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Samenvatting

Over de hele wereld ondergaan energiesystemen veranderingen die onge-
kend zijn in de geschiedenis van het elektriciteitsnet. Het energiesysteem
heeft vanaf het begin sterk gesteund op conventionele energiebronnen zoals
steenkool en olie. De reden hiervoor is de beschikbaarheid en eenvoud van
deze bronnen. De groeiende vraag naar elektriciteit en de uitputting van
fossiele brandstoffen heeft de behoefte aan alternatieven aangewakkerd.
De negatieve milieu-impact van het gebruik van deze bronnen is duidelijk
zichtbaar. De dominantie van fossiele brandstoffen in de energiesector heeft
geleid tot onvoorziene schade aan het klimaat. Dergelijke brandstoffen zijn
de belangrijkste oorzaak van de opwarming van de aarde. Het gebruik ervan
leidt tot de uitstoot van enorme hoeveelheden schadelijke broeikasgassen,
zoals koolstofdioxide (CO2). Deze broeikasgassen zijn verantwoordelijk
voor het vasthouden van een grote hoeveelheid warmte in de atmosfeer van
de aarde, wat leidt tot rampzalige gevolgen zoals droogte, veranderende
neerslagpatronen en stijgende temperaturen.

Gezien het feit dat het voortgezette gebruik van conventionele energie-
bronnen kan leiden tot onherstelbare schade aan het milieu, evolueert de
wereld richting een energietransitie. Energie transitie verwijst naar de ver-
schuiving van conventionele vervuilende energiebronnen naar schone en
duurzamere alternatieven. Het doel is om klimaatverandering te bestrijden
door de uitstoot van broeikasgassen te verminderen en milieuschade te be-
perken of mogelijk te verminderen. Een onvervangbaar instrument voor
deze overgang is een grotere afhankelijkheid van hernieuwbare energie.
Hernieuwbare energiebronnen hebben het potentieel om het energiesys-
teem te transformeren en duurzamer te maken. Enkele van de belangrijkste
hernieuwbare energiebronnen zijn wind, zon, waterkracht, getijdenenergie,
geothermie en biomassa. De energie die uit dergelijke bronnen wordt gege-
nereerd, wordt onttrokken aan natuurlijke processen die minder of geen
impact hebben op het milieu. Het genereren van energie uit hernieuw-
bare bronnen stoot geen broeikasgassen uit en vervuilt de atmosfeer niet
zoals fossiele brandstoffen dat doen. De talloze voordelen van hernieuw-
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bare energie omvatten een verbeterde gezondheid door minder luchtvervui-
ling, een schoon en duurzaam energiesysteem, energiezekerheid, enz. Deze
voordelen hebben geleid tot een prominente rol voor hernieuwbare energie
in de afgelopen decennia. Met elk jaar neemt het aandeel van hernieuw-
bare energie in de energiemix toe, wat leidt tot een pad naar een duurzamer
energiesysteem.

Van alle hernieuwbare energiebronnen is windenergie één van de meest
veelbelovende. Windenergie werkt volgens het principe van het omzet-
ten van de kinetische energie in de wind tot bruikbare elektrische energie.
Zodra windturbines in gebruik zijn genomen, produceren zij geen broei-
kasgassen, waardoor ze een ideale en betrouwbare alternatieve energiebron
zijn voor de energietransitie. De overvloedige en onuitputtelijke aard er-
van maakt het een geschikte vorm van energieopwekking over de hele we-
reld. Ten gevolge van de technologische ontwikkelingen van de voorbije
decennia is windenergie toegankelijker geworden en wordt ze nu gebruikt
uitgebreide energiesystemen, maar ook in afgelegen eiland-netwerken. On-
danks al haar voordelen komt de naadloze integratie van windenergie in het
energiesysteem niet zonder uitdagingen.

De wind is voortdurend in beweging, waardoor windenergie van nature
intermitterend is. De productie van energie uit wind is niet constant en
er zijn schommelingen aanwezig, afhankelijk van de geografische locatie,
luchtdruk, enz. De intermitterende aard van windenergie vormt een uit-
daging voor de transmissienetbeheerder of Transmission System Operator
(TSO), aangezien de exacte energieproductie onvoorspelbaar is. De voor-
uitgang in technologie, zoals energie-opslagsystemen, is te hulp gekomen
en biedt betrouwbaarheid aan windenergiesystemen (WES). Het nauwkeu-
rig voorspellen van de wind is cruciaal voor de betrouwbaarheid van wind-
energie. Methoden voor windvoorspelling zijn voortdurend in ontwikke-
ling. Big data-analyse en op kunstmatige intelligentie (AI) gebaseerde mo-
dellen zijn nu in staat om de windsnelheid op een korte termijn met een
hoge nauwkeurigheid te voorspellen.

Deze ontwikkelingen op het gebied van windenergie hebben wind-
energieproducenten (Wind Power Producers of WPP’s) in staat gesteld ac-
tief deel te nemen aan netondersteunende diensten zoals primaire reserve.
Actieve primaire-reservediensten zoals ‘Frequency Containment Reserve’
(FCR) en ‘Fast Frequency Reserve’ (FFR) kunnen aanzienlijk profiteren
van de deelname van windparken. In feite is in energiesystemen met een
hoog percentage windenergie, de levering van primaire reserve een nood-
zaak. Er is echter beperkt onderzoek gedaan naar het effect van primaire
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reservevoorziening door windturbines op de toestand, de omgeving en de
opbrengst van WPP’s. Deze thesis behandelt deze kwesties.

De primaire reserve FCR, vereist een snelle aanpassing van het vermo-
gen op basis van de veranderingen in de netfrequentie. Dit is een uitda-
gende taak, aangezien de vereiste reactietijd binnen enkele seconden ligt.
Daarom is de eerste taak voor het onderzoekswerk in deze thesis de ont-
wikkeling van een efficiënt controlesysteem. Om de effectiviteit van de
besturing te valideren, wordt deze vervolgens gevalideerd met behulp van
de pre-kwalificatietest vastgelegd door de Belgische TSO Elia.

Zogeffecten zijn een bekend fenomeen in windparken. Een windturbine
die zich bevindt in het zog van een operationele windturbine ervaart een
lagere, verstoorde windsnelheid, wat leidt tot een afname van de energie-
productie van de eerstgenoemde. Daarom worden windparken ontworpen
met minimale interferentie. Veel landen, zoals België, hebben echter wind-
parken met een hoge capaciteitsdichtheid, waardoor het zogeffect blijft be-
staan. Bovendien is het effect van het leveren van FCR op het zog achter
een windturbine niet bestudeerd. Om deze reden heeft dit onderzoek tot
doel dergelijke zogeffecten te bestuderen. Het dynamische gedrag van het
zog wordt bestudeerd voor een reeks scenario’s met variërende netfrequen-
tie en windprofielen.

Vanwege de besturingsactie in verband met de levering van FCR wordt
verwacht dat er variaties optreden in de belastingen op verschillende delen
van de windturbine. De belangrijkste belastingen op windturbinecompo-
nenten zoals het hoofdlager, bladen, as en toren worden bestudeerd. Deze
belastingen worden vervolgens gecombineerd met behulp van een metho-
dologie om de algehele belasting op een windturbine te kwantificeren. De
belastingresultaten worden gebruikt in een optimalisatie-algoritme om op-
timale reserve- en energiemarktbiedingen te genereren, zodat er een even-
wicht wordt gecreëerd tussen de belasting van de windturbine en de omzet
van de WPP.

Een ander aspect dat in deze thesis wordt gepresenteerd, is een optimale
besturingsstrategie van windturbines. Een optimale strategie wordt ontwik-
keld die ervoor zorgt dat het vermogen wordt gereguleerd om te voldoen
aan de gecontracteerde biedingen voor energie- en reserve-markten, reke-
ning houdend met de werkelijke variaties in de wind.

Kernwoorden: Netondersteunende diensten, Primaire reserve, Snelle fre-
quentierespons, Frequentie regeling, Zogeffect, Windenergie, Levensduur-
analyse van windturbinecomponenten, Belasting van windturbines





Summary

Power systems around the world are witnessing changes that are unprece-
dented in the history of the electricity grid. The power system from the very
beginning has heavily relied upon conventional energy sources such as coal
and oil. The reason being the abundance and acceptable efficiency of these
sources. The growing demand of electricity and constantly depleting dis-
patchable sources of energy kindled the need for alternatives. The negative
environmental impact of the usage of these sources is evident. The domi-
nance of fossil fuels in the energy industry led to unforeseen detriment to
the climate. Such fuels are the main driver of global warming. Their usage
release vast amount of harmful greenhouse gases (GHG) such as carbon
dioxide (CO2). These GHG are responsible for trapping a great amount
of heat in the earth’s atmosphere leading to disastrous outcomes, droughts,
changed rainfall patterns and higher temperatures, to name a few.

