 

This function is very non-linear and it tums out 
that the gain 6UDC/6IF varies between 50-1000 in the 
range. A variable gain depending on IF, IDC and GS has 
therefore been determined to compensate for this varia
tion. Feed forward from GS to GTORE is included via a 
band-pass filter in order to get the damping of the reso
nance. The generator torque is supposed to be 
independent of generator speed. 



4.2 Measurements on the synchronous generator 
Figure 7 shows response from steps in DCMC, 

GTEREF and UDCREF. It can be seen that only about 
12 % of DCMC disturbance reaches the drive train, and 
damping of the drive train resonance is obtained, 
compare figures 7b and 7c. The damping of the 
resonance frequency of 30 rad/sec leads to specific 
demands on the speed sensor and signal processing. The 
UDC-control works properly (Fig. 7d). 

Torque Nm 

100 ........... ~ ....... DCM~ ............ .. 

80 ... ,..,.,~.",p.;I.~~-~j~"""""" 

Figure 7a: Measurements of step response in 
DC-motor torque. 

90 

85 

80 

3 

Time (s) 
75~----~~----~----~~ 

O 1 2 3 

Figure 7b: Measurements of step response in 
generator torque reference, with damping 
in the controI. 

30 .... 

Time (s) 
20~----~------~----~~ 

O 1 2 3 
Figure 7c: Measurements of step response in 

generator torque reference, without 
damping in the controI. 
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Figure 7d: Measurements of step response i[l 

DC-link voltage. 

s. INDUCTION GENERATOR 

5.1 Analysis of induction generator 

3 

In an induction generator torque and field are 
developed in the same windings and they are therefore 
dependent on each other. The torque is also very 
dependent on the speed because of the fact that max 
torque is developed by a speed ch ange in the slip range 
(about 1 % of max speed). These facts will complicate 
variable speed applications [4]. Figure 8 shows a scheme 
for generator and torque con tro l. 

SCALAR FEEDBACK 

GTEREF 
Figure 8: Scheme for generator and torque 

controI. 

In this report so called scalar controi is used. 
This means that direct feedback without any 
transformations is used. This method is simple and only 
a crude knowledge of the mode! is used. However, limited 
performance is obtained. It tums out that a linear mode! 
shown in Figure 8 can in our case only be obtained for 
frequencies < 10 rad/s. For higher frequencies it is 
referred to the measurements. An integration is included 
in the feedback loop. For frequencies < the bandwidth 
(K*DGR) the folIowing equation is valid. 

GTORE s 1 
GS == K . s . T + 1 (7) 

This means that GTORE is dependent on 
generator acceleration. For low frequencies the controi 
acts as an added inertia on the generator side equal to 
liK. This means that JG in (Eq. 3) should be replaced by 
JG+ l/K. This will increase the sensibility to 
disturbances on the drive train. The slip slope DGR is 
usually very big because a small slip is wanted. 
Therefore, the value of K is very limited. The added 
inertia can therefore be rather large compared to 
generator inertia. For frequencies > 1fT there will be a 
proportional feedback that damps the drive train 
resonance. Feed forward of the generator acceleration can 
be used to get better performance. This acceleration can 



be derived by differentiation of the generator speed. This 
will, however, be a very noisy signal so, a low pass
filter with a time constant of 0.25 seconds is needed. The 
negative gain in the feed forward loop, Ka, has the 
dimension of negative inertia. Another method is to get 
a higher gain at low frequencies by means of a so called 
lag/lead-filter. 

5.2 Measurements of induction generators 
Figure 9 shows an example of step responses and 

frequency diagrams. The value K=0.2 has been used, 
which gives an added inertia of 5 kgm2. It can be seen in 
figure s9a and 9b that for frequencies<10 rad/s the 
turbine disturbances will be reduced to about 50 % on the 
drive train shaft. With an acceleration feed forward the 
disturbances will be even more reduced (Fig. 9c) for very 
low frequencies. The example with Ka=-6 means that 
also the generator inertia is compensated (motor action). 
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o 
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Figure 9a: Measurements of step response in the 
DC-motor torque with K=0.2. 
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Figure 9b: Measurements ofGTORM/DCMC and 

GTORElDCMC - ratio with K=0.2. 
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Figure 9c: Measurements of step response in the 

DC-motor torque with Ka=-6 and K=0.2. 
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6. CONCLUSION 

The torque of a synchronous generator with sepa
rate magnetization depends very little on speed. Also the 
DC-current regulator that is included in the torque controi 
can easily be very rapid. It can be used for the damping 
of rather high drive train resonances, in this case about 
5Hz. Feed forward of the generator speed via a high-pass 
filter is used. Certain demands on speed sensor and 
signal processing must be fulfilled. The torque controi 
has a bandwidth up to about 3 Hz. In the voltage controi 
loop the gain is in a very non linear manner dependent 
on a field current and also on DC-current and speed. A 
three-dimensional linearization is therefore included in 
order to get acceptable gain. A bandwidth up to about 1 
Hz is obtained. In wind turbine applications the turbine 
inertia is norm all y much bigger than the generator 
inertia. A significant damping of disturbances from the 
turbine to the drive train is therefore obtained. A 
synchronous generator with separate magnetization and 
a standard DC-current controller is therefore very 
attractive for wind power applications . 

The induction generator torque depends in this 
study heavily on generator speed. Torque and field are 
developed in the same windings and are therefore very 
dependent on each other. With scalar controi (no 
transformations) only limited performance is possible 
to obtain. A linear approach is possible only up to about 
1.5 Hz. An integrator should be included in the feedback 
loop and the torque will therefore depend on the 
generator acceleration for low frequencies. That can be 
visualized by an added inertia on the generator side, that 
can be rather big. The damping of disturbances from the 
turbine will therefore be less. However, the damping of 
the drive train resonance is included in the controi if a 
PI-regulator is used. For very low frequencies better 
performance can be obtained by means of acceleration 
feed forward (can be obtained by a filtered derivation of 
the generator speed) or higher gain at low frequencies in 
the feed back loop. The negative gain in the acceleration 
feed forward has the dimension of negative inertia and it 
is possible to compensate also for the generator inertia 
(motor action). 
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ABSTRACT: Yaw torque controi for redllction of stmclural dynamie loads in a two-bladed wind turbine is investigated. 'I11e 
modds are obtained using rigid-hody mechanics. Linear quadratic controi theory is utilized lor design and analysis. The 
analysis of two simple examples. \\'here the teeter angle and the tower lateral hending motion are regarded, shows that a 
time-varying controller has some advantages compared with a time-invariant controller. 
Keywords: Yaw ControI, Teeter, Lateral Bending, Two-bladed rotor. 

I. INTRODUCTION 

Most medium to large size wind turbines use a ~'aw 
servo to align the turbine \\1th the \\ind. Typically the 
motor is activated \Yhen the misalignment exceeds a given 
threshold. Hence. the acluator does not opera te 
continuously, but at discrete events. During these events it 
usually goes. \\'ith constant speed. The nacelle is, hO\\'ever, 
locked to the tO\yer most of the time. 

An alternative strategy is to use the ya\\" servo 
continuously. Added compliance and the possibilitv to 
manipulate the stmctural dynamics to reduce loads are the 
main advantages with this concept. There are of course 
other means to make the yaw system compliant, passively, 
using mechanical devices for damping. The disadvantages 
\yith contillllOus yaw controi are the need for measurement 
and possibly increased \year of the actuator. How 
ellicientIy the contral system can decrease stmctural loads 
is related to the maximmn torque and band\\"idth of the 
ya\\" contral servo. 

The lirst part of this paper is general, and deals \\'ith 
modeling and controller design. Later. two design 
examples, \\'here the controller is designed to decrease the 
teeter angle or the lateral tower load of a two-bladed \Yind 
mill, are given. 

