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Summary

Wind energy is already one of the cheapest forms of sustainable energy and is one of the
major technologies used to combat climate change. Nevertheless, its widespread success
depends greatly on its ability to compete with fossil-fueled power plants. Traditionally,
wind turbines try to benefit from economies of scale. They do this by growing towards
larger rotor diameters as soon as state-of-the-art technologies are able to support even
longer blades; a process that continues to this day. At present, 8-10-MW machines are
making their appearance on the market while 10- to 20-MW concepts—with diameters up
to 250 m—already lie on the drawing board.

A key issue in upscaling is estimating the long-term loads, most notably the extreme
loads, which are the result of decades of turbulent wind. These play an important role in
the design, because they determine the required strength for many load-carrying struc-
tures. However, designers are faced with a tremendous computational burden when trying
to predict extreme loads and often have to settle for a low accuracy. Therefore, any poten-
tial gains of a new blade shape or a new control method can be easily outweighed by the
sheer uncertainty. This has motivated this research on extreme wind gusts. Extreme wind
gusts are some of the most severe events that a turbine can encounter, and understanding
them will help to gain insight into important design loads.

Within this research work, the concept of a gust has been extended, from its common
perception to a mathematical description of fully three-dimensional velocity fields. The
notion that a gust is a three-dimensional phenomenon is very important—especially
when the size of turbine blades can outgrow the characteristic turbulent structures in
the atmospheric boundary layer. Velocity amplitudes are then no longer a convenient
measure of the severity, since small peaks are easily cancelled out over the rotor disk.
Instead, wind gusts are treated as concentrations of momentum, which are directly related
to the forces transferred to the structure.

The mathematical treatment of gusts has been carried out with spectral models under
the assumptions of homogeneity and Gaussian turbulence. These model the statistical
properties of turbulence in terms of the scales of motion (or wavelengths), while adhering
to the basic physics. The process of translating these properties to the spatial domain
can be manipulated to yield conditionally random velocity fields, containing wind gusts
with extremely high momentum contents. It was found that, in order to preserve the
conservation of mass, the fluid that is displaced in a wind gust has to recirculate. That is
why the streamlines around gusts are generally in the shape of vortex-like structures and
why velocity peaks cannot extend infinitely in space. Furthermore, the expected Euler
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characteristic appeared to be a good representation of the probability of finding such
events in a domain, even for very rare cases with long return periods.

Compared to many deterministic gust models, which assume a uniform inflow, these
stochastic gusts clearly reveal vulnerable areas in the rotor plane. This was demonstrated
with a simplified model of the DTU 10 MW reference turbine with a rotor diameter of 178
m. The rotor is especially susceptible to high bending moments when it is hit in the top
half of the disk, around two-thirds of the blade span, and during a blade’s downstroke.
Still, there are many more situations imaginable where an extreme gust does not trigger
any significant load; for example, by landing close to the blade root or simply missing
the blades altogether. For this reason, a single N-year gust has little to no contribution to
the N-year load. The long-term loads thus have to be found probabilistically, taking into
account the variation of all the environmental parameters.

Yet, many of such methods that rely on brute force (e.g., the crude Monte Carlo
method) are notoriously inefficient in the early design phases when computational re-
sources are scarcely available. For such cases, importance sampling methods are much
more reliable. They are based on the idea that, instead of simulating the entire life of
a wind turbine, the long-term extreme loads can be predicted by only evaluating the
response to the most severe events. This was demonstrated in this thesis with a simplified
model of the DTU 10 MW reference turbine (without control) as well as with the complete
NREL 5 MW reference turbine in the FAST v7 aeroelastic code. Several sampling distri-
butions were presented, spanning four-dimensional parameter spaces and taking into
account wind speed, gust amplitude, and gust position (lateral and vertical). The most
sophisticated method was able to reduce the deviation from the true 50-year blade root
bending moment by a factor 10 to 100—the equivalent of roughly a factor 1,000 increase
in efficiency—compared to extrapolating the results of a crude Monte Carlo method. Next
to manual sampling methods, an automated approach, based on a genetic algorithm, was
able to successfully generate extreme gusts that target certain weaknesses of the turbine.

The results of this work can be applied directly to predict the extreme loads of new
designs with less uncertainty. Moreover, the events that trigger these loads can now be
studied in detail. This allows the designers to work with less conservatism, which will help
to further reduce the cost of wind energy.