Considering the fact that the continued usage of conventional energy
sources can result in an irreparable damage to the environment, the world
is moving towards an energy transition. Energy transition refers to the shift
from conventional polluting energy sources to clean and more sustainable
alternatives. The aim is to combat the climate change by reducing GHG and
confine or possibly reduce the environmental damage. An irreplaceable tool
for this transition is more reliance on renewable energy. Renewable energy
sources have the potential to transform the energy system by making it more
sustainable. Some of the prime renewable energy sources are wind, solar,
hydro, tidal, geothermal and biomass. The energy generated from such
sources are tapped from natural processes that have lesser or no impact on
the environment. Generating energy from renewable sources does not emit
GHG and pollute the atmosphere like fossil fuels. The numerous benefits
of renewable energy include improved health due to less air pollution, clean
and sustainable energy system, energy security, etc. These advantages have
led to a prominence of renewable energy in the past decades. With each
passing year the share of renewable energy in the energy mix is increasing,
leading a pathway to a more sustainable power system.
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Amongst the renewable energy sources, wind energy has the promise
of providing an efficient mode of clean energy. Wind energy works on
the principle of converting kinetic energy available in the wind to usable
electrical energy. At the power production stage, modern wind turbines
do not produce any GHG, making them an ideal and reliable alternative
for the energy transition. Its abundant and inexhaustible nature makes it
a suitable form of energy generation across the world. As a result, with
time and improved technologies, wind energy has become more accessible
and is now used in international grids as well as small ill-connected island
networks. Despite all its benefits, the seamless inclusion of wind energy
into the power system does not come without challenges.

Wind is constantly varying, making wind energy intermittent in nature.
The production of energy from wind is not constant and fluctuations are
seen depending on the geographical location, air pressure, etc. The inter-
mittent nature of wind energy poses challenges for the Transmission Sys-
tem Operator (TSO), as the exact energy production is unpredictable. The
advances in technology such as energy storage systems have come to aid,
providing reliability to wind energy systems (WES). The accurate forecast-
ing of wind is crucial for the reliability of wind energy. Wind forecasting
methods are continuously evolving. Big data analysis and artificial intelli-
gence (AI) based models are now able to predict the short term wind fore-
cast with a high accuracy.

These developments in the area of wind energy have equipped wind
power producers (WPPs) to actively participate in ancillary services such
as primary reserve. Active primary reserve services such as frequency con-
tainment reserve (FCR) and fast frequency reserve (FFR) can greatly bene-
fit from the participation of wind farms. In fact, in the power systems with
high penetration of wind energy, such provision of primary reserve is a ne-
cessity. However, there has been limited research in the area of the effect
of primary reserve provision by wind turbines on the health, surroundings
and WPP’s revenue. This dissertation addresses these issues.

The primary reserve service, FCR requires a fast adjustment in the
power output based on the changes in the grid frequency. This is a chal-
lenging task as the required response time is within seconds. Therefore, for
the research work presented in this dissertation the first task is to develop a
fast acting control system. To validate the effectiveness of the control, it is
then validated using the pre-qualification established by the Belgian TSO
Elia.

Wake effects are a well known phenomenon in wind farms. A wind
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turbine located in the wake trail of an operational wind turbine experiences
a lower, disturbed wind speed causing a decrease in the former’s energy
production. Due to this, wind farms are designed such that the interference
is minimal. However, many countries such as Belgium have wind farms
that have a high capacity density, prevailing the effect of wake. Moreover,
the effect of providing FCR on the wake trail behind a wind turbine is not
studied. For this purpose, this research aims to study such wake behaviours.
The dynamic behaviour of wake is studied for a range of scenarios with
varying grid frequency and wind profiles.

Due to the control action related to the provision of FCR, a variation in
the loads on different parts of the wind turbine is expected. The major loads
on wind turbine components such as main bearing, blades, shaft and tower
are studied. These loads are then combined using a methodology to quan-
tify the overall load on a wind turbine. The loading results are used in an
optimisation algorithm to generate optimal reserve and energy market bids
such that a balance between wind turbine loading and the WPP’s revenue
is created.

Another aspect presented in this dissertation is related to optimal con-
trol strategies of wind turbines. For this objective optimal strategies for
WPPs are developed that ensure the power output regulation to meet the
energy and reserve market contracted bids while considering the real-time
wind variations.

Keywords: Ancillary services, Primary reserve, Fast frequency reserve,
Frequency containment reserve, Wake effect, Wind energy, Wind turbine
component lifetime analysis, Wind turbine loading
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1
Wind Energy: A Comprehensive

Overview

This chapter provides a background, literature review, objec-
tives and the thesis outline of the research presented in this
dissertation. Section 1.1 presents an overview of the environ-
mental scenario and the role of renewable energy. Section 1.2
gives an outlook on the growth and evolution of wind energy
from its first use to the present day. In Section 1.3, an overview
of main ancillary services is given. The role of wind energy
in ancillary services provision is explained Section 1.4. Sec-
tion 1.5 allows the readers to understand the objectives of this
dissertation. In Section 1.6 the outline of the dissertation is
given.
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1.1 Introduction

The global energy landscape is undergoing an extensive transformation.
The key reasons for the transformation being the negative environmental
impact and exhaustive nature of the conventional energy sources. As a
result, the "alternative fuels" which are renewable in nature have gained a
recognition as the major contributors to the energy mix and are poised to
become the majority mode of energy production in the future [1]. Although,
to the day, fossil fuels remain the cornerstone of our energy systems, a fast
paced change in the emergence of renewable energy resources has been
witnessed in the past decade. Figure 1.1 shows the world primary energy
consumption by source from 1965-2022 [2]. Fossil fuels have dominated
the energy mix, and continue to do so till date. However, coal and oil, that
as combined energy resources formed almost 80 % of the energy mix in
1965 are reduced to 58.3 % in 2022. This is partly due the prominence of
renewable energy. In 2022 solar and wind energy combined account for
more than 5 % of the world’s energy consumption. Wind energy which had
a negligible percentage share in the power mix up until the early 2000’s, is
now emerging as one of the fastest growing mode of energy generation.

Figure 1.1: World primary energy consumption by source 1965-2022 [3]

This significant shift is lead by the cognizance of enormous increase
in greenhouse gases emission post industrialisation. Figure 1.2 shows the
increase in CO2 emissions over the years [4]. The global emission of car-
bon dioxide from fossil fuels has reached a record 37.5 billion tonnes in
2022. If the trend continues, the global temperature is expected to rise by
1.5° above pre-industrial temperatures within nine years. The use of coal
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as an energy source is the major contributor of CO2 emissions. In 2021
coal accounted for over 40 % of the overall growth in CO2, with an all
time high of 15.3 billion tonnes emission [5]. The Intergovernmental Panel
on Climate Change (IPCC) has reported an increase in surface temperature
of 1.1° above 1850-1900 in 2011-2020. The observed warming is caused
by human activities. The warming is dominated by greenhouse gases such
as CO2 and methane [6]. Figure 1.3 presents the change in global surface
temperature 1850-2020. The increasing trend of global temperature can be
clearly observed.

Figure 1.2: World CO2 emissions [4]

With the clear evidence of global warming from research and data stud-
ies, many countries in the world are actively implementing plans to ensure
the curtailment of the rising global temperatures. The European green deal
has set an ambitious roadmap to introduce 40 % new renewable energy and
to reduce the emissions by at least 55 % below 1990 level by 2030, and be-
come climate neutral by 2050 [7]. As per the Nationally Determined Con-
tributions (NDCs) under the Paris agreement, countries have self defined
national climate pledges detailing their action plans to contribute in meeting
the global goal to pursue the temperature rise below 1.5 ° [8]. India’s Na-
tional Action Plan on Climate Change (NAPCC) has extensive guidelines
for sustainable energy production, enhanced energy efficiency and strategic
steps for climate change prevention [9]. In the United States (U.S.), the
National Climate Task Force (NCTF) is formed with the goal of reducing
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U.S. greenhouse gas emissions 50-52 % below 2005 levels by 2030, 100 %
carbon-pollution free electricity by 2035 and achieving net-zero emissions
by 2050 [10].

The fundamental idea at the core of each of these plans is to increase
the share of renewable energy sources. Renewable energy resources have
the inherent ability to generate power without depleting the finite fossil
resources or releasing harmful greenhouse gases. These energy sources, in-
cluding wind, solar, hydro power, geothermal, tidal energy, etc. are vital for
establishing a sustainable power system. Among these sources, wind en-
ergy stands out as one of the most promising option for sustainable energy
development. Wind energy, harnessed from the kinetic energy present in
the wind is one of the most efficient methods to harness renewable energy.
Although GHG are emitted during the production of wind turbine compo-
nents, the transport and the installations, the numbers are much lower com-
pared to the conventional power production methods. The carbon footprint
of coal and natural gas are 90 and 40 times more than that of wind energy,
respectively [11]. Furthermore wind energy is a resource that ensures long
term and reliable solutions for global energy demands. For its importance

Figure 1.3: Change in global surface temperature rise [5]
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in energy transition, further research and development are necessary to in-
tegrate wind energy into the power systems.

1.2 Wind energy growth and evolution

From being used as wind mills to grind grains to becoming multi-megawatt
power generating machines, wind energy has come a long way. Figure 1.4
presents a timeline of wind energy evolution over the years [12]. The first
use of wind energy can be traced back to the 1st century AD when a Greek
engineer Heron of Alexandria invented the first wind powered machine in
the form of an organ [13]. During the 7th century AD in the Sistan region
of Iran, Panemone windmills were being used to grind corn and flour in
addition to being used to pump water. By 1000 AD, windmills in China
were used to pump sea water to make salt in China and Sicily. It was not
up until 1887, that the first wind turbine was used to produce electricity.
This invention of James Blyth in 1887, a small scale wind turbine was the
first known example of electricity being generated from a wind turbine.
The first half of the 20th century brought many advancements in the wind
energy technology. It was during this time period that wind energy begun
to be used on a mass scale. In 1941, the first MW scale wind turbine was
connected to the grid. The later part of the 20th century established wind
energy as one of the most promising source of renewable energy. The wind
turbines had expanded from land to the oceans in the form of offshore wind
energy. By 2012, 30 % of the electricity demand in Denmark was met with
wind energy. In 2022 the global wind power installed capacity stands at a
staggering 906 GW. World’s largest wind turbine MySE 16-20 is functional
as of 2023.