2. THE MODELS 

Mathematical equations describing the interaction 
behycen dilTerent parts of a wind energy converter can be 
obtained from rigid-body mechanics. The most important 
extemal forces on the system are the aerodynmnic torces 
on thc blade and the actuator forces from generator, pitch 
and ya\\" motors. The blade forces depend on the speed 
and direction of the \yind as experienced by the blade. 
This means that there is an inherent feedback mechanism 
Irom turbine motion to aerodynamic lorce. \\'hich of course 
is utilized when controJling the aerodynmnic po\\"er. 

Lagrangian mechanics is a convenient method to 
derive the equations of motion. In contra st to Ne\\tonian 

mechanics. the constraint forces do not have to be 
considered. The details of these derivations are not 
presented here: the methods are given in any text book on 
the subject, see (2) or (5) for a \\ind turbine example. 

The reslllting equations are nonlinear and. in case of 
more than a fe\\" degrees of Ireedom, extremely complex. 
In a dense matrix fonn the equations of motion can be 
stated as 

H( q(t )q(/) + C( q(1 ),q(/)q(/) + Bq(/) 

+Kq(/) + G(q(/) = F( q(t), W(/), U(/) 
where q(t) is a column vector with the generalized 
coordinates. The tirst tenn represents the forces of inertia. 
where the inertia matrix H is synulletric and positive 
definite. The other terms originate Irom, len to right, 
Coriolis plus centripetal forces, viscous damping, strain 
!orces and gravity forces. The right hand side contains all 
controi u(t) and aerodynamic forces that depend on the 
wind speed \\"(/). 

A state realization of the system can be obtained bY 

cllOosing the state vec!or as X(/) = [q(/) q(/)r. General 

methods for controller design are based on linear models. 
Therefore the nonlinear equations are linearized. If the 
rotor speed is assumed constanI. the resulting system 
becomes periodically time-varying. 

M(I )i(l) + C(I )i(l) + K(I )X(I) = G(I )U(I) + n(l) 
The mass M, damping C, stilTness K and input G 
matrices should not be confused with the matrices in the 
nonlinear equations. The last tenn n(t) represents the 
disturbance from the wind speed. The state realization of 
the linearized system are 

i(l) = [-M(li-1C(t) -M(t~IK(I)}(I) + 

[M(I):G(/)}(I) + M(I(n(l) 

The so called Floquet methot! deals with the stability 
of this type of systems. This and other methods for 



analysis of wind turbine stability are given in [4]. In this 
studv the linear equations have been discretized, assumillg 
time-invariance behyeen the sample instants. The 
sampling frequency is chosen to one percent of the rotor 
frequency, or 3.60 in angttlar domain. The reason for the 
last step is to facilitate numerical caIculation of controI 
Imy and simulation. II is also straightforward to trans fonn 
a discrete periodic system into a discrete time-invariant 
system. This can be done b~' increasing the state vector to 
incIude a full period, which in our case means increasing 
the mode! order a luctor 100. Be!o\\' a wind power plant 
with four degrees of freedom has been simulatcd. 
nonlinear and continuous versus linear and discrete. It 
illustrates how well the discrete mode! describes the 
original non linear. 

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 
lime (5) 

Figure I: The generalized coordinates of a fourth order lI10dd 
simulated with nonlinear and continuom (thick) "ersus linear and 
discrete (t hin) 1I10del. The complItational time differs a f.,clor 1200. 

3. CONTROLLER DESIGN 

Linear quadratic (LQ) controI methods [Il are used 
for design and analysis. These methods can deal with time 
varying systems. The controI signal, ya\\' torque, is 
calculated as u(t) = -L(/)x(t), \,"here the controllaw L(/) is 
a row vector of same length as the state vector. The 
controI law is derived to minimize a scalar criterion that is 
quadratic in the state variables 

V(L) = E{X(/( Q,x(t) + u(/( Qzu(t)} 

The cost matrices Q, and Ql are chosen to penalize 
deviation from the operating point and controI elTort 
respectively. How to chose the cost parameters is not 
always obvious from logieal reasoning, especially if the 
modd order is high. The controI la\\' that minimizes the 
discrete version of the eriteriol1 is derived from the 
solution to a discrete Riccati equation, ",hich is a 
110nlinear matrix dillerence equatiol1. The stationary 
periodic solution is caIculated numerically. Hence, an 
analytic expression of the col1trollaw is not obtained. 

An LQ-controller uses feedback from all state 
variables. Neverthdess. measurement of all state variables 
is usuallv not required. The state vector can be estimated. 
\\-ith for exmnple a Kalman lilter, from measurement of a 
subset of the state variables. This part of the design 
procedure is not carried through here. An important 
question in that context is \yhich variables to measure. For 

instance it \\'Ould be advisable to measure rotor position 
and make the controI law dependent on this rather than 
absolute time: it is rotor position. rather than time itselC 
that is relevant for the feedback gain. In an 
implementation it is most like!v bett er to sample \yith 
respect to angle instead of time. Another altemative is to 
use the rotor position as scheduling parameter in a time
invariant nonlinear controller. Here the LQ controI theory 
is used as an instrument to gain insight on how to controI 
the process, rather than deriving a fully operationaI 
con t ro Il er. 

For cOlnparison an altemative, more conventimwl 
solution, is studied. II is a PD controller with feedback of 
the yaw angle and angttlar ve!ocity. The controller has the 
transler function. from ya\\' angle to yaw torque. 
GpD(S) = K(KD s + I). This of course equivalent to PI 
controller if the ya\\' angular vcIocity is taken as input. 
Here it is relerred to as a passive concept, since it is 
dynamically similar to a mechanical suspension system. 
Note that is obvious that the result with this solution never 
can compare to the resuIt with the LQ-controller, since it 
is constant and only uses ya\\' motion in the feedback. 

4. TWO DESIGN EXAMPLES 

The yaw torque alrects, more or less. every stmctural 
mode, since all modes are dynmnically coupIed. The 
interactions with many of these loads are however too 
weak to be exploited for lond reduction in a feedback loop. 
Here t\\'o simple exmllples, where the eoupling to the ya\\' 
motion is apparent, illustra te the benelits of using a time
va~'ing controller. 

4.1 A teetered 1mb 
This exmnple is based on a rigid-body mode! of a 

two-bladed turbine with two degrees of freedom: the teeter 
and ya", angles. The rationale for having a teetered 1mb is 
to rcduce 1mb loads originating from the wind gradient: 
the extemal load resuIts in teeler motion instead of 
intemal loads [3]. NevertheIess, there may be an interest 
in keeping the teeter motion under controI: there have 
been failures as a resuIt of too excessive teeter motion. 
,,-here the blade bumped into the tower. 

There are two main physical causes lor the teet er 
angle being atlected by the input. The tirst is the inertia of 
the rotor with respect to the teeter axis. This coupling is 
strongest when the rotor is horizontaL and vanishes in 
vertical position. The second cause is the gyroscopic 
torque, lollowing from the rotation of the turbine being 
orthogonal to the applied ya", torque. The resulting 
gyroscopic torque is horizontal and perpendieular to the 
drive shatl. Consequently the interaction is strongest \\'hen 
the turbine is vertical. Then the teeter shall is aligned \\-ith 
the g~Toscopic torquc. Note that the second phenomenon 
demands turbine rotation in contra st to the tirst. 

A con tro I la\\', where ya", and teeter motion are 
given the same cost in the LQ-criterion, has been derived. 
Figure 2 sho\ys ho,,' the four elements of the controI la\\' 
va~' during one revolution. Note the ditlerence between 
the periods of the yaw and teeter feedback. The lirst is 
used by the controller to decrease the ya\\' motion. Since 
most tenns in the ya\\' d~'namics are periodic with 180" 

• 



turbine rotation. due to symmetry, so is the feedback. 
Like\\"ise the teeter feedback is designed to reduce the 
teder angle. These dynamic relations, and there/ore also 
the feedback gain. are periodic with a fi.J\1 tum, due to the 
anti-synunetry of the rotor orientation aller 180". (The ne\\' 
orientation is equivalent to changing sign on the teeter 
angle.) The anti-s~111metry also leads to a gain that 
changes sign with a period of 180'" whereas the yaw 
feedback is strictly positive. This shows that a time
invariant feedback of the teeter angle is ine/Tective teeter 
dmnping. 