Samenvatting

Windenergie is één van de goedkoopste vormen van duurzame energie en één van de voor-
naamste technologieén om klimaatverandering tegen te gaan. Desalniettemin hangt het
grootschalige succes sterk af van de concurrentiepositie ten opzichte van fossielgestookte
centrales. Traditioneel gezien proberen windturbines te profiteren van een economisch
schaalvoordeel. Dit doen ze door te groeien naar grotere rotordiameters naarmate nieuwe
technieken beschikbaar komen die nog langere bladen mogelijk maken; een proces wat
tot op de dag van vandaag nog doorgaat. Tegenwoordig maken 8 tot 10 MW machines
hun opwachting op de markt, terwijl concepten van 10 tot 20 MW — met diameters tot
wel 250 m — al op de tekentafel liggen.

Een belangrijke kwestie bij het opschalen van windturbines is het schatten van de
langetermijnsbelastingen, voornamelijk de extreme belastingen, die het resultaat zijn van
tientallen jaren aan turbulente wind. Deze spelen een belangrijke rol in het ontwerp,
want ze bepalen voor een groot deel de sterkte-eisen van veel dragende constructies.
Ontwerpers worden echter geconfronteerd met een enorme rekenlast wanneer ze extreme
belastingen willen voorspellen. Daardoor moeten zij zich vaak neerleggen bij een lage
nauwkeurigheid en worden de eventuele winsten van een nieuwe bladvorm of regel-
methode al snel tenietgedaan door de enorme onzekerheid. Dit is de motivatie geweest
voor dit onderzoek naar extreme windvlagen. Extreme windvlagen zijn enkele van de
zwaarste gebeurtenissen die een windturbine kan tegenkomen, en ze begrijpen helpt om
meer inzicht te krijgen in belangrijke ontwerpbelastingen.

Binnen dit onderzoekswerk is het concept van een vlaag uitgebreid, van de alledaagse
opvatting naar een wiskundige omschrijving van volledig driedimensionale snelheids-
velden. Het idee dat een vlaag een driedimensionaal fenomeen is, is van groot belang —
zeker wanneer het formaat van turbinebladen de karakteristieke turbulente structuren in
de atmosferische grenslaag kan overtreffen. Snelheidsamplitudes zijn dan ook niet langer
een handige maat voor de zwaarte, omdat deze makkelijk over de rotorschijf uitgemiddeld
worden. In plaats daarvan worden windvlagen behandeld als concentraties van impuls,
die direct gerelateerd zijn aan de krachten die worden doorgespeeld aan de constructie.

De wiskundige behandeling van vlagen is uitgevoerd met spectrale modellen op
aanname van homogeniteit en Gaussische turbulentie. Deze modelleren de statistische
eigenschappen van turbulentie in termen van de verschillende bewegingsschalen (of
golflengtes), terwijl vastgehouden wordt aan de basisfysica. Het proces, waarin deze
eigenschappen worden vertaald naar het ruimtelijke domein, kan gemanipuleerd worden
om zo voorwaardelijk willekeurige snelheidsvelden te leveren met daarin windvlagen van
extreem hoge impulsgehaltes. Er is onder andere gevonden dat, om het massabehoud
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in stand te houden, de lucht die verplaatst wordt in een windvlaag moet recirculeren.
Daarom vormen de stroomlijnen rond vlagen in het algemeen een wervelachtige struc-
tuur en kunnen snelheidspieken niet tot in het oneindige uitstrekken. Verder bleek de
Eulerkarakteristiek een goede voorstelling te zijn van de kans om zulke gebeurtenissen
binnen een domein tegen te komen, zelfs voor hele zeldzame gevallen met lange herha-
lingstijden.

Vergeleken met veel deterministische vlaagmodellen, die een uniforme instroming
aannemen, leggen deze stochastische vlagen duidelijk kwetsbare gebieden in het rotorvlak
bloot. Dit is gedemonstreerd met een vereenvoudigd model van de DTU 10 MW ref-
erentieturbine met een diameter van 178 m. De rotor is met name vatbaar voor hoge
buigmomenten wanneer het in de bovenste helft wordt geraakt, rond tweederde van
de spanwijdte en gedurende de neergaande slag van een blad. Desondanks zijn er veel
meer situaties denkbaar waarin een extreme vlaag geen significante belasting veroorzaakt,
bijvoorbeeld wanneer het vlak bij de bladwortel landt of simpelweg de bladen helemaal
mist. Om deze reden heeft een enkele N-jaarsvlaag weinig tot geen invloed op de N-
jaarsbelasting. Langetermijnsbelastingen moeten daarom op een probabilistische wijze
gevonden worden, rekening houdend met de variatie van alle omgevingsparameters.