1.2.1 Wind energy today

Many countries around the world are moving towards renewable energy
sources in order to meet their green energy targets and reduce the green-
house gases emissions. This has led to a substantial growth in wind energy
over the past decades. Figure 1.5 presents the total installed capacity and
year-on-year (YoY) growth of wind energy from 2000-2022. During the
past two decades, the installed capacity of wind energy has experienced
a remarkable growth. This growth can be clearly observed in Figure 1.5.
Where in 2000 the installed capacity was only 16.94 GW, by the begin-
ning of 2011 it had already crossed 200 GW and with more than a fourfold
increase since 2011, the wind turbine capacity by 2022 had reached over
900 GW. This progression is a clear indication of the power system trend
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1st century AD A Greek engineer creates first known wind-driven wheel to power a machine.

7th century AD The Panemone windmills used to grind corn, flour and pump water. 

1000 AD Windmills used for pumping seawater to make salt in China and Sicily.

1887AD First known wind turbine used to produce electricity built in Scotland.

1891 AD Danish scientist method for steady power supply from a wind turbine using regulators.

1900 AD 2500 windmills in Denmark supply peak power of 30 MW.

1931 AD Vertical-axis Darrieus wind turbine patented.

1941 AD First MW wind turbine connected to distribution grid in Vermont.

1980 AD World’s first wind farm with 20 wind turbines goes online in New Hampshire.

1991 AD First offshore windfarm in the world commissioned in Denmark.

2012 AD 30% of Denmark’s electricity demand met by wind power.

2022 AD Total installed wind capacity reaches 906 GW.

2023AD MySE 16-260, world’s biggest 16 MW wind turbine starts operation.

Figure 1.4: Timeline of wind energy evolution

moving towards a power mix with a significant portion of energy coming
from wind.

According to the Global Wind Energy Council (GWEC) report, the
1 TW mark of global wind energy installations will be reached somewhere
in 2023 [14]. The forecast for total wind energy for 2023-2030 has been
increased by 143 GW (13 % YoY), mainly due to the energy system re-
forms in Europe that focus on replacing fossil fuels with renewable energy
to achieve energy security. Additionally, India, U.S. and China’s commit-
ment to expand the renewable energy will play a substantial role in this
growth. Figure 1.6 shows the new wind capacity, projected new wind ca-
pacity based on current growth rates, annual capacity gap to meet net zero
by 2050 scenarios and cumulative wind capacity to meet net zero by 2050
scenarios. According to the trends, it is expected that 2 GW global installed
capacity milestone will be reached before 2030. However, with the current
trends only 68 % of the wind power required by 2030 to stay on track for
a net-zero emission by 2050 will be reached. A global collective effort is
required to meet the high targets. To this end many countries strive to in-
crease their share of wind energy. Figure 1.7 shows the share of electricity
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Figure 1.5: Total installed wind capacity 2000-2022
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production from wind energy for Europe, North America, Asia, Africa and
the World [3]. In 2022, the global share of electricity production from wind
had reached 7.5 %. This significant share has increased by almost 3 % in the
last 5 years, where it stood at 4.54 % in 2017. The share of electricity pro-
duction from wind for North America, Asia and Africa was 8.86 %, 5.6 %
and 2.68 % respectively. Europe emerged as the leader with a 10.95 % share
of its electricity production coming from wind energy. This feat achieved
by Europe is certainly powered by the substantial investment in wind en-
ergy. Figure 1.8 shows the wind energy investment in Europe from 2000-
2022. Only in the last three years an investment of over 100 Cbn has been
made [15]. These investments in wind energy also bring out breakthrough
research and innovations that make wind energy more economic. The Lev-
elized cost of energy (LCOE), the ratio of the costs involved in building and
operating of a system to the total valueof electrical energy produced over
its lifetime, for wind energy systems has been continuously on a downward
slope. Figure 1.9 show the expected decline in the LCOE of onshore, fixed
bottom and floating offshore wind turbines [16]. The study predicts a 37 %
to 49 % decline in wind energy costs by 2050. The cost decline is attributed
to the present and expected continued advancements in wind energy tech-
nologies. In such a scenario, wind power has the potential to emerge as a
major player in the global energy market.

Figure 1.6: Expected new wind energy installations 2020-2030 [14]
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Figure 1.7: Share of electricity production from wind [3]

1.3 Ancillary services: an overview

Ancillary services, in the context of power systems, are a set of support
functions and capabilities that are essential for maintaining the reliability,
stability, and overall operational integrity of the electric grid. These ser-
vices are supplementary to the basic generation and delivery of electricity
and play a crucial role in ensuring that the power system operates smoothly
under various conditions. Ancillary services are crucial for reliable perfor-
mance of the power system. These services are related to the control of
frequency, voltage and power load, and are generally controlled by TSOs
and distribution system operators (DSOs). Power system ancillary services
are broadly divided into four categories as follows:

1.3.1 Frequency measure

Frequency is a critical parameter in a power system. Deviations from the
nominal frequency can impact the stability and reliability of the system. In
principle, the frequency of a power system must always remain close to
50 Hz (60 Hz in North America and some other countries). However, in
practice the grid frequency is not static. Therefore, a deviation of 200 mHz
is the defined range of acceptable deviation in the European power system.
Any further deviation from this range can result in blackouts or even the
collapse of the power system. Inertial response and controlled frequency
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Figure 1.8: Wind energy investment in Europe 2013-2022 [15]
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Figure 1.9: Expected LCOE changes in the median scenario in percentage terms
relative to 2019 baseline values [16]
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response are the two main power system responses to maintain the grid
frequency, as shown in Figure 1.10. Inertial response is the inherent rota-
tional inertia of the rotating masses in the power system, such as generators
and turbines. When there is a sudden change in the balance between the
mechanical power of directly coupled machines and the electrical power,
the system frequency deviates from its nominal value. In such a scenario,
the inertial response is the initial, automatic reaction of the rotating masses
to counteract this deviation. Rotating masses, due to their inertia, resist
changes in speed. When a sudden increase in load occurs, the kinetic en-
ergy stored in these rotating masses helps limit the rate of change of fre-
quency (RoCoF) until other control mechanisms can respond. The control
mechanisms that follow the inertial response are primary, secondary and
tertiary frequency control. These controlled frequency responses involve
the use of various control mechanisms and devices to actively manage and
stabilize the system frequency. Methods such as automatic generation con-
trol (AGC) and governor control are used to adjust the power outputs of
generators.

The TSO is responsible for maintaining this balance of supply and de-
mand so that the frequency is as close to 50 Hz as possible. Figure 1.11
shows the frequency balancing services as defined by the ENTSO-E. Pri-
mary reserve or frequency containment reserve (FCR) exists in different
forms and shapes in power systems across the world. FCR is a service to
maintain the frequency within a specified frequency deviation band, by bal-
ancing the mechanical power and the electrical power. The responsible par-
ties must react and completely adjust the power upward or downward based
on the contracted FCR within the full activation time (FAT) of 30 s. An-
other faster version of primary reserve frequency measure is fast frequency
reserve (FFR). This service requires the delivery of contracted reserve by
increasing or decreasing generation within a time frame of 2 sec. The short
activation time makes FFR one of the most challenging services, especially
for power generators without an inherent system inertia directly coupled to
the grid, such as wind turbines or photovoltaics.

Secondary reserve or automatic Frequency Restoration Reserve (aFRR)
works for the same purpose of grid frequency restoration. However, it has
a longer FAT than FCR. The parties responsible for delivering aFRR, flex-
ibility service providers (FSPs) or balancing service provider (BSPs) must
activate the full contracted reserve within 5 minutes. The role of aFRR is
to gradually take over and free the FCR. Tertiary reserve or manual Fre-
quency Restoration Reserve (mFRR) helps in restoring the grid frequency
in the case of longer deviations. mFRR are fully deployable after 12.5 min
and have a minimum duration period of 5 min. Unlike the automatic ser-
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vices FCR and aFRR, mFRR is activated manually by the TSO. Replace-
ment Reserve (RR) are additional frequency support services subjective to
individual TSOs. The two main frequency support services implemented in
the studies, FCR and FFR, are described in the following subsections.

11/13/23, 10:16 AM Figure 2 | Small-signal stability analysis and frequency regulation strategy for photovoltaic sources in interconnected power…
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Figure 1.10: Power system frequency response [17]
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Figure 1.11: ENSTSO-E defined balancing services [18]

1.3.1.1 Frequency containment reserve

The Belgian TSO Elia procures grid frequency balancing services through
two different frameworks based on the generation capacity of the produc-
tion units. These contracts are the Contract for the Injection of Production
Units (CIPU) and non-CIPU. For harmonisation of FCR products and FCR
procurement rules on the European level, from July 2020 on, only the 200
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mHz symmetrical service are continued [19]. Due to this reason, the FCR
tests presented in this work are conducted for a 200 mHz symmetrical ser-
vice. In this type of service, a proportional frequency support within the
range of 49.8-50.2 Hz of grid frequency is required from the participating
production unit.