From the controi law it can also be seen lhal the 
teeter angle gain is largest when the turhine is c10se to 
verticaL \\"hich occurs at ()" and 180". This indicates that 
the gyroscopic torque is the dominating interaction of the 
two previously discussed. 
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Figur~ 2: Controllaw gain. for the four slat~s. durillg on revolution. 
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Figure 3: T~et~r motion is r~duced with Ih~ periodie LQ-controller. 
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Figure 4: The ya\\" angle has a larg~r transient. but decreases "Ister 
with LQ conIroI. 

The simulations of an impulse response, (initial 
value of 0.1 radians for the teeter angle), show that the 
periodic LQ-controller increases the relative dmnping. In 
these simulations the externai excitation has been len out. 
The controi torque and the yaw angle experience alarger 
transient with the LQ-teedhaek, but the envelope 
decreases tar more quickly. 
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Figure 5: Th~ tOrllue clI\-dope decreases 1lI0re '1uickly with LQ-cont. 

4.2 Lateral bending 
This example also uses a lourth order mode l. hut 

\\-ith the tower lateral bending and ~m\" angle as degrees of 
freedom. The interaction between these modes is due to 
the faet that the center of gravity, of the nacelle together 
\\"ith the turbine, is not plaeed on the ya\\' axis. This 
interaction is sometimes reterred to as "fish tail" 
movement. 

As in the prcvious exmnple, the LQ-control la\\' is 
derived with the same cost on hoth angles. In this ca se the 
controi la\\' elements all lollow the same pattem: they are 
perioJic \\'ith 18()" and the maximum gain occurs when the 
rotor is approximate\y horizontal. (90" and 270"). The 
period heing one hall' rotation 101l0\\'s Irom the synuuetry 
of the two-hladed rotor. The locations of the maxima are a 
consequence of the inertia of the rotor. with respect to the 
ya\\' axis. being largest when it is horizontal: increascJ 
inertia means larger coupling betwcen the two moJes. 

Yawangle 

lateral displacement 

--Yaw speeo---

o 90 180 270 360 
Rolor angle (deg) 

Figure 6: Controllaw gain. for the four sta1e~. during on reyolutioll. 

The perioJic LQ-controller thus is more etlicient 
than a time-invariant controller, since it uses the 
opportunities, when the inertia is large, to get as much as 
possible out of the controi signal. IIowever, in contrast to 
the teeter example, the leeJhack gains Jo not change sign. 
This indicates that a time-iuvariant controller coulJ he 



useu. It shoulu, for exmnple, be reasonable to use the 
mean gain in a controI Imy in case of state teeuback. 

The mnplitllue of the optimal gain. is a function of 
the inertia of the rotor: zero inertia makes the s~·stem. anu 
hence the controI law, constant. Theretorc one can 
conc\lIue that the benefit from a periouic controI law in 
this ca se is uirectIy re\ateu to the inertia ofthe turbine. 

The simulations once again show that the periouic 
LQ-controller proviues auuitional uamping to the system. 
Also, as belore. thc ya\\' torque and its angle have larger 
transients but uecrease laster than the passive. PD
controlled, system. 

0.10 ... - ----------.----~----.--.-.-----~- -. 
-Passive 

0.08 

i 0.06 

~0.04 

t 0.02 

~ 0.00 
"6 
~-O.02 

~-0.04 

t- -0.06 

-0.08 

-0.10 

O 5 10 15 
Revolution 

20 25 30 

Figur~ 7: Tom~r motion is r~duced with the periodic LQ-controller. 
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Figure 9: The tonlu~ ellwlope decreases 1II0re quickly with LQ
contr. 

5. CONCLUSIONS 

This theoretical stuuy of ~'a\\" controI lor reduction of 
stmctural loads. in a two-bInded \yind turbine, shows that 
a periodically time varying controI la,,' can give increased 
structural damping. The periodically time-varying 
controller can also be viewed as a non linear controIler 
"'here the rotationaI angle of the turbine is used as 
scheuuling parameter. When controlling the teeter angle, 
it ,ms shmm that the rotor position had to be considereu. 
In controI of the "Iish tai\" motion it is beneficial to take 
the rotor position into account. especially in case of a rotor 
\yith large inertia. This motion can hO"'ever be reduced 
with conventionaI time-invariant control, ,yhich has been 
shO"l1 in practice [6J. 

The physical parameters of the examples have been 
chosen quite free\y, to make the analysis c\ear and simple. 
In fllture work they should be more realistic. The 
importance of uifierent parameter values and cost 
parameters shOllld also be investigateu. This is however a 
complicated problem due to the large 1lllluber of 
parameters. Another importmIt issue that has not been 
auuressed is the intluence of uisturbances. 

Linear quauratic optimal controI theory has been 
used mainly as a convenient anu pO"'erful tool lor analysis 
of two simple examples. The implementation of a 
controller of this type requires a state observer. When 
uesigning the observer. the choice of measureu variables 
must be uone. The design of an optimal controller can, 
however, be done independentI~· from the design of the 
state observer. according to the separation theorem [I J. 

In an implementation it is not like\y that the ya\\' 
torql1c can be controlled directIy. hence the ac!uator 
dynamics need to be mode\ed and considered in the 
controller dcsign. 
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ABSTRACT: This paper presents important factors and 
planning procedures for public acceptance of wind 
power. Opinion surveys in Sweden show that acceptance 
is connected to the concept of utility rather than the 
aesthetic values. If wind turbines are confined by the 
authorities to marginal areas, they will not earn their 
rightful place in the landscape by being of use. A 
positive attitude in general promotes a positive 
experience of the effects of wind turbines. It is therefor 
essentiai to establish a sense of cooperation between 
the project management and the public. An open 
dialogue and continuous information will increase the 
possibilities for acceptance of future development. We 
must establish new code s of practice in perrnit 
processing because policies today contains ideological 
and practical contradictions between development and 
preservation of landscapes. 
Keywords: public perceptions/ acceptability, planning, 

codes of practice, perrnit processing. 

1. INTRODUCTION 

This work aims at creating a good understanding of the 
prime factors involved in relation to public acceptance 
of wind power and establish what procedures are suitable 
for creating mental space and public acceptance for/of 
wind energy production. 

A very complex scenario reveales itself under the 
denomination "social aspects". The number of 
alternatives offered in an energy system are connected to 
how we organize our societies and strive to increase the 
quaiity of our lives. Thus, when studing the acceptance 
patterns concering wind energy, we must illuminate what 
conditions makes it possible for people to accept wind 
power in their immediate surroundings. Further, wind 
energy seem to be of prime interest when it comes to the 
authorities ambitions of atttmed development. Hence, 
public acceptance has since the introduction of 
windenergy in Sweden been an important discussion in 
perrnit processing. In general people seem to have a 
positive attitude towards wind energy, being a clean 
source of energy. However, problems with public 
acceptance might arise at the site of location. Opinion 
surveys in Sweden (1,2,3,4), show that acceptance is 
connected to the concept of utility rather than the estetic 
values resling within a specific geographical setting. 

Competing land use interests along with cultural, 

environmental and recreational values enhanced by 
authorities in the permit procedures, might confine wind 
turbines to marginal areas. These areas will not comply 
with the wind conditions necessary to maximize the 
utility appraisment of wind power. 

Wind power locations must apply to the swedish 
legislation on environmental protection, nature 
conservation and natural resources. The inventories of 
natural and culturai values in the swedish landscapes 
show that very few optimal sites are available for wind 
turbines. Hence, Sweden like other European countries 
have reached a situation where we must create space for 
the production of wind energy. I will argue that it is 
mostIy a matter of communication and information in 
order to creat mental space in the minds of people and 
authorities. 