Toch zijn veel van zulke methoden die vertrouwen op brute kracht (bijv. de grove
Monte Carlo methode) behoorlijk inefficiént in de vroege ontwerpfases wanneer weinig
rekenmiddelen voorhanden zijn. In zulke gevallen zijn zogenaamde importance sam-
pling methodes veel betrouwbaarder. Deze zijn gebaseerd op het idee dat, in plaats
van de gehele levensduur van een turbine te simuleren, de langetermijnsbelastingen
kunnen worden voorspeld met alleen de repons op de zwaarste gebeurtenissen. In dit
proefschrift is dit gedemonstreerd met een vereenvoudigd model van de DTU 10 MW refer-
entieturbine (zonder regeling) en de complete NREL 5 MW referentieturbine in de FAST v7
aeroelastische code. Verschillende steekproefverdelingen zijn hiervoor gepresenteerd, ver-
spreid over vierdimensionale parameterruimtes, inclusief windsnelheid, vlaagamplitude
en vlaagpositie (lateraal en verticaal). De meest geavanceerde methode kon de afwijking
tot de ware 50-jaarsbelasting verkleinen met een factor 10 tot 100 — het equivalent van
grofweg een factor 1,000 toename in efficiéntie — vergeleken met het extrapoleren van de
resultaten van een grove Monte Carlo methode. Naast handmatige steekproefmethodes
was ook een automatische aanpak, op basis van een genetisch algoritme, succesvol om
extreme vlagen te laten genereren die mikken op bepaalde zwaktes van de turbine.

De resultaten van dit werk kunnen direct worden toegepast om de extreme be-
lastingen van nieuwe ontwerpen te kunnen voorspellen met minder onzekerheid. Daar-
naast kunnen de omstandigheden waarin deze belastingen veroorzaakt worden in detail
bestudeerd worden. Dit stelt ontwerpers in de gelegenheid om minder conservatief te
werken, wat uiteindelijk helpt om de kosten van windenergie verder te verlagen.
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“Anything that can go wrong, will go wrong.”

— MURPHY’'S LAW

NE OF THE CHALLENGES in engineering is not to make sure things do not

fail, but to have them fail at the right time. This is especially true for

wind turbines, of which the cost price directly influences their commerical

viability. They spend years in a turbulent wind climate, sometimes in very

remote locations, trying to survive storms, waves, and gusts (while preferably
producing electricity in the process).

1.1 Wind energy

Climate change is one of the biggest threats to face future generations. Large-scale emis-
sions of greenhouse gases, deforestation, and intensive agriculture since the Industrial
Age have led to irreversible damage to the Earth’s climate and ecosystem. The scien-
tific proof for this is collected every five to six years in the assessment reports of the
Intergovernmental Panel on Climate Change (IPCC):

“Warming of the climate system is unequivocal, and since the 1950s, many of
the observed changes are unprecedented over decades to millennia. The atmo-
sphere and ocean have warmed, the amounts of snow and ice have diminished,
sea level has risen, and the concentrations of greenhouse gases have increased.”

(IPCC, 2013, p. 4)

The effects of this have become more prominent in recent history. It is likely! that
that climate change has been the leading cause of the increase in heat waves and heavy
precipitation events seen since 1950 (Stocker et al., 2013, p. 110). This is a great threat for
the water and food security (not to mention the political instabilities it may cause). For
instance, a warmer climate can trigger an advance of alien plant and insect species that
may harm crops (Crowl et al., 2008; Diez et al., 2012; Epstein, 2001). Also, the bleaching of
coral reefs has a tremendous impact on fish stocks. Over 2016 alone, a 700-km stretch of
coral has died in the Great Barrier Reef (ARC Centre of Excellence for Coral Reef Studies,
2016), owing to warming ocean temperatures.