The relation between the reference power and the grid frequency for a
200 mHz symmetrical service can be seen in Figure 1.12. In this represen-
tation, the wind turbine operates at a base power Pbase. With the change in
grid frequency, the reference power follows a linear slope betweenPmin and
Pmax. The service is obligated between the bounds of 49.8 Hz – 50.2 Hz.
However unlikely, if the frequency drops or increases beyond this range, the
power supply should be maintained at a constant, on upper or lower limit re-
spectively. A frequency response deadband of 10 mHz centred at nominal
frequency (50 Hz) is present to reduce excessive controller activities and
turbine mechanical wear for normal power system frequency variations.
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Figure 1.12: Frequency-Power relationship as per 200 mHz symmetrical service

1.3.1.2 Fast frequency reserve

The fast frequency reserve service has been adopted by different countries
and therefore exists in various forms and manners. For the tests presented
in this research, FFR as defined for the Nordic synchronous area was cho-
sen [20]. All the generation units intending to participate in the FFR market
must pass a prequalification process to ensure their ability to deliver FFR
when ordered by the TSO. A crucial part of this prequalification process
is a prequalification test. The specified support durations are, ‘long sup-
port duration FFR’ (at least 30 s) and ‘short support duration FFR’ (at least
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5 s). There are 3 different combinations of FFR services available that can
be freely chosen by the production units. These services presented in Ta-
ble 1.1 differ in activation level and the required maximum activation level.
The participants are free to choose from the type of service they intend to
provide beforehand. Figure 1.13 is a graphical representation of the FFR
service. The activation instant at t = 0 s is the moment when the FFR
reserve is activated. Depending on the type of service chosen by the pro-
duction unit, an upper time limit ranging from 0.7 s to 1.3 s is given during
which the full activation should be completed. The activation level should
be sustained for the minimum support duration based on the choice of long
duration or short duration support. At the end of the support duration the
production units are given a recovery time of 15 minutes, after which the
production units must be fully prepared for a new support cycle. During the
support duration a maximum overshoot equivalent to 35% of the prequali-
fied FFR capacity is permissible.
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Figure 1.13: FFR framework

1.3.2 Voltage control and reactive power management

Voltage control and reactive power management are important aspects for
the reliability of the power system. The power network equipment as well
as the consumer equipment are designed for a specified range of supply
voltages. Therefore, the power system voltage should be maintained and
kept within acceptable limits. The reactive power management helps min-
imise variations in voltage, enhancing the stability of AC systems. By
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Table 1.1: Type of FFR services

Type Activation level [Hz] Maximum full activation time [s]

A 49.7 1.3

B 49.6 1.0

C 49.5 0.7

improving the stability of the power system, it prevents the need for load
shedding and averts system collapse. This, in turn, enhances overall sys-
tem security and reliability. Voltage control in an alternating current (AC)
power system involves managing the balance between locally injected or
absorbed reactive power to support and stabilize voltages, particularly in
inductive grids, thereby influencing the overall stability of the system [21].

1.3.3 Operational management and reconstruction of supply

The operational management of the power system comprises of controlling
and monitoring the operations of the grid. Grid congestion management is
one such operation where the TSO reviews the net supply and demand of
the following day. The information is then used to analyse proper manage-
ment of the grid by using tools such as load flow calculations. In case of
a black out, reconstruction of supply is needed. The power plants that are
autonomously operable without the need of external energy supply are used
to re-energise the grid.

Amongst these ancillary services, frequency related ancillary services
are the most challenging from the perspective of control design. These
primary reserve services such as FCR and FFR require an activation within
a very short time period ranging from 2-5 sec. Therefore, the scope of this
study lies around the implementation and effects of providing such services
by the means of a wind turbine.

1.4 Wind energy’s role in ancillary services

Ancillary services are typically provided by the traditional non renewable
power plants. However, wind power has the capability to be a reliable an-
cillary services provider. The increased participation of wind energy in the
ancillary services market is beneficial for the power system as well as the
WPPs. The energy transition towards a more sustainable power system re-
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quires increased wind energy production. The ability of the wind farms to
provide ancillary services make their integration in the power system easier
and more reliable. On the other hand, a limited or no participation of wind
farms in the ancillary services market will lead to a lost revenue stream for
the WPPs. Moreover, low participation of wind turbines in the ancillary
market will eventually limit the amount of wind power, since the ancillary
services are needed to stabilise the grid and must then be provided by other
energy sources.

The high penetration of the power system with renewable energy
sources such as wind energy poses some challenges. The main challenges
are the intermittency and reduced inertia of the power system. Conventional
power plants respond to the variation in grid frequency by their inertial re-
sponse and primary reserve. Inertial response is the natural reaction to the
changes in the grid frequency in the form of increased or decreased speed
of the operating turbine. The stored kinetic energy is used to compensate
and balance out the grid frequency. On the other hand, primary reserve is
activated using control, to proportionally vary the power output based on
the changes in the grid frequency. Since, the wind turbines are decoupled
from the grid through power electronics, they do not offer a natural inertia
to the grid. However, the wind turbines using advanced control systems
are capable of providing primary reserve. The existing studies point to the
possibility and current implementations of wind energy for ancillary ser-
vices provision [22], [23], [24], [25]. Torque control techniques based on
the RoCoF and frequency deviation can be utilised using a reference power
based on the grid frequency [26], [27], [28]. Such techniques enable the
wind power producer (WPP) to enable frequency regulations in line with
the rapid changes in the grid frequency by the means of adjusting the ref-
erence power. These implementations are necessary for a wider market
participation of wind energy in electricity markets. Moreover, the active
participation of wind farms in the ancillary services market is becoming a
norm in regulatory frameworks. In [29] and [30], a review of European grid
codes for wind farms are presented. These grid codes imply active power
control and frequency deviation from wind farms. The review of interna-
tional grid codes for wind power integration are presented in [31] and [32].
These modern grid codes require WPPs to contribute towards grid distur-
bances and network stability by the means of ancillary services provision.
Similar trends have been observed in India and China [33], [34].
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1.5 Objectives

The transition of the power system towards a sustainable energy production
system has led to a significant penetration of wind energy into the power
mix. Wind energy over the past decades has become the fastest growing
mode of renewable energy. For a reliable and robust energy system, ancil-
lary services provision from wind energy is a requirement. In the light of
current and perceivable future trend of accelerated wind energy participa-
tion in both energy and reserve markets, the research work presented in this
dissertation aims to study the ability of wind turbines to provide FCR, and
then analyse its effects on the wind turbine’s loads, wake effect and revenue
of the WPP. The four main objectives of this as shown in Figure 1.14, are
as follows:

Wind turbine 
& ancillary 

services

Capability testing
Are wind turbines 
capable of providing 
ancillary services?

Wake effect
How does providing 
ancillary services 
impact the wake?

Loads and lifetime
How does providing 
ancillary services 
impact the loads and 
lifetime of wind turbine 
components?

Optimal operation strategies

What is the optimal operation 
strategy to maximise the revenue 
of wind power producers?

Figure 1.14: Thesis outline

1. Capability testing
The first objective of this research work is to develop a control sys-
tem that is capable of following grid frequency based reference power
and providing FCR. The control system should be able to adjust the
reference power within seconds. For validation purpose, the control
system is tested with the Belgian TSO pre-qualification test that is
mandatory for any FCR provider to pass.
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2. Wake effect
The wake effect is the trail of disturbed air produced by an opera-
tional wind turbine. The wake effect is known to reduce the wind
speed in the affected area. As a result the nearby wind turbines or
wind farms may receive a reduced wind. The control actions per-
formed to provide primary reserve services such as FCR can poten-
tially alter the wake effect. In this line the second objective of this
research is to study the impact of FCR provision on the wake of a
wind turbine.

3. Loads and lifetime
As the third objective of this research, the loads and lifetime of an
FCR providing wind turbine is studied. Firstly, a crucial wind turbine
component, its main bearing is studied under dynamically varying
load conditions caused due to providing a range of FCR services.
Secondly, a methodology is developed to accumulate all the major
loads on the wind turbine and use them as a single unit in order to
analyse them based on FCR provision. Additionally, this loading
term is also used to optimise the reserve market participation of a
wind turbine by the means of an optimisation methodology.

4. Optimal operation strategies
The fourth objective of this research is to develop a control strategy
that allows the WPP to regulate output power to provide the con-
tracted FCR while considering real-time variations in the wind speed.
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1.6 Thesis outline

This dissertation is organised as follows:

Chapter 2 Wind turbine capability to provide ancillary services
Chapter 2 presents the first step in the research presented in this disserta-
tion. A control system is developed in order to adjust the power output
of the wind turbine according to the grid frequency. Detailed models of a
direct-drive wind turbine with a PMSG are used to perform the simulation
tests. The models and control system are validated against Belgian TSO es-
tablished pre-qualification test to examine the feasibility of providing FCR
from a wind turbine. The tests are performed for a range of wind scenar-
ios, ranging from steady wind to a high turbulence scenario. The results
obtained through the simulations prove the capability of wind turbines to
provide primary frequency control. The developed control system is able
to perform with a low error, not exceeding 0.22 % for the most turbulent
wind scenario.

The control system presented in Chapter 2 is further used and devel-
oped in the following Chapters to perform studies related to wake effects,
component lifetime, wind turbine loading and optimal operation strategies.

Chapter 3 Dynamic Wake Analysis of a Wind Turbine Providing Fre-
quency Support Services
Chapter 3 presents a study of wake effect analysis associated with a fre-
quency support service providing wind turbine. The control actions per-
formed for quick activation and deactivation of power reserve margin, to
provide frequency support services have an impact on the dynamic be-
haviour of the wind turbine’s wake. To study theses changes in the wake
effect, the control system developed in Chapter 2 is used. The frequency
support services FCR and FFR are tested for a range of grid frequency de-
signs including both synthetic and actual grid frequencies. Jensen wake
model is used to study the wake behaviour for steady and turbulent wind
scenarios. The findings from this study indicate a clear impact of frequency
support services provision from a wind turbine on its wake.