2. OPINION OF WIND POWER 

2.1 The NIMBY -syndrome 
When reviewing the results from different surveys of 

attitudes af ter location (table I), it is evident that the 
experienced effects on the lands cape are closely related 
to the personal attitude toward wind energy in general. 
This conclusion seem to stand in some opposition to 
the existens of a NIMBY -syndrome (not in my back
yard). 
The NIMBY-syndrome has been studied concerning the 

location of nuclear power plants, waste disposal plants 
and off-shore oil extraction (5,6,7). To conclude the 
experiece of a NIMBY -syndrome in connection to wind 
power locations it can be said that: People seem to have 
a positive attitude towards wind power in general, but 
negative reactions and opposition occur when a wind 
farm location is planned in the near by environment. 

However, a positive attitude in general toward wind 
energy promotes a positive experience of the effects of 
wind power af ter location. Hence, if the public persist in 
their positive opinon of wind power throughout the 
planning and construction phase, you have the 
prerequisite of positive establishment of wind power. 

2.2 Information 
The negative recations towards wind turbines could 

more truly be depicted by the words rear or misgivings. 
Hence, the correct planning and treatment of these 
misgivings decide the outcome of a project. In this 
con text "timing" is of prime importance. Throughout 
the planning process of a wind power construction it is 
essenlial lo inform the public. Preferably through a 
continuous dialogue which makes it possible to treat 
questions as they arise. 
Examples of important information: 

• the purpose of the project 
• general description of the project in comprehensible 

terms 
• timetable 
• what quaJities this source of energy has in 

comparison to other energy sources 
• what advantages are directly observable 



• how advantages and disadvantages can be 
evaluated in an environmental impact study (ElS). 

2.3 Integration 
It is not impossible to actively integrate the public 

opinion and preferences in the planning process and in 
the evaluation of the project. Such integration might 
reveal simple solutions to otherwise amplified 
problems. The possibility to influence the process of 
change in ones own neighbourhood might be of greater 
importance than the adjustment of the project to 
anticipated aesthetical preferenses. 
Recommendations for aesthetic adjustment lo the 
superior characteristics of a specific site do however 
constitute the inital position for wind power planning. 

3. OPINION SURVEYS 

3.1 Aim, sites and questions 
The common aim of the performed opinion surveys has 

been to present the publics attitudes and experiences 
from each site, Tabel I and II. 

Table I: Facts about opinion surveys 

region/year participants method 

a)Skånel988 63 questionnaire 

b)Blekinge 1990 95 questionnaire 

c)Sweden 1992 30 interview 
(wind turbine owners) 

b)Blekinge 1993 50 interview 

d)Bohuslän 1995 50 interview 

Table Il: Some facts about the wind turbines, letters 
refer to opinion surveys tabel I. 

site/installed output supplier 

---------------------------------------
a)Vallby/1988 150kW Vindsyssel 

b)Nogersund/1990 220kW Vestas 

d)Lysekil/1992 400kW Nordic 

d)LysekiI11992 450kW Bonus 

The questions of each survey has been focused on the 
following aspects of wind power siting: 
• visual impact 
• disturbance/problems 
• experiences of noise 
• information 
• discussions 
• changes in attitude 
• general experiences 

• future development. 

3.2 General results 
Inspite of fears and hesitations among the concemed 

public during the introduction phase of each wind power 
project, the vast majority had a positive disposition. 

By comparing ones conceptions of wind power in 
general with experiences of an operating wind turbine, 
most fears and hesitations tum in to curiosity. This 
curiosity gets triggered by the wind turbine itself. And 
in those cases where continuous information has been 
provided by the operators the curiosity among the 
public has been reinforced. The prerequisite of this 
positive development is ofcourse that the turbine is in 
operation as much as possible. 

In this con text it has been obvious that after location 
the public is more concemed about production statistics 
than the visual impact. One reason for this is that the 
turbine must be of some use in order to eam its rightful 
place in the neighbourhood. Hence, all discussions 
about experienced disturbance and visuaI impact must be 
interpreted with a strong connection to the utility. On a 
direct question about how ones attitude toward a wind 
turbine would change if it was possible to make private 
use of the produced energy, most persons would say "it's 
a different matter". This answer indicates the ability to 
accept changes that are directly experienced as being for 
the better. What could be better than renewable and dean 
wind power production for ones own household? 

3.3 Noise and disturbance 
No disturbance was experienced on flora, fauna or 

television signals at either site. Noise disturbance was 
reported from a few summer residents in the opinion 
survey in Bohuslän 1995. No link was established 
between the reported disturbance and living distance 
from the site. Surrounding rocks and diffs may playa 
part in how the noise is experienced at this particular 
site. However, there is a connection to be observed 
between repor ted disturbance and a negative attitude in 
general. 

It is evident that people can detect the sound from a 
wind turbine at long distance, but the reactions and 
experience of this sound vary greatly. Som e people 
argue that it is most of the time impossible to 
distinguish the turbine sound from the sound of the 
wind. However, if the preconceptions of the sound are 
connected to alot of hesitations and misgivings, it is 
possible that the irritation threshold is set at a very low 
level. This situation indicates the importance of 
stressing concepts like "the sound from a wind turbine" 
as opposed to "the noise from a turbine" in the 
information to and discussions with the public. 

Further, it is important to integrate the results from 
opinion surveys with noise measurements in order to 
grasp the true situation (8). In this con text it is possible 
to argue that set noise standards are unusable since the 
personal disposition have a strong effect on our 
experiences of the sound from a wind turbine. 



3.4 Changes in attitudes 
Only one two-stage survey has been carried out, 

Blekinge 1990 and 1993. In this study a majority was 
very concerned about potential impacts prior to the 
construction. Opinions had altered significantly in 
1993. Opinion surveys in Greatbritain (9,10,11) show 
the same result 
• despite worries about turbine noise and visual 
appearance prior to the construction of a wind turbine or 
wind farm, most local people are in favour after 
construction 
• attitudes tends to become more positive once people 
have experienced operational turbines or farms. Many 
people feel that the environmental benefits in a wider 
con text outweigh any perceived disadvantages at a 
specific site. 

The swedish surveys indicate that if the public feels 
that it is possible to in/luence the development of ones 
surroundnings the willingness to accept changes 
improves. Hence, if people hold a negative attitude 
towards a wind power project it is possible to change 
this through an open dialogue. The dialogue should 
continue through all stages of the project either by way 
of written information or meetings. This is also a way to 
ensure that the most concerned public receives rapid and 
correct information. If this process works weil, and the 
operator manages to bring about a sense of cooperation 
around the project, the result will be more than just 
acceptance, it will be engagement. This engagement 
might prove essentiai to further development of a site. 

4. RJTURE DEVELOPMENf 

4.1 How we value the landscape 
Looking at the perrnit processing of wind power in 

Sweden, it is obvious that there are problems with 
assessment of impacts on the lands cape. In a certain 
context wind power development might be seen as an 
important step towards a sustainable development of the 
landscape, with its physical and cuiturai values. In 
another context wind power might be seen as a threat to 
vacation environments and leisure activities, as weil as 
to a magnificent view. 

In Sweden the southern coastal areas are the most 
suitable for wind energy production on land. These areas 
experience intense land use competition and at the same 
time they are of great natural and cultural value. The 
most valuable areas have been c1assified as being of 
national interest. The c1assification device for such 
areas are comprehensive inventories and evaluatiolls. 
The aim for the continued swedish wind power planning 

is to give wind power priori t Y in certain areas (12). The 
criterion for this priority could be based on technical, 
functional, environmental and social poillts of view. As 
is obvious in this context the future of wind power 
development lays in the right evaluations and points of 
view. 

It is possible that swedish wind power might never 
obtain enough land in order to constitute a true 
complement in our energy system. The reason for this 

might be that we are not trained to look at the landscape 
as a totality of resources and values. Il is easy to 
communicate about issues in words, figures and pictures, 
but to convert these symbols into wide ranging real and 
purposeful actions in the landscape is a quite different 
matter. The management of our landscapes has to do with 
the understanding of how abstract knowledge can be 
turned in to action on the ground (13). 