1 “Likely” is the term used by the IPCC to indicate a 66-100% probability.
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One of the key points in combating climate change is reshaping the world’s energy
supply. In 1971, the worldwide energy production amounted to 6,101 Mtoe (71.0 PWh),
86.7% of which came from fossil fuels (i.e., coal, oil, and natural gas). With the growth
in population size, this has increased to 13,699 Mtoe (159.3 PWh) in 2014, with fossil
fuels still making up 81.1% (IEA, 2016a). However, the production from renewable energy
sources has been on a slow but steady rise. In 2014, energy from wind, solar thermal, solar
photovoltaic, and geothermal has increased by 11.1%, 7.7%, 35.1%, and 8.3%, respectively
(IEA, 2016Db).

1.1.1 Historical development and trends

Especially in Europe, wind energy has established itself as one of the most commercially
viable renewable energy sources. For 2030, the European Wind Energy Association (EWEA)
has estimated that wind energy will supply roughly a quarter of the EU’s total electricity
demand—533 TWh onshore and 245 TWh offshore (EWEA, 2015). Yet, the technical
potential (i.e., the total resource that can be harvested with present-day technology) is
estimated to be about 45 PWh onshore and another 30 PWh offshore (EEA, 2009).

Together with the ecological argument, the strongest driver for the development of
wind energy has been the price and availability of crude oil (see Figure 1.1). Up until the
Industrial Revolution, wind was one of the primary sources of energy and was used to
mill grain, saw wood, and pump water. After the invention of the steam engine, windmills,
watermills, and horse mills were starting to be replaced by fossil-fuel powered machines.
These grew more powerful as technology progressed, but could of course also operate
independently of the wind conditions. The Netherlands, for instance, housed some 10,000
windmills halfway through the 19th century, of which a little over 1,100 remain today.

During the electrification period, which started in the 1880s, power production be-
came more centralized, as the burning of fossil fuels is most effective in large combustion
chambers. Still, there was some interest in wind energy to power farms in rural areas.
Some notable examples of this are the machines built by Charles Brush (1849-1929) in
1888 and Poul la Cour (1846-1908) in 1891. At the time of World War I, scientific ad-
vancements in propeller technology led to a better understanding of rotor aerodynamics
(Van Kuik, 2007). Several full-scale prototypes were built over the course of the following
decades, with the most prominent one being the 1.25-MW Smith-Putnam machine in
1942, the largest turbine ever constructed for 37 years to come. It operated for 1,100 hours
until a major blade failure, which would have been prevented were it not for the material
shortages during World War II. In 1957, Johannes Juul (1887-1969)—who was a student of
Poul la Cour—designed a 24-m diameter, 200-kW turbine at Gedser, Denmark. It was a
three-bladed, upwind, stall-regulated machine that operated maintenance-free for eleven
years. Often called the “Danish design”, it formed the basis for modern wind turbines
seen today.

Wind energy technology took a big leap during the 1970s and 1980s. This was after
Arab oil-producing countries issued an oil embargo in late 1973, in response to the US aid
to Israel during the Yom Kippur War, which resulted in a 70% step increase in oil price.
Later, a second energy crisis would emerge in 1979, triggered by the Iranian revolution.
Therefore, driven by the desire for energy independence, the US government backed a
major research and development program at NASA. It focused primarily on large machines
that were viable for utility-scale electricity production. The first prototype was the 100-
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kW Mod-0, installed in 1975, which had a two-bladed rotor downwind of a lattice tower.
Already in 1979, the world’s first multi-megawatt machine was installed, being the 61-m
diameter, 2-MW Mod-1. The philosophy was that, in order to be cost-effective, wind
turbines have to be big enough to benefit from the economies of scale.> Several larger
units were constructed in the years to follow: the Mod-2 (91 m, 2.5 MW), the WTS-4 (79.2
m, 4 MW), and the Mod-5B (97.5 m, 3.2 MW). Also, a 121.5-m diameter, 7.3-MW machine
was on the drawing board, but was never actually built.

Meanwhile in Denmark, students and staff of the Tvind school designed and con-
structed a 54-m diameter, downwind turbine on a large concrete tower. When it entered
operation in 1978, it was the world’s largest wind turbine at the time. It had its 40-year
anniversary in 2015.