The findings from this study motivated an exploration of the impact
of frequency support services on other aspects of a wind turbine such as
the loads and lifetime of the components. These areas are explored in the
following chapters.

Chapter 4 Wind Turbine Component Lifetime
Chapter 4 explores the study of loads and the lifetime of the main bearing
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in a wind turbine under dynamically varying conditions resulting from the
provision of FCR. The main bearing of a wind turbine is a crucial compo-
nent and experiences heavy forces during the operation. When a wind tur-
bine provides FCR to support the grid frequency, the forces acting upon the
main bearing are also expected to exhibit more dynamic variations. These
forces have a direct impact on the lifetime of the main bearing. Simulations
are performed for a range of FCR margin, to study the changing behaviour
of dynamical forces acting on the main bearing with respect to the amount
of FCR provided. Based on the outputs from these simulations and using
2 years of LiDAR wind data, the lifetime of the main bearing of the wind
turbine is calculated and compared for different cases. Through this study,
a clear impact of providing FCR on the lifetime of the main bearing of the
wind turbine is observed.

The evident impact of FCR provision on the wake and the loads of the
wind turbine main bearing is presented in Chapter 3 and Chapter 4, respec-
tively. The economic implications of FCR provision, design of optimal
operation strategies and the overall load aware operation of wind turbine
are the topics that require due diligence for a well rounded study on ancil-
lary services provision from wind turbines. These areas are covered in the
following chapters.

Chapter 5 Prediction-based Wind Turbine Operation for Active Partici-
pation in the Day-Ahead and Reserve Markets
Chapter 5 presents an effective control system design that allows WPP to
regulate their power output by meeting the contracted reserve power de-
mand. The control system presented in Chapter 2 is upgraded to account
for real-time wind variations. A machine-learning algorithm based on the
Adaptive Neuro-Fuzzy Inference System (ANFIS) is used to predict the
wind speed of the following instances, to be used as input to the control
system. Wind profiles with different turbulence intensity are used to sim-
ulate a practical case study. Three different operation strategies including,
conventional, ideal and the proposed strategy are tested. The effectiveness
of the proposed control strategy is evaluated based on the WPP’s profit.

Thus far in this dissertations, the topics of wind turbine control, wake,
main bearing lifetime and optimal control strategies are covered. A con-
clusive study in the following chapter builds up on the previous chapters
to develop a load-aware operation strategy for wind turbine participation in
energy and reserve market.

Chapter 6 Wind Turbine Load Aware Operation
In Chapters 6 a load aware optimisation method of wind turbine bidding
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in joint energy and reserve market (JERM) is presented. In Chapter 4, it
was established that the provision of ancillary services impact the load and
lifetime of the wind turbine main bearing. To further the scope of the study,
the major loads on a wind turbine components including the blades, the
shaft, the tower and the main bearing are calculated under different reserve
market participation scenarios. The calculated loads are then used as input
into an optimisation problem that generates energy and reserve market bid
for profit maximisation of the WPP while taking into account the wind
turbine loading.

The findings of the study indicate that when considering the wind tur-
bine loading in power scheduling, the reserve bid is a crucial factor. The
proposed novel method, unlike the traditional scheduling models that over-
look the wind turbine loading and its hidden costs, implicitly accounts for
the costs associated with the wind turbine physical health. The method pro-
vides WPPs to always have a trade-off option to create a balance between
the physical load on the wind turbine and the monetary benefit.

Chapter 7 Conclusions & Future Work
Chapter 7 summarises the research. Conclusions are derived and potential
future works are presented.
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2
Wind turbine capability to provide

ancillary services

The global wind power capacity is on a constant rise. Many
countries are moving towards renewable energy sources. Wind
energy accounts for the biggest renewable energy resource in
Europe. Despite all the benefits, wind energy tends to weaken
the grid stability. One reason for this is the fact that most wind
turbine generators are not directly coupled to the grid and do
not provide ancillary services, such as primary frequency con-
trol, due to the lack of rotating inertia. In the context of this
PhD study, developing and testing a control system that is ca-
pable of providing ancillary services is primary step on basis
of which further studies are conducted. In this Chapter, de-
tailed models of a direct-drive wind turbine with permanent
magnet synchronous generator (PMSG) are presented. The
models are used to test the feasibility of providing ancillary
services by performing the pre-qualification test for primary
frequency control, as established by the Belgian TSO. These
tests are conducted for different wind profiles, each having a
different level of turbulence.

The rest of this chapter is structured as follows: Section 2.1
presents an introduction to the study. Section 2.2 presents the
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model and specifications of wind turbine and generator used
for this study. In Section 2.3, the control system implemented to
perform the tests is presented. The performed tests and results
are presented in Section 2.4. Finally, the conclusion is drawn
in Section 2.5. The content of this chapter has been published
in [1].
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2.1 Introduction

Participation in the reserve markets is strictly based on the ability of a pro-
duction unit to increase or decrease the reserve power within a fixed span
of time. Usually this time range is small, ranging from an instantaneous re-
sponse to a few minutes. In order to qualify to participate in these markets,
the production units need to prove their ability to efficiently provide these
services by going through several tests. Providing these services is a chal-
lenge for production units that are fully converter-interfaced, such as a wind
farm. A support from energy storage technologies such as supercapacitors,
flywheels, batteries, etc., can be sought in such cases [2], [3]. These tech-
nologies can provide the desired active power output within 0.5-2 s [4].
However, many power system operators in Europe forbid the participation
of energy storage power plants in the primary reserve market [5]. New con-
trol systems for wind turbines are potentially capable of a quick response to
the changing grid frequency. Hence, this makes them an eligible candidate
for frequency support ancillary services. Studies have shown the feasibility
and methods of operating wind farms as FCR and FFR provider [6] - [12].
Regarding wind turbine control, several different techniques are available
[13] - [15]. A generator control method that uses direct torque control
(DTC) for an interior mounted magnet PMSG is presented in [16]. An im-
proved direct torque control method for smooth power injection and short
circuit protection is presented in [17]. These control strategies are widely
used for variable-speed generation and for extracting the maximum power
available in the wind. The conventional operation of a wind turbine is to
use maximum power point tracking (MPPT) to extract maximum power or
power limiting control (PLC) in case of wind speeds higher than the rated
wind speed. However, the control system required for this study should not
only operate in MPPT and PLC, but should also be able to follow the refer-
ence power signal that changes with the fast varying input grid frequency.
The results from this research support the effectiveness of fast frequency
reserve from wind turbine control on supporting active power disturbances
in low-inertia power systems. An added advantage for wind farms in this
scenario is that the FCR market in Europe is moving towards shorter pro-
curement periods [18], [19]. Since the wind prediction is more reliable and
accurate on short time scale, it is easier for wind farms to make a more
confident bid in the FCR market.

The possibility of temporary power over-production in variable speed
wind turbines is explored in [20]. In [21], an active control of wind tur-
bines for ancillary services using pitch and control methods is explored.
The study presented in [22], presents a wind turbine participation in the
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ancillary service market by the means of rotational kinetic energy. A grid
frequency stabilisation strategy using inertial control of the wind turbine in-
corporating energy storage systems is presented in [23]. The present studies
are not only confined to frequency support services. In [24], a method of
voltage control from a power plant is presented. The capability of wind
farms to provide reactive power ancillary services is explained in [25]
and [26]. Another study presented in [27] explores the coordination strat-
egy of large wind farms for voltage support by the means of high converter
capacity. An ancillary services provision method by the means of coordi-
nation between wind turbine and electrolysis systems is presented in [28].
The evolution of fast acting control systems for wind turbines has enabled
the integration of wind farms into the ancillary services market [29]. In [1],
a control system is presented that is capable of following the grid frequency
with minimal error. An advanced converter control maintaining a transient
frequency stability is presented in [6]. The study presented in [7], pro-
poses a coordinated control strategy to efficiently utilise energy in perma-
nent magnet synchronous generators (PMSG). A hybrid control strategy of
frequency based power point tracking method is presented in [8]. In [30]
control system capability for FCR and FFR is shown. A strategy incorpo-
rating wake control for optimised operation of wind farms providing FCR
is proposed in [31]. These control techniques have made it possible for
the wind turbines to have a deeper integration in ancillary services market.
Crucial grid frequency services such as FCR and FFR can greatly benefit
from these enhanced control capabilities of the wind turbines to swiftly re-
spond to the grid frequency fluctuations. Grid services essential to maintain
the grid stability such as synchronous inertial response (SIR), enhanced fre-
quency response (EFR) and fast post-fault active power recovery (FPFAPR)
can also benefit from increased wind energy participation in the ancillary
services market [32].

This chapter introduces the various models and control designs used
for the work presented in this dissertation. The different software packages
used and the simulations performed in the multi-software environment are
also explained. A model consisting of an offshore wind turbine coupled
with a PMSG is presented. The system is controlled in a manner that the
output power of the PMSG follows the reference power provided to it. This
reference power can be dependent on the grid frequency. However, for
the tests presented in this study, the reference power is based on a pre-
qualification test set up by the Belgian TSO Elia for the power plants to
be eligible as a FCR provider. This test requires the production unit to
respond to the changing reference value within a short time span. The con-
troller is designed to respond to these changes. The model is additionally
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stress-tested by subjecting it to different intensity of wind levels. The wind
profiles range from steady wind to highly turbulent winds.