4.2 Legislation and planning 
"To imagille that legislatioll which is ellforced from a 

certaill date also cOlltrols evelIts from that date is 
simply a cOllvellient juridical fictioll". (Torsten 
Hägerstrand, A look at the political geography of 
environmental management. 1986, p. 2). 

Policy conceming the use of a landscape contains 
ideological and practical contradictions between 
development and preservation. Landscapes created by 
pas t forms of environmental use, or lack of use, will 
cease to exist if they are preserved from human contact 
(14). 

Management plans demarcating national interests 
immediately tum obsolete as incalculable numbers of 
small actions pile up to major changes in space over 
time. The major formal ways by which the state can 
express its will in order to directly in/luence the 
behavior of the local actor involves legisIation, 
taxation, subsidies, economic policy, information 
campaigns, but their ability to influence development is 
always uncertain. There is always a world of quite 
unforeseen reactions. Some laws might be impossible to 
obey because of the nature of real world situations. 
Hence, to be able to judge the effects and side effects of 
management operations we need the perspectives of the 
concemed actors (13). 

4.3 Environmental impact assessment (ErA) 
To some people an EIA seems out of place in a wind 

power context, since the effects of a wind turbine are 
marginal in comparison to other forms of energy 
production. However, an EIA might be the instrument 
most suitable for an integration of the technical, 
economic, environmental and social aspects of a wind 
power project. 

The EIA should be made at a earl y stage of the project, 
as it is intended to be both a workning method for 
environmental considerations during planning and 
design, and the basis for decision making. This is an 
instrument which puts considerable emphasis on 
establishing an early contact with authorities and the 
public in order to up date and complement management 
plans (12). 

It will be of great importance to investigate and 
develop the methods for environmental impact 
assessment including the social impacts of wind power 
locations. 

4.4 Time geography 
Time-geography constitutes a foundation for a general 

geographical perspective. Applying such a perspective 
on wind energy development in Europe the main task 



will become to stmctllre those mechanisms responsible 
for how individuals, authorities and governments 
strllcture the number of alternatives available in an 
energy system. The number of alternatives offered are 
connected to how we choose to organize our existence 
and strive to increase the quaiity of our lives. In this 
context it becomes essential to study the relationships 
responsible for making some choices possible and 
others impossible. 

Research on time geography has shown that the 
individual at a certain point in time can handle only a 
limitied amount of alternative options and possible 
actions. When a choice has been made and yet another 
step in time has been taken, new options occur (15,16). 
By applying the time-geographic approach the primary 
aim will be to establish what mechanisms controi the 
possible options of choice and acceptance. 

So far, using the time geographic approach in analyses 
of the resuIts from opinion surveys has revealed new 
connections. The fact that the physical space available 
for new development decreases as each new project 
occupy a certain amount of space does not strictly apply 
in a wind power contexl. The amount of options 
increases after the location of a wind turbin e, due to the 
fact that most fears and hesitations among the public 
tum in to curiosity. Hence, after the correct choice of 
location and planning procedures, which makes it 
possible for the public to experiences wind power in a 
positive manner, new options for development occur. 

Time geography can help us to structure those 
mechanisms which make certain choices possible and 
others impossible. Factors of great importance in this 
con text are: 

• the personal attitude 
available technology 

• resources in the nearby environment 
the choice of other individuals 
the actions of authorities and organisations. 

5. CONCLUSlONS 

Working with a wind power project it is essentiai to 
have an understanding of the prime factors involved in 
'planning for public acceptance'. Negative reactions 
towards a planned site has to do with misgivings and the 
fear of not being able to inOuence the development of 
ones own neighbourhood. By making sure that the most 
concemed public receives rapid an correct information 
through a continuous and open dialogue, there will be a 
sense of cooperation around the project. This 
cooperation might prove more important to future 
development, than adjustment of the project to 
anticipated aesthetical preferences. 

Once the wind turbinels are in operation it is possible 
for the public to compare preconceptions with direct 
experience. Most of the time experience will tum 
hesitations in to curiosity, and by providing production 
data this curiosity will be reinforced. Opinion sllrveys 
show that the public is more concemed about production 

figures af ter location than the visual impacl. Hence, 
there is a concern that the turbinels should earn their 
rightful place in the landscape by being of use. "It is 
easier to accept the sound of a turbine if I know it is 
producing for me" 

By giving priority to other land use interests and by 
treating wind power as a threat to cultural, recreational 
and environmental values, authorities will confine wind 
turbines to marginal areas where they can be of little 
use. The future ability to look at the landscape as a 
totality in need of sustainable, renewable energy in 
order to survive will enrich the evaluations involved in 
perrnit processing. In this con text it is important to 
understand that policies today already contains 
ideological and practical contradictions between 
development and preservation. Wind power might prove 
to be the least contradictory development of our 
landscapes. 
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ABSlRACT: The Gennan Wind Energy Institute DEW! and the Aeronautical Research Institute of Sweden FF A 
perfonn comparing measurements at the 3 MW sister turbines Aeolus n and Näsudden n in the framework of 
WEGA n (CAN-Project). Results exist conceming the comparison of power perfonnance and noise emission. Load 
measurements have been carried out but no comparing results are available yet. In the case of the Aeolus n 
interesting effects of different meteorological conditions on the power perfonnance have been found. The project 
will continue till the end of 1996. 
KEYWORDS: Perfonnance, Meteorology, Noise, Operating Experience 

1. INTRODUCTION 

In 1993 two large wind energy converters Aeolus n and 
Näsudden n, each with arated power of 3 MW, were 
erected in Wilhehnshaven, Genn.any and on the Island of 
Gotland, Sweden. The turbines incoIporate almost 
identical geometric and aerodynamic features but 
different concepts for controI strategy: At the Aeolus n a 
variable rotor speed concept is applied, while the 
Näsudden n has two fixed rotor speeds. The importance 
of these turbines for the further development of MW
scale WEC's is underlined by the fact that both WEC's, 
contrary to many other turbines of this size, have shown 
promising operationaI statistics since their installation. In 
the framework of WEGA n, DEW! and FF A are carrying 
out a comparison of the turbines, which includes 
measurements of power perfonnance, noise emission and 
loads. . 
The tendency towards largerWEC's leads to an 
increasing interest in the relation between meteorological 
conditions and the power perfonnance of these WEC's. 
The rotor of a MW-scale WEC covers a height range of 
about 50-100 m in which strong vertical wind speed 
gradients can occur. Therefore, the relations between the 
power perfonnance of the Aeolus II and vertical wind 
shear, turbulence intensity and atmospheric stability have 
been investigated by DEW!. 

2. DESCRIPll0N OF THE WEC'S 

The basic technical data of the Aeolus II and Näsudden II 
as well as the wind regime at both sites are illustra ted in 
Table l. Both turbines have the same rotor geometry but 
different controI strategies and towers. A new tower was 
designed for the Aeolus n, whereas the nacelle of the 
Näsudden n was put on the existing tower of its 
predecessor Näsudden I. However, because wind 
measurements are influenced by wake effects of nearby 
WEC's as .well as mast effects, the values shown in 
Table I are only indicative for both sites. 

1 

Table I: Technical data of the turbines under 
investigation and wind. statistics measured in 1994 and 
1995, Measuring height 92 m (Aeolus II), 75 m 
(Näsudden II). 

feature Aeolus II Näsuddenn 

manufacturer MBB Kvaemer Turbin 
rotor orientation upwind upwind 
number ofblades 2 2 
rotor diameter 80.5 m 80.5 m 
hubheight 92m 78m 
ratedpower 3MW 3MW 
generator synchronous asynchronous 
rotor speed variable, two fIXed~eed 

- 14-21 min·l 14,21 min· 
power controi full span pitch full span pitch 
wind speed 8.0mls 7.9m1s 
wind potential 532 W/m2 558 W/m2 

air density 1.236 kg/ms 1.251 kg/m3 

mean wind direction South west Southwest 
turbulence intensity 8% 7% 

3. OPERAll0NAL STATISTICS 

The annual energy production ofboth turbines is given in 
Fig. 1. The larger energy output of the Näsudden II in 
1994 and 1995 corresponds to the better wind potential. 
Due to the fact that the availability' s of both turbines 
were below 100 %, the annual energy production in the 
years with complete measurements (1994, 1995) were 
lower than the theoretical energy output calculated from 
the measured power curves and the average wind speeds 
at the locations (Fig. 5). Furthennore, the measured wind 
speeds may not be fully representative for the conditions 
at the Aeolus II and Näsudden II: The investigated 
turbines and the wind speed measurements are influenced 
by the wakes of the surrounding WEC's and mast effects 
during different wind directions. 
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According to Fig.2 and Fig.3, the. Aeolus II and 
Näsudden II have sho\m a high availability compared 
with other prototypes of this size. However, due to 
gearbox problems, the Aeolus II is since March 96 in its 
first longer period of breakdo\m. The gearbox is 
supposed to be repaired in June 96. 