There was also a considerable research effort into vertical-axis wind turbines (VAWTSs),
primarily at Sandia National Laboratories. These had the advantage that they could op-
erate under any wind direction, thereby eliminating the need for a yaw system, and had
the heavy drivetrain located on the bottom instead of up on a tower. Among others,
experiments were carried out on a 17-m and a 34-m device, installed in 1977 and 1987,
respectively. The designs were eventually translated to a 17-m and 19-m diameter com-
mercial product, of which over 500 were installed up until the mid 1990s (Sutherland,
Berg and Ashwill, 2012). The largest VAWT ever to be constructed is the 96-m tall, 64-m
diameter, 4-MW machine located in Québec, Canada. Although there is no reason why
VAWTs should not be as successful as their horizontal-axis counterparts from a technical
perspective, the technology fell from grace due to the cost of the blades and issues with
reliability at that time. VAWTs namely suffer from strong torque fluctuations that affect the
fatigue life, but also have difficulties to start up in low wind speeds (e.g., see Bos, 2012).

During this era, wind turbines were widely sold as commercial products. In particular
in the United States, tax credit schemes for renewable energy together with the high oil
price made it very attractive for private developers to invest in wind energy. This led
to a proliferation of wind turbines, and about 12 GW of renewable energy capacity was
installed in California alone in the 1980s (Shukla and Sawyer, 2012, p. 136). Three giant
wind farms—Altamont Pass, Tehachapi, and San Gorgonio—together house more than
13,000 turbines and were responsible for 30% of the world’s installed wind power capacity
in 1995 (California Energy Commission, 2016). Most turbine designs that found their way
into the commercial market were two-bladed, based on the US research programs, and
three-bladed, based on the Danish design. Here as well, the trend moved towards larger
rotor diameters and higher power ratings. In 1985, about two-thirds of the newly installed
capacity comprised of units in the range of 51-100 kW (Rashkin and Goetze van Steyn,
1986, p. 12). Ten years later, in 1995, 46% of new installations were rated over 200 kW
(Siebensohn Small, 1997, p. 22).

The development in the United States slowed down in the mid-1990s after the oil
price collapse and with the renewable energy schemes ending. At that time, most of
the market activity moved to Europe, where the people had ongoing concerns about the
environment, strengthened by the Chernobyl disaster of 1986. Especially countries such

2 Much of the infrastructure costs—think of the grid connection, the foundation, and the installation—are
one-time investments that do not scale as rapidly as the price of a bigger machine. Therefore, larger wind
turbines can often deliver electricity at a lower kWh-price than smaller ones.
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Figure 1.1: Historical development of wind energy and its link to the price of crude oil (US Energy
Information Administration, 2016). 1: American Civil War (1861—-1865). 2: Stock market crash
marking the start of the Long Depression (1873). 3: World War | (1914-1918). 4: Stock market
crash and beginning of the Great Depression (1929). 5: World War Il (1939-1945). 6: Iranian
coup d’état (1953). 7: Six-Day War (1967). 8: Yom Kippur (Arab-Israeli) War (1973). 9: Iranian
Revolution (1979). 10: Iraqi invasion of Iran (1979). 11: Price collapse of crude oil (1986).

as Germany, Denmark, and Spain had some very successful policies in place that allowed
wind energy to flourish (Shukla and Sawyer, 2012, pp. 26-30).

The 1990s also saw the first offshore wind turbine: a 25-m diameter, 220-kW ma-
chine off the coast of Nogersund, Sweden. It was followed by the first offshore farm at
Vindeby, Denmark, consisting of eleven 450-kW turbines, located 2 km from shore. In the
Netherlands, four 500-kW machines were installed in the IJsselmeer. They ran from 1994
until they were removed in 2016 after meeting their end-of-life.> Several pilot projects
were commissioned across Europe in the years after, such as a 5-MW farm at Tung Knob,
Denmark in 1995 (ten 500-kW units, 5.5 km offshore) and a 2.75-MW farm in southern
Gotland near Burgvik, Sweden in 1997 (five 550-kW units, 5.7 km offshore).

The wind energy industry saw a sharp growth in the 2000s. This was mainly due to
increasing concerns about climate change, which materialized in the Kyoto Protocol in
1997, but also because of the volatile oil prices. A rapidly increasing world population,
emerging economies such as China, and tensions in the Middle East caused the price for
a barrel of crude oil to rise from $21.84, averaged over 2001, to $128.08 in July 2008 (US
Energy Information Administration, 2016). Over the same period, the total global installed
capacity of wind power increased fourfold, from 23.9 to 120.7 GW (GWEC, 2016). After
the 2008 financial crisis, the European and North-American markets stagnated and were

3 Already the (two-bladed) rotor broke off from one of the machines in late 2014 due to accumulated fatigue
damage (NUON, 2016).
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