2.2 Models

The wind energy conversion system used in this study is based on a Type-
4 wind turbine as shown in Figure 2.1 [33]. A Type-4 wind turbine is a
specific configuration in which the generator, a PMSG, is connected to the
wind turbine without the use of a gearbox. This type of connection is known
as a direct-drive connection. The generator of the variable speed wind en-
ergy conversion system is connected to the grid via the AC-DC-AC power
converter, known as full back-to-back converter [34]. The generator is con-
nected to the machine-side converter (MSC), whereas, the grid is connected
to the grid-side converter (GSC). The generator operation is variable speed
in order to optimise the aerodynamic operation. The generator control is
operated using the MSC. The MSC regulates the active and the reactive
power of the PMSG using abc to dq transformation [35]. The d- and q-axis
currents control the active and the reactive power of the PMSG. The GSC
works on grid following control and is capable of producing active and re-
active power. The active output power injected into the grid is adjusted to
balance the energy in the power converter by controlling the DC bus volt-
age. The reactive output power to the grid is usually controlled either at
constant power factor, constant reactive power, or with some form of grid
voltage control.

46 

Figure 47. Type 4 wind turbine connection diagram

MATLAB/Simulink’s SimPowerSystems toolbox currently provides an example model for a 

full-converter turbine, shown in Figure 48. In this model, the aerodynamic, structural, and 

mechanical aspects of a turbine are modeled in a very approximate manner. Additionally, the 

electrical topology of this model is nonstandard. Hence, the model may not accurately represent 

the dynamics of many full-converter turbines in the field because the permanent machine 

generator’s output is directly rectified using a diode bridge, and a DC/DC boost converter is used 

for maximum power point tracking. Many real-world turbine designs employ a full six-pulse 

IGBT bridge to provide additional controllability. Additional work is being done to modify this 

model such that it can represent the dynamics of real-world, full-converter turbines.  

Figure 48. Type 4 turbine model using SimPowerSystems

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

Figure 2.1: Type 4 wind turbine [33]

The simulations performed for the studies presented in this thesis are
performed in FAST and Simulink. FAST is a high fidelity wind turbine sim-
ulator developed by the National Renewable Energy Laboratory (NREL).
The work flow and various modules of FAST are shown in Figure 2.2. With
the external conditions as the inputs, the applied loads are used for the
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wind turbine dynamics calculations. The blade element momentum (BEM)
method is implemented in the AeroDyn v15 module of FAST v8 [36].
Within AeroDyn there are four sub-models for rotor induction, blade air-
foil aerodynamics, tower influence on the fluid local to the blade nodes and
tower drag. The module calculates aerodynamic loads on the blades and the
tower. Simulink has the ability to incorporate custom Fortran routines in a
block called an S-Function. The FAST subroutines have been linked with a
MATLAB standard gateway subroutine in order to use the FAST equations
of motion in an S-Function that can be incorporated in a Simulink model.
This introduces flexibility in wind turbine controls implementation during
simulation. Generator torque control, nacelle yaw control, and pitch control
modules can be designed in the Simulink environment and simulated while
making use of the complete nonlinear aeroelastic wind turbine equations of
motion available in FAST. The software-in-the-loop setup between FAST
and Simulink is presented in Figure 2.3. The wind turbine block, as shown
in Figure 2.3, contains the S-Function block with the FAST equations of
motion. It also contains blocks that integrate the DOF accelerations to get
velocities and displacements. Thus the equations of motion are formulated
in the FAST S-function but solved using one of the Simulink solvers.

6 

Figure 2: FAST control volumes for fixed-bottom systems (BeamDyn, IceFloe, and IceDyn not shown)

Figure 3: FAST control volumes for floating systems (BeamDyn and OrcaFlexInterface not shown)

Figure 2.2: FAST modules block diagram [37]



WIND TURBINE CAPABILITY TO PROVIDE ANCILLARY SERVICES 33

Figure 2.3: Simulink environment

2.2.1 Wind turbine

The wind turbine model used for the studies presented in this thesis, is a
5 MW reference wind turbine for offshore system development [38]. The
wind turbine model uses broad design information from published docu-
ments of turbine manufacturers with a high correspondence with the RE-
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power 5M machine. The model is developed in FAST. The structural model
of the wind turbine is the Offshore Code Comparison Collaboration (OC3)
monopile [39]. The main properties of this wind turbine are listed in Ta-
ble 2.1.

Table 2.1: Wind turbine properties

Property Specification

Power rating 5 MW

Rotor orientation & configuration Upwind, 3 blades

Rotor and hub diameter 126 m and 3 m

Hub height 90 m

Cut-in, Rated and Cut-out wind speed 3.0 m/s, 11.4 m/s and 25.0 m/s

Cut-in and Rated rotor speeds 6.9 rpm, 12.1 rpm

Rated tip speed 80 m/s

Overhang, Shaft tilt, Precone 5 m, 5°, 2.5°

The wind turbine comprises three blades, and the blade’s structural
characteristics are drawn from the LM Glasfiber blade, as detailed in [40].
The structural properties of the blade are presented in Table 2.2. The dis-
tributed blade structural properties and their scaling for the overall mass,
the nacelle’s positioning, mass, and inertia about the yaw axis, as well as
the hub’s mass and inertia about the shaft, are integral components defining
the turbine’s mechanical framework. The nacelle and hub properties are
detailed in Table 2.3. The properties related to the tower of the wind tur-
bine are described in Table 2.4. Furthermore, a comprehensive Figure 2.4,
shows the wind turbine tower at the depths of the mudline and the mean sea
level.

The wind turbine of the defined type operates in 3 different regions.
These regions, as presented in Figure 2.5, are based on the free-flow wind
speed measured on the wind turbine rotor. It can be seen in Figure 2.5 that
Region 1 corresponds to wind speeds below 3 m/s, i.e. below the cut-in
speed of the wind turbine. There is no torque generated in Region 1 and no
power is extracted, as the lift forces generated by the wind are insufficient.
In Region 2, the wind turbine operates in MPPT mode. MPPT is a control
technique for the optimisation of energy extraction from the wind. It op-
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erates by continuously adjusting the turbine’s rotor speed and blade pitch
to find the ideal operating point where the turbine generates the maximum
power from the available wind. By dynamically adapting to changing wind

Table 2.2: Blade structural Properties

Property Value

Length (w.r.t. Root Along Preconed Axis) 61.5 m

Mass Scaling Factor 4.536%

Overall (Integrated) Mass 17,740 kg

Second Mass Moment of Inertia (w.r.t. Root) 11,776,047 kg·m2

First Mass Moment of Inertia (w.r.t. Root) 363,231 kg·m

CM Location (w.r.t. Root along Preconed Axis) 20.475 m

Structural-Damping Ratio (All Modes) 0.477465%

Table 2.3: Nacelle and Hub Properties

Property Value

Elevation of Yaw Bearing above Ground 87.6 m

Vertical Distance along Yaw Axis from Yaw Bearing to Shaft 1.96256 m

Distance along Shaft from Hub Center to Yaw Axis 5.01910 m

Distance along Shaft from Hub Center to Main Bearing 1.912 m

Hub Mass 56,780 kg

Hub Inertia about Low-Speed Shaft 115,926 kg m2

Nacelle Mass 240,000 kg

Nacelle Inertia about Yaw Axis 2,607,890 kg m2

Nacelle CM Location Downwind of Yaw Axis 1.9 m

Nacelle CM Location above Yaw Bearing 1.75 m

Equivalent Nacelle-Yaw-Actuator Linear-Spring Constant 9e9 Nm/rad

Equivalent Nacelle-Yaw-Actuator Linear-Damping Constant 1.9e7 Nm/(rad/s)

Nominal Nacelle-Yaw Rate 0.3º/s
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Figure 2.4: NREL 5 MW wind turbine monopile structure [41]

Table 2.4: Tower properties

Property Value

Height above Ground 87.6 m

Overall (Integrated) Mass 347,460 kg

CM Location (w.r.t. Ground along Tower Centerline) 38.234 m

Structural-Damping Ratio (All Modes) 1%

conditions, MPPT ensures that the turbine operates at its peak efficiency,
maximising energy production while safeguarding the turbine from poten-
tial damage due to overspeed or inefficient operation. This process enables
wind turbines to harvest the most energy possible from varying wind condi-
tions, enhancing their overall performance and power output. Region 2.5 is
the linear transition between Regions 2 and 3. In Region 3, the wind speeds
are higher than the nominal wind speed. In this region, the torque, speed
and power are limited using control methods in order to avoid overloading
of the drivetrain components. In case the wind speed exceeds 25 m/s, the
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wind turbine is in the cut-out region and is shut down to prevent damage or
failure.

0 3 5 7 9 11 13 15 17 19 21 23 25
Wind speed (m/s)

0

1

2

3

4

5

T
ur

bi
ne

 p
ow

er
 (

M
W

)

Region 1
Region 2
Region 2.5
Region 3
Power curve

Figure 2.5: Power curve of a 5 MW wind turbine

Figure 2.6 shows the power coefficient Cp vs tip-speed ratio (TSR)
curve of the turbine. This curve is obtained by simulating the turbine under
different wind conditions ranging from 3 m/s to 25 m/s. The Cp and TSR
values are averaged for each step in the steady state. The operation of the
wind turbine follows this curve depending on the wind conditions and the
reference power. In Figure 2.7, the Cp curve for one of the simulated cases
is presented. The value of Cp during this test ranges between 0.49 and 0.26
based on the reference power variation for the duration of the test.
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Figure 2.6: Cp-TSR curve of 5 MW wind turbine



38 CHAPTER 2

Figure 2.7: Power coefficient of simulated cases

2.2.2 Generator

Classical doubly fed induction generators (DFIG) have been dominant in
wind energy. However, in recent times, direct-drive PMSG have gained
more acceptability as a result of their realible gearless functioning and high
efficiency, especially at high power ratings. In its typical form, a PMSG has
a stator with a three-phase winding and a rotor with permanent magnets. In
gearless ‘direct-drive’ systems, the rotor consists of a high number of poles
and is directly driven by the wind turbine. The stator winding observes a
varying magnetic field which induces a back-emf. With this voltage, power
can be delivered by the stator winding to the power-electronic converter.
Figure 2.8 gives a schematic representation of a PMSG. The stator is rep-
resented by the windings a, b and c whereas the rotor is shown as a magnet
with rotating d and q axis. The generator is modeled in the rotating dq ref-
erence frame. Figure 2.9 shows the equivalent scheme for the PMSG used
in this thesis. Rs and Rc respectively represent the copper losses in the
stator winding and the iron losses. Lq and Ld represent the d and q- axis
inductance, respectively. Ω represents the rotor electrical speed in rad/sec.
ψRM represents the rotor flux linkage. The generator parameters are listed
in Table 2.5.