4. POWER PERFORMANCE 

4 COMP ARISON OF POWER PERFORMANCE 

Genera1ly the main uncertainty component in the 
detennination of the power perfonnance is the wind speed 
measurement. Even the uncertainties in the power curve 
measurement due to different procedures of anemometer 
calibration can be larger than the real differences in the 
power perfonnance of the cornpared wind turbines 
[l], [2]. To elirninate these uncertainties, the 
anemometers used for the Näsudden measurements were 
recalibrated at DEW! and vice versa. In addition, the 
anemometers were calibrated at NLR1 for verification. 
Further uncertainties in wind speed measurements result 
from: 

• flow distortion of the massive masts, 

• boom effects: the anemometers are mounted on 
booms, which influence the air flow at the 
anemometer. This is especially a problem at 
Näsudden because the distance between the mounting 
boom and the anemometer is relatively short. 

• the !arge distance of about 850 m between the 
Aeolus II and the mast (eorrelationproblems). 

There are indieations that these effects seriously influence 
the evaluated power curves. From this experience follows 
the recornmendation to perfonn wind measurements for 
power curve determinations only on top of masts as 
suggested in the IEC standard (3). If the wind speed is 
measured at different height levels covering the rotor, the 
anemometers should be mounted in a long enough 
distance from the mast and the mounting booms. 

The power curves and Cp -curves of the Aeolus II and 
Näsudden II were evaluated aceording to the IEA [4] and 
IEC [3] recornmendations and are compared in Fig.4. 
The power curves are rather elose with the differences 
within the uncertainties of the measurements. The sho\m 
high Cp-value of the Näsudden II at wind speeds below 
5 mls is due to an offset of the applied anemometer and 
does not reflect the real behaviour of the turbine. In the 
wind speed range of about 6-10 mls the Cp-curve of the 
Näsudden II has a relative minimum in contrast to a 
smooth curve of the Aeolus II; the latter is achieved by 
adjusting the rotor speed to the wind speed. The relatively 
low cut out wind speed of about 20 mls was chosen for 

1 National Aerospace Laboratory. the Netherlands 

2 

safety reasons because of the design of the mechanical 
breaks. 
From the power curve the annual energy production 
(AEP) was calculated according to the IEA 
recornmendations [4] (Fig. 5). As expected from the 
power curves the calculated AEP' s are almost equal. 

5. INFLUENCE OF DIFFERENT ME1EOROLOGICAL 
CONDmONS ON 1HE POWER PERFORMANCE 
OF 1HE AEOLUS II 

5.1 Infl.uence of Turbulence 
The recorded data at the Aeolus II was classified 

according to the turbulence intensity. For each turbulence 
c1ass a power curve was evaluated (Fig. 6) resulting in 
different calculated AEP' s (Fig. 7). 
When evaluating a power curve the measured power and 
wind speed is averaged over a period of usually 
10 minutes. Because of the wind speed fluctuations and 
the non linearity of the power eurve this time averaging 
process leads to an increase of the evaluated POWef curve 
where the power eurve is concave and to an decrease of 
the eyaluated power curve where the power curve is 
convex. This effect is evident from Fig. 6 and Fig. 8 and 
will grow with increasing turbulence intensity . 

5.2 Infl.uence ofVertical Wind Shear 
From the wind speed measurements at the heights 

32 m, 62 m, 92 m and 126 m a wind gradient weighted 
with its contribution to the rotor disk area was calculated 
and served as elassification criteria for the recorded data 
at the Aeolus II. For each class ofwind gradients a power 
curve and resulting AEP was calculated (Fig. 9). 
Obviously for the applied wind speed distribution- an 
increase ofwind gradient leads to an increase of the AEP. 
This effect ean be generally understood from the 
observations concerning the influence of turbulence 
intensity on the power perfonnance discussed before: 
high wind gradients correspond to high spatial variations 
ofwind speed over the rotor height. The spatial averaging 
effect of the rotor together with the nearly cubic increase 
of the power with wind speed result in a higher annual 
energy production similar to the effect of high turbulence . 

5.3 Infl.uenee of Atmospheric Stratification 
At the Aeolus II infonnation about the actual 

atmospherie stability is derived from measurements of the 
vertieal temperature gradient, i. e. temperature measured 
at 90 m and 2.5 m. A positive difference of the so called 
potential ternperature da=9(90.0m)-a(2.Sm) eorresponds 
to a stable layer [5]. A potential temperature differenee 
around O K indicates a neutral layer and a negative da 
correspond to an unstable layer. For each class of da a 
power eurve was evaluated. The resulting AEP' s have the 
tendeney to decrease with inereasing stability (Fig. 10). 
The atmospheric stability strongly influences the 
turbulence intensity and the vertical wind gradient 
(Fig 11). Unstable conditions correspond to higher 
turbulence levels and relative low wind gradients, while 
lower turbulence and high wind gradients usually occur 

• 



during stable conditions. Because the turbulence as weIl 
as the vertical wind gradient effect the power 
perfonnance, the observed dependence ofthepower curve 
on the stratification can probably be interpreted as an 
interference of both influences. 

6. NOlSE EMISSION 

DEW! detennined the noise emission of the Aeolus n and 
the Näsudden n for various wind conditions according to 
the IEA recommendations [6] by synchronous 
measurements of the electric power and the emitted noise. 
The wind speed at hub height was determined from the 
power curve and transferred to the wind speed at 10 m 
height by using a reference proflle with a rouglmess 
length of 0.05 m. From Fig. 12 the correspondence of the 
emitted sound power level and the rotor speed is evident 
For wind speeds lower than 6 mls (at 10 m height) the 
Aeolus n is operated with a larger rotor speed than the 
Näsudden n and hence emits more acoustic noise. In the 
transition region of the Näsudden n, in which the 
Näsudden is operated either with a higher or lower rotor 
speed than the Aeolus n, the sound power level of the 
Aeolus n is between the values of the Näsudden n. 
Finally above the transition region the rotor speed as weil 
as the sound power level of the Aeolus n remain slightly 
be10w the corresponding values of the Näsudden n. 

7 CONCLUSIONS 

Both, the Aeolus n and the Näsudden n have shown a 
high availability in their frrst years of operation compared 
with other prototype WEC's of similar size. The 
difference in power perforrnance ofboth turbines is small 
and lies within the uncertainty of the measurements. For 
future power curve evaluations the wind speed ought to 
be measured preferably at the top of the mast or at a 
sufficiently large distance to the mast and mounting 
booms. 
A significant influence of the atmospheric stability, 
vertical wind shear and the turbulence intensity on the 
power performance of the Aeolus n was found. The 
influence of such efIects on the predicted AEP is in the 
range of 4 % and should be reflected in the 
recommendations for power curve measurements of 
(large) WEC's. 
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2 The shown Cp-vaIues are higher than in Fig. 4 because another 
anemometer caIibration was used for the investigation of 
meteorologicaI effecls. 
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Figure 9: Deviations of calculated AEP's of the Aeolus n 
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Figure 11: Turbulence intensity and wind gradient versus 
difference in potential temperature. Plotted is the relative 
vertical wind speed gradient, i. e. the wind speed gradient 
normalised by the average wind speed over the height. 
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Figure 12: Emitted Noise versus wind speed at 10m 
height. The sound power levels for reference conditions 
(8 mls) are 109 dB(A) and 110 dB(A) for the Aeolus II 
and Näsudden II, respectively. 
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Abstract: Vattenfall, the mai n electric utility in Sweden, is operating the Näsudden II turbine (3 MW, 0 80 
m) which was erected in October 1992 on the island of Gotland in the Baltic Sea. An evaluation 
program (National Evaluation of Näsudden II, NEON) is carried out by Vattenfall in co-operation 
with FFA, Teknikgruppen, Kvrerner Turbin and others. This paper presents results from the 
evaluation of power production, availability, power performance, structural behaviour, sub-system 
performance and noise emission. Comparisons with the 'sister' machine Aeolus II in Wil
helmshaven, Germany are carried out in the research program CAN (Comparison Aeolus II -
Näsudden II) with in WEGA II. 