2.3 Control

There are two main control systems employed in the studies. These control
systems associated with torque and pitch control of the wind turbine and
PMSG are presented in the following subsections.
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Table 2.5: Generator properties

Property Specification

Rated power 5 MW

Rated speed 12.1 rpm

Efficiency 93%

Pole pairs 117

Rs 98.5 mΩ

Lq 5.86 mH

Figure 2.8: Reference axis in PMSG

Figure 2.9: Equivalent scheme of a PMSG in the rotating reference frame

2.3.1 Torque control

The effectiveness of this study relies heavily on the accurate control of
torque in the PMSG. To achieve this, Field Oriented Control (FOC) is em-
ployed. In addition to FOC, other control strategies such as model predic-
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tive control (MPC) and sliding mode control (SMC) have been proposed
for torque control in PMSG-based wind turbines. However, FOC remains
one of the most popular control strategies due to its simplicity and robust-
ness. FOC regulates the quadrature current component îq proportionally to
the torque setpoint while keeping the direct current component îd at zero for
field orientation. The torque control scheme is depicted in Figure 2.10, with
the Proportional Integral (PI) controller’s proportional and integral gains set
at 0.0001. All symbols represent the numerical values of the quantities in SI
units. At each time step, the PI controller generates a current signal based
on a comparison between the reference power P̂ and actual power P . The
reference power is determined by the grid frequency and the amount of
contracted ancillary reserve. The PI controller’s output is then converted to
three-phase abc signals by using the inverse Park transformation, resulting
in pulse width modulated (PWM) signals. The PI controller is configured
to minimise the tracking error by minimising overshoot and settling time.
Although the controller’s performance varies with changing wind speeds
and the rate of change of the reference power, it is capable of tracking the
reference power with minimal error. It is worth noting that accurate torque
control is crucial for PMSGs to operate efficiently and deliver maximum
power output. Additionally, FOC has become increasingly popular due to
its ability to precisely control torque and provide excellent dynamic perfor-
mance.

^

 

P

P

Figure 2.10: Field oriented control of the PMSG
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2.3.2 Pitch control

The pitch control system developed in Simulink is integrated with the wind
turbine model in FAST to ensure smooth operation. During each iteration
of the simulation, the pitch control system transmits a pitch command to
each of the three blades of the wind turbine. Figure 2.11 illustrates the
block diagram of the pitch control system, which employs a proportional-
integral (PI) controller with proportional and integral gains of 206.3 and 25,
respectively. The PI controller continuously compares the reference rotor
speed, Ωref , a preset parameter, with the actual rotor speed, Ω, at each time
step. The gain scheduling technique utilises a dimensionless gain correction
factor, G, defined as in (2.1) further in the text. The pitch angle, θ, plays
a critical role in the gain scheduling process, and a tuning parameter, θd,
is set to 0.055 radians to optimise its performance [41]. Furthermore, the
pitch control system can dynamically adjust its parameters based on wind
speed to maintain stable turbine operation, which is essential for maximis-
ing energy production.

G =
1.6

1 +
(

θ
2θd

) (2.1)

+

-

Figure 2.11: Pitch control of the wind turbine blades

2.4 Tests

The Belgian TSO Elia categorizes its grid frequency balancing services as:

• Frequency Containment Reserve (FCR)

• Automatic Frequency Restoration Reserve (AFRR)

• Manual Frequency Restoration Reserve (MFRR)
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These names correspond to the classical terminology used for grid bal-
ancing services, i.e., Primary, Secondary and Tertiary reserve. The scope
of this study lies within FCR, which is the primary frequency reserve. This
service is contracted through two different frameworks setup by Elia, based
on the generation capacity of the production units. These contracts are the
Contract for the Injection of Production Units (CIPU) and non-CIPU. For
a production unit to be eligible to provide FCR services, among other nec-
essary conditions, it must qualify a pre-qualification test set up by Elia. On
successful completion of this test, the production unit is eligible as an FCR
provider for a duration of 5 years. Elia provides details of its synthetic fre-
quency profile test in the public domain [18]. The focus of this test is on
the 200 mHz type service which implies frequency support within the range
of 49.8-50.2 Hz of grid frequency. The time series of the pre-qualification
test, as provided by Elia, is enlisted in Table 2.6 and is followed to simulate
this test in the developed model. In order for a wind turbine to be able to
provide FCR it must run at a lower power output than its optimal operating
point, i.e., the turbine must be curtailed. This is necessary since it allows
the wind turbine to regulate the output power both downwards and upwards
in order to provide a symmetric 200 mHz control. Since the used wind tur-
bine model has a nominal power of 5 MW, the wind turbine is operated at
4 MW and ramps up and down within the range of 3-5 MW. This implies a
non-CIPU contract of 1 MW for the symmetric 200 mHz type service. For
all 4 wind types, the average wind speed is above the rated value. In this
manner, the rated power can be achieved at all times. However, the power
set point is set at 4 MW in order to provide a 1 MW primary reserve band.
The function to generate the reference power is defined as in (2.2). Pref is
the reference power and PPQT is the power signal of the pre-qualification
test, which is time dependent, with values ranging from -1 MW to +1 MW
based on the simulated test.

Pref = 4MW + PPQT(t) (2.2)

This test was conducted for 4 different levels of wind:

• Wind type A (high turbulence)

• Wind type B (medium turbulence)

• Wind type C (low turbulence)

• Steady wind

The entire test has a duration of 3500 sec. Figure 2.12 shows a sample
section of wind speed data between 500-550 seconds. The turbulence in-
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tensity of the different wind types can be observed from the figure. These
wind profiles are generated using TurbSim, a tool developed by NREL.

Figure 2.13 shows the output power from the tests conducted for dif-
ferent wind turbulence levels. The section of these results is panned in the
interval between 600-800 seconds. The effect of increasing the wind turbu-
lence level can be seen clearly. For the highest turbulence level (wind type
A) a maximum variation in output power is observed, whereas, for steady
wind, a more stable output power is achieved. Figure 2.14, shows the same
results in an overlaid fashion. Figure 2.15 shows the probability density
function for the controller error values for the different wind types. This
figure is used to analyze the performance of the controller. It can be seen
here that at high turbulence levels, the absolute mean error and standard
deviation are the highest, i.e., 0.2241% and 0.3024 respectively. In lower
turbulent wind tests, these values are expectedly lower.

2.5 Conclusion

To study the applicability of the developed control design in an actual power
network, the tests simulated are based on a pre-qualification test set up by
the Belgian TSO. The results obtained through the simulations prove the
capability of wind turbines to provide primary frequency control with a
band of 1 MW. The tests were conducted for various wind profiles, ranging
from steady wind to a very high turbulence. The control design developed
for the tests performed effectively for all the tests. One crucial factor in the
simulations is the control algorithm. This discrete control design needs to
be matched with the small time step of the model. Also the control out-
put needs to be highly efficient. In order to test these properties of the
controller, the model is subjected to different levels of turbulent winds. Al-
though the error level increases with the increasing turbulence intensity, the
controller still performs with low absolute error percentage never exceed-
ing 0.2241%. With this research, a controller design has been developed
specifically to analyze the pre-qualification of wind turbines as an FCR
provider.
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Figure 2.12: Turbulence intensity level for type A, B, C wind
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Figure 2.13: Output power plots for different turbulence test
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Figure 2.14: Overlaid output power plots for different turbulence test
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Figure 2.15: Probability density function and normal distribution plots for wind
type A, B, C and steady wind
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proving Frequency Stability with Inertial and Primary Frequency
Response via DFIG Wind Turbines equipped with Energy Stor-
age System," 2020 IEEE PES Innovative Smart Grid Technologies
Europe (ISGT-Europe), The Hague, the Netherlands, 2020, doi:
10.1109/ISGT-Europe47291.2020.9248807.

[24] H. Karbouj and Z. H. Rather, "Voltage Control Ancillary Service
From Wind Power Plant," in IEEE Transactions on Sustainable En-
ergy, April 2019, doi: 10.1109/TSTE.2018.2846696.

[25] N. R. Ullah, K. Bhattacharya and T. Thiringer, "Wind Farms as Re-
active Power Ancillary Service Providers—Technical and Economic
Issues," in IEEE Transactions on Energy Conversion, Sept. 2009, doi:
10.1109/TEC.2008.2008957.

[26] E. Gatavi, A. Hellany, M. Nagrial and J. Rizk, "An integrated reactive
power control strategy for improving low voltage ride-through capa-
bility," in Chinese Journal of Electrical Engineering, Dec. 2019, doi:
10.23919/CJEE.2019.000022.