_ Keywords: Wind Turbines (HA WT), Large Machines , Performance, Reliability, Vibration, Controi Systems, 
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1. L~TRODUCTION 

The Näsudden II turbine is a modified and improved 
version of the earlier Näsudden I turbine. New fea
tures are two rotationai speeds, increased rated 
power from 2 to 3 MW and the use of a load sup
poning bed plate. The 75-meter high tower from 
Näsudden I was kepl unaItered. Among the compo
nents, the blades have undergone most changes. In
stead of heavy steel blades the new ones are made of 
CFRP/GFRP, which have reduced the blade weight 
from 20 to 10 tons. 

The main purpose of the Näsudden II project is to 

continue the development of large wind turbines 
based on the experiences of the Näsudden I turbine 
and prove that it is possible to increåse the avail
ab iii t y to a commercially acceptable leve!. For more 
details concerning Näsudden I see [1] and (2]. 

2. PRODUCTION & AVAILABILITY 

Näsudden II was grid connected in mars 1993 and 
commercial operation started in July the same year. 

The availability reached 92,6 % during 1994. The 
annual energy production from 1994 was as high as 
6.740 GWh. This has shown that il is possible to 
reach commercially acceptable availability levels in 
large machines (even for a prototype). 

The somewhat lower availability in 1995 (81,3%) is 
mainly caused by malfunctions in the yaw and con
trol systems. 
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FIGURE 2.1: Annual energy production; 
NäsuddenII (19930701 - 19960430). 

l and 3 MW corresponds to the 
generator ratings. 
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FIGURE 2.2: Availability for Näsudden Il 
(19930701 - 19960430). 



3. POWER PERFORMANCE 

Näsudden Il is located in Sweden on the Näsudden 
peninsula in the south-west comer of the island of 
Gotland. The winds from the Baltic Sea hit the pen
insula's juniper bushes and farmIand relatively un
disturbed in a sector from 200° to 300°. The distance 
between Näsudden II and the meteorological tower 
is 226 m which equals 2.8 rotor diameters 

The permitted measurement sector according to IEC 
[3] during 1994 was 214°_25°. The undisturbed 
sector decreased to 214°-264°, due to new neigh
bouring wind turbines during 1995. The black area, 
in Figure 3.1, marks this measurement sector. The 
mast influence on the anemometers makes it appro
priate to utilise data only within the smaller meas
urement sector (214°-264°) also during 1994. 

-- , II , 
Ii - • - i 

--
-cj-~-

FIGURE 3.1: Turbines within 20 D 
fromNäsuddenl/(951231). 

Table 3.1 contains a summary of the measured site 
parameters as weil as production and energy yield 
(ratio = net productionlwind energy contents) during 
1994 and 1995. 

TABLE 3. I: MeaslIred va lues at the Näsudden site. 

...... '+' .. ' .... 1994 1995 

Average wind speed 75 m 
height [m/s] 7,8 8,0 

Ave. turbulence intensity all 
directions ["lo] 7,4 7,6 

Ave. turbulence intensity (214-
264 degrees) ["lo] 6,5 6,6 

Ave. temperature [degrees e] 7,8 7,7 

Ave. air densitv [kq/m3
] 1,24 1,24 

Annual energy contents 
[MWh/m2/year] 4,9 4,9 

Actual production [MWh] 6740 5833 
Energy ratio ["lo] 27,1 23,4 

3.1 INFLUENCE OF MEASUREMENT SEcrOR 

Although the permitted measurement sector accord
ing to IEC [3] during 1994 was 214°_25° the result
ing power coefficient vary dramatically due to, most 
probably, mast and boom effects. 

The mast and boom effects may be of significant 
magnitude as reported by Dahlberg [4]. 
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FIGURE 3.2: 1nflllence of lIleasurelllenf sector 
selection on power coefficient during 1994. 

3.2 POWER PERFORMANCE 

The difference in power performance between 1994 
and 1995 is most probably caused by the replace
ment of anemometers that took place in February of 
1995 as no alterations were made to the controi sys
tem during 1994 or 1995. The meteorological meas
urement system used at Näsudden is described by 
Ronsten in [S]. 

The power and thus the estimated annual energy 
production, is the net output to the grid, i.e. self con
sumption and transformer Iosses are subtracted. 

POWER versus WS75, 1994 &1995, 214·264 deg, 10 min 
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25 

200 

150 -o -CJ 
:( 
rT1 
;\) 

100 
(J) 
~ 

c. 
;;C 

~ 
50 

O 

25 



CP versus WS75, 1994 &1995, 214-264 deg, 10 min 

50 

~ 

c... 

40 

30 

u 20 

10 

o 

--1994 .... 
--•... _- 1995 

5 10 15 20 

WS75 [mls] 

FIGURE 3.4: Power coefficie1l1 durillg 1994 alld 1995. 

TABLE 3.2: All/mal ElIergy Productioll, AEP (lEe). 

, .~ AEP.~ ~:1!1~ f~g::'~ ~:~J ;:'~ {'stel} 
~tl\ .~~~ ',' 

tin~: '-:,_~:~y,:'~t/ 
7~~ 

meas;:: !cert'; cert. '~';~Iai~d CÖmm~en 
[MWh) MWh) [MWh] 
1020 321 32"/0 1020 
2174 506 23"/0 2175 
3766 699 19"/0 3770 

7 5607 854 15"/0 5648 
8 7426 951 13"/0 7604 
9 8990 994 11 "/o 9456 
10 10171 997 10"/0 11069 Incomplete 

11 10944 971 9"/0 12365 Incomplete 

4. STRUCTURAL LOADS AND DYNAMICS 

_ 4.1. INTRODUCTlON 

Main objectives of this technical evaluation project 
is to 

• understand the dynamic behaviour of the turbine 
• verify computational tools 
• identify and introduce possible improvements of 

the turbine 
• gain experience and prepare for the next genera

tion of wind turbines 

These goals are set to be reached within the follow. 
ing evaluation activities: 

• eigen-frequencies at high wind speeds with hori
zontally and vertically parked feathered rotor 

• frequencies at normal steady operation 
• loads and motions at normal operation as weil as 

transients and extremes 
• fatigue of main components 

Some of these evaluations will also be used for 
comparison with measurements performed at Aeolus 
II, which is the German 'sister' turbine to Näsudden 
II. Two interesting features of the Aeolus II turbine 
are the variable speed concept and the soft tower. 

4.2. MEASUREMENTS 

The measurement system is built on a commercially 
available distributed measurement system. All sig
nals are acquired continuously and stored to Video 8 
tapes. Mechanical signals are sampied at 20 Hz, 
while the sampling frequency of meteorological data 
is 0.1 Hz. At low wind speeds, with the turbine at 
stand still, the sampling frequency of mechanical 
signals is reduced to l Hz. Full sampling capacity is 

25 also used when the turbine is parked at high wind 
speeds. Total amount of data per tape is == 5 Gb. 
With about 50 signals and the used sampling fre
quencies tapes are being filled in approximately one 
month. 

4.3. Ev ALUATED QUANTITIES 

The structural evaluation is mainly based on strain 
gauges, and accelerometers. All six load components 
of each blade root are evaluated through strain 
gauges at the blade roots. This is also true for loads 
at the cylindrical steel adapter between the nacelIe 
and the tower top. Accelerometers are used to meas
ure all three translations and three rotations of the 
nacelle, which is regarded as rigid. Some position 
sensors are also used to indicate turbine, pitch and 
yawangles. 

BlaJc I Inads 
and mtlmenlS 

'''''" .. ~ 
andmnmcn15 ~ 

~accllc: accelcr.1uons 

FIGURE 4.1: Evaluated loads and accelerations 
al Ihe Iwo blade roa IS, nacelle alld tower. 

This whole set of signals and load quantities makes 
it possible to get a rather complete picture of the 
load situation at the rotor centre. Comparing these 
loads with loads at the tower top and taking inertia 
influences of the nacelle into account makes it pos
sible to obtain a good understanding of the dynamic 
coupling between the rotor and the tower. 

A significant effort has been devoted to calibration 
of the load signals. Normal simple slow inching of 
the rotor could not be used for calibration due to the 
obvious non·linear behaviour of the signal to load 
relationship [6]. The gauges are, due to practical 
limitations, placed too elose to the blade bearings. A 



calibration method, using start up as weil as shut 
down procedures, has been developed in order to 
enable calibration of all blade roat signals. 

Tower bending moment signals are calibrated by 
inching the nacelle. The shear loads are based on 
calculations of the strain gauges and the material 
properties. 

Finally, the six accelerometers are directly used in 
six equations describing the translations and rota
tions along the chosen x -,y - and z - axes. 

4.4. PRELIMINARY RESULTS 

The evaluatian started fonnally in May 1995. Until 
now a great deal of work has been carried out cali
brating load signals. Emphasis is set towards under
standing and verification. Evaluation of different 
transients and extremes have high priori ty. 

4.4.1 Frequencies 

TABLE 4.1: Eigen-frequencies at horizontal, 
feathered and parked conditions. 

Introductory aCUvltJes were therefore concentrated 
on structural properties of the turbine, important for 
further caJculations and analysis. Situations at high 
wind speeds with the turbine parked and feathered 
have been used for identification of the eigen-

frequencies of the turbine at stand still. This is not 
ideal due to the above mentioned non-linear blade 
roat signals, but some infannatian could still be 
used. 

4.4.2 Example of Extreme Dynamics 

Two kinds of extreme dynamie events have been 
found. The first event leads to strong c-edge mode 
vibrations that seem to be initiated by a slipping yaw 
motions. 

Polar Plot [0-360°] 

Time Series [h] 
FIGURE 4.2: Time series and polar plot of 

C-edge vibration. 

Yaw 
NacelJe 

pitch 

FIGURE 4.3: C-edge coupling with nacelle yaw and 
piteh at two rotor positions. 

The second observed dynarnic situation is a pure 
longitudinal vibration. All details about this vibra
tion mode are not yet fuIly investigated. 

Polar Plot [0-360°] 

Time Series [h] 
FIGURE 4.4: Time series and polar p/at of 
longitudinal acceleration at top of (owe,.. 



FIGURE 4.5: Rotor and tower coup led 
vibration mode. 

4.5. CONTINUATION 

This is the result of the mechanical evaluation up to 
now. The continued work is aiming towards under
standing the extreme dynamic situations that have 
been found. The yaw properties and the relatively 
complex structural coupling between the naceIJe and 
the tower are believed to be of key interest. The 
stiffness of the naceIle, ineluding bearings and other 
coupling elements, is relatively low compared with 
the tower. This may explain the c-edge and yaw dy
namics as weIl as the longitudinal vibrations. 

5. CONTROL SYSTEM PERFORMANCE 

K vremer Turbin AB has, as manufacturer of Näsud
den II, been involved in the evaluation programme. 
The first task has been to investigate some properties 
of the contral system. 

5.1. POWER CONTROL 

The turbine has fuIJ span pitch blade controI. The 
blades are manoeuvred by means of a yoke and a rod 
actuated by a hydraulic servo cylinder. The evalua
tion has given the foIlowing results: 

• The average power is elose to rated 3 MW. The 
turbine is sel dom stopped due to poor power 
controI. 

• There is a relatively large frequency component 
of 2P in the power spectrum as the rotor is two
bladed. This component is not regulated by the 
controI system. The high slip asynchronous gen
erator pravides some damping of the 2P
component. 

• Only a minor portion of the pitch system capac
ity is used at normal power controI. 

5.2. YAWSYSTEM 

The yaw system consists of two hydraulic gear mo
tors and four mechanical brakes. The turbine is 
yawed when the rotor misalignment reaches a limit 
value compared with the filtered wind signal. The 
brakes are released at yawing. Some of the results 
are: 

• The yaw speed is 0.3 0 
- O.4°/second. 

• The yaw system operates up to 120 times/day. 
This large number is probably caused by the 
poor measurement of wind direction. 

• The average wind direction on the naceIJe is 
compared with the wind direction at the mete
orological mast and only small errors have been 
detected. 

• The wind direction is foIlowed sufficiently weil. 
• During certain situations, as shown in the dia

gram below, the brake is not able to hold the 
turbine in stand still. The turbine starts to oscil
late, slips away and a yaw manoeuvre is initi
ated. 

Yaw Position [0 0 -360°] 
-70''-~------'---------'---------~-----

-100~------~~------~--------~-----

O 5 10 15 

Minule 

FIGVRE 5.1: Typical yaw behaviour. 

5.3. SPEED CHANGE 

The turbine operates at two constant rotor speeds, 14 
and 21 rpm. The generator ratings are l and 3 MW. 

• During days with high winds, speed ch anges oc
curs 3 to 4 times/day. 

• Total number of speed changes during 1995 was 
855. 

• The change of rotor speed takes about 120 s. 
• The annual loss due to rotationaI speed changes 

is about 35 MWh, corresponding to 0.5 % of the 
total energy. 

5.4. IMPROVEMENTS 

Some improvements are suggested to increase the 
performance of the wind turbine: 

• The 2P power signal could be controlled. 
• The average capacity of the pitch system could 

be decreased. 
• The time constant of the yaw contral system can 

be increased to reduce the number of yaw ma
noeuvres. 

6. NOISE EMISSION 

M~~m~cl~re~~oo~m~N~~~ 

II wind turbine have been carried out between April 
18 - 19, 1995 at the sight on Gotland. 

The apparent A-weighted sound power level for 21 
rpm at 8 mls is; 



LWA, ref = 111 dB 

and estimated uncertainty of the apparent A
weighted sound power level is; 

s= 0,7 dB. 

For 14 rpm the apparent A-weighted sound power 
level at 8 mls is; 

LWA, ref = 102 dB 

and estimated uncertainty of the apparent A
weighted sound power level is; 

s= 1,2 dB. 

Corrections have been made for the background 
noise. The equivalent continuous A-weighted sound 
level from the wind turbine has been determined to 
62 dB(A) at 118 m distance from the base of the 
wind turbine with a wind speed of 8 mls. The meas
urements were made according to the Recommended 
Practices submitted to the IEA Programme for R&D 
on Wind Energy Conversion Systems. 

FIGURE 6.1 : Positions Jor noise emissionll1easure
ments according to IEA [7]. 

Noise Measuemenls at NäsucIden II. reference position (1) 
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FIGURE 6.2: Turbine noise levelsJor 21 rpfll and 14 
rpl1l in reJerence position ( I) and background noise 
lel'els versus wind speed. 

At a distance of 240 m the noise decreased around 6 
dB which for the lower rotationai speed led to noise 
levels elose to the background leve!. 

11 

TABLE 6.1: Turbine noise level Jor 21 rpm and 14 
rp11l and backgnUld noise in the different measure
ment positions in A-weighted sound leve/s. dB(A). 

; Backgrot.ihd 
1 (Reference) 62 53 48 

2 64 55 49 
3 64 57 48 
4 65 56 47 
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