52 CHAPTER 2

[27] Z. Dong, Z. Li, L. Du, Y. Liu and Z. Ding, "Coordination Strategy of
Large-Scale DFIG-Based Wind Farm for Voltage Support With High
Converter Capacity Utilization," in IEEE Transactions on Sustainable
Energy, April 2021, doi: 10.1109/TSTE.2020.3047273.

[28] X. Cheng et al., "A Coordinated Frequency Regulation and Bidding
Method for Wind-Electrolysis Joint Systems Participating Within An-
cillary Services Markets," in IEEE Transactions on Sustainable En-
ergy, July 2023, doi: 10.1109/TSTE.2022.3233062.

[29] S. A. Hosseini et al., "Impact Of Fast Wind Fluctuations On The
Profit Of A Wind Power Producer Jointly Trading In Energy And
Reserve Markets," The 9th Renewable Power Generation Confer-
ence (RPG Dublin Online 2021), Online Conference, 2021, doi:
10.1049/icp.2021.1386.

[30] N. Singh, J.D.M. De Kooning and L. Vandevelde: Dynamic
wake analysis of a wind turbine providing frequency support ser-
vices. IET Renewable Power Generation 16, 1853–1865 (2022).
doi:10.1049/rpg2.12455

[31] N. Kayedpour, J. D. M. De Kooning, A. E. Samani, F. Kayedpour, L.
Vandevelde and G. Crevecoeur, "An Optimal Wind Farm Operation
Strategy for the Provision of Frequency Containment Reserve Incor-
porating Active Wake Control," in IEEE Transactions on Sustainable
Energy, 2023 (early access), doi: 10.1109/TSTE.2023.3288130.

[32] Energy Storage Applications Summary, 2020. European Associ-
ation for Storage of Energy. [online] Available at: https://ease-
storage.eu/wp-content/uploads/2020/06/ES-Applications-
Summary.pdf [Accessed 6 May 2022]

[33] M. Singh et al., Simulation for wind turbine generators – with fast and
MATLAB-Simulink modules, 2014. doi:10.2172/1130628

[34] Z. Zhang, Z. Cui, Z. Zhang, R. Kennel and J. Rodríguez, "Advanced
Control Strategies for Back-to-Back Power Converter PMSG Wind
Turbine Systems," 2019 IEEE International Symposium on Predic-
tive Control of Electrical Drives and Power Electronics (PRECEDE),
Quanzhou, China, 2019, doi: 10.1109/PRECEDE.2019.8753366.

[35] K. E. Okedu, “Improving the performance of PMSG wind tur-
bines during grid fault considering different strategies of fault
current limiters,” Frontiers in Energy Research, vol. 10, 2022.
doi:10.3389/fenrg.2022.909044



WIND TURBINE CAPABILITY TO PROVIDE ANCILLARY SERVICES 53

[36] J. Jonkman. FAST (Version V8) [Software]. NREL.
https://www.nrel.gov/wind/nwtc/fastv8.html

[37] J. M. Jonkman, G. J. Hayman, B. J. Jonkman, R. R. Damiani,
and R. E. Murray AeroDyn v15 User’s Guide and Theory Manual,
NREL. URL: https://www.nrel.gov/wind/nwtc/assets/pdfs/aerodyn-
manual.pdf

[38] J. Jonkman, S. Butterfield, W. Musial, and G. Scott, “Definition of a
5-MW Reference Wind Turbine for Offshore System Development,”
2009.

[39] Jonkman, J., Butterfield, S., Passon, P., Larsen, T., Camp, T., Nichols,
J., Azcona, J., and Martinez, A., “Offshore Code Comparison Col-
laboration within IEA Wind Annex XXIII: Phase II Results Regard-
ing Monopile Foundation Modeling,” 2007 European Offshore Wind
Conference & Exhibition, 4–6 December 2007, Berlin, Germany

[40] Lindenburg, C., “Aeroelastic Modelling of the LMH64-5 Blade,”
DOWEC Dutch Offshore Wind Energy Converter 1997–2003 Petten,
the Netherlands: Energy Research Center of the Netherlands, Decem-
ber 2002.

[41] A. E. Samani, J. D. M. De Kooning, N. Kayedpour, N. Singh, and
L. Vandevelde, “The Impact of Pitch-To-Stall and Pitch-To-Feather
Control on the Structural Loads and the Pitch Mechanism of a Wind
Turbine,” Energies, Sep. 2020, doi: 10.3390/en13174503.





3
Dynamic Wake Analysis of a Wind

Turbine Providing Frequency Support
Services

The participation of wind farms in providing ancillary services
is an asset for the power system and one way to maintain a
strong grid with the increasing penetration of renewable en-
ergy sources. It can however be challenging for the wind farms
to efficiently participate in grid frequency support services, es-
pecially for primary reserve services. The reason behind this is
the requirement of quick activation and deactivation of power
reserve margin for services such as FCR and FFR. A full acti-
vation of the contracted reserve is required within seconds of a
grid frequency dip. A sudden change in wind turbine dynamics
is expected to have an impact on the wake behind the wind tur-
bine. For the study presented in this chapter fast acting wind
turbine control system is developed based on the control de-
sign presented in Chapter 2. Additionally, the capability of
developed wind turbines controllers to follow primary reserve
services are also tested. FFR and FCR services are simulated
for a range of frequency designs, these include both synthetic
and actual grid frequencies. The synthetic frequency profiles
are designed to replicate both fast and slow frequency varia-
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tions in order to analyse the impact on wake behaviour. The
simulations are performed for low and high wind speed includ-
ing constant as well as turbulent winds.

The rest of this chapter is structured as follows: Section 3.1
presents a literature review of existing wake studies. Sec-
tion 3.2 presents the wind turbine, generator and wake model
used in this study. Section 3.3 presents a detailed description
of the two ancillary services FCR and FFR, tested in this study.
The data of grid frequency and different wind field data used
in the study are presented in Section 3.4. The FCR, FFR and
pitch control methods are described in Section 3.5. The results
and discussion from the study are presented in Section 3.6. Fi-
nally, the conclusion is drawn in Section 3.7. The content of
this chapter has been published in [1]
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3.1 Introduction

In order to provide ancillary services with a wind turbine, its power output
must vary more dynamically, especially when providing short-term grid
balancing services such as inertial response, FCR and FFR. However, these
dynamic power variations impact the wake effect, which in turn could im-
pact neighbouring turbines. The study of wake effects is even more signifi-
cant for wind farms with high capacity density. Countries like Belgium and
Germany have higher capacity densities of offshore wind farms as com-
pared to the European average. The reason for this high density in Belgium
is the regulatory framework. Due to the limited space resources in the Bel-
gian North Sea, the obligated policy demands the use of space granted as
intensively as possible [2].
The wind farms located in close proximity generate wake effects that re-
duce the downwind wind speeds. Studies have shown that these effects can
extend over 50 km resulting in economic losses for the wind farms own-
ers [3]. Methods have been developed in order to minimise the impact of
the wake and optimise the wind farm power output. These methods use
algorithms developed to maximise the annual energy production (AEP) of
wind farms [4]. One such approach utilises optimised yaw alignment that
deflects wakes away from downstream turbines and wind farms [5]. Such
measures have shown to improve the wind speed by up to 13%. Studies
have been conducted to demonstrate the significance of wake effects in in-
fluencing the inertial response capacity of a wind farm [6]. However, a
research gap is seen for studies on wake effects produced by wind turbines
providing FCR and FFR.
To this end, the scope of this research lies in the study of dynamic wake
behaviour of a wind turbine providing FCR and FFR. The study presented
in this chapter uses a detailed wind turbine model to simulate FCR and FFR
based control. The influence of the control strategy on the wake behind the
turbine at several locations behind the wind turbine is observed. The model
uses a conventional PI controller to generate blade pitch commands. The
torque is controlled by a grid frequency following algorithm. A reference
power is generated based on the frequency and the power output is adjusted
accordingly. Different frequency profile designs have been used in the pre-
sented simulations.
The chapter is organised as follows: Section 3.2 presents the models used
for the simulations in this study. The two ancillary services investigated in
the study are discussed in Section 3.3. The frequency and wind inputs to the
model are presented in Section 3.4. The different control systems used in
this study are presented in Section 3.5. The tests performed and the results
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from this study are presented in Section 3.6. Discussion and conclusions
are drawn in Section 3.7.

3.2 Model description

The simulation setup consists of a wind turbine model in FAST, a gen-
erator model and the control system in MATLAB Simulink, as presented
in Section 2.2. These models are interconnected for a co-simulation with
loop communications at each time-step of the simulation. Additionally, the
data is post-processed using a wake model as presented in the following
sections.

3.2.1 Wake model

The Jensen wake model is one of the oldest and most popular models used
in wake studies [7]. It is a simple model to analyse the wake effect. In
its original form, it does not account for the wind turbine dynamics. How-
ever, for this study, a robust yet computationally simple wake model that
accounts for wind turbine dynamics was required. Therefore a modified
Jensen model, i.e., Jensen-Katic, is used in this study [8]. This model al-
lows to incorporate the actual characteristics of the turbine, thus different
control behaviours of the machine can be modelled. Figure 3.1 schemati-
cally shows the wake. The free flow ambient speed is denoted by U . The
wake behind the turbine is assumed to have an initial diameter equal to the
rotor diameterD. The wake diameter at a distanceX is defined asDw. The
velocity deficit V at a given distance X depends on the thrust coefficient
ct, and is defined as:

V = U

(
1− 1−

√
1− ct(

1 + 2kX
D

)2
)

(3.1)

3.3 Ancillary services

A range of different ancillary services are offered for production units by
TSOs in different countries. In this research two kinds of primary reserve
ancillary services, FCR and FFR, as presented in Section 1.3.1 are tested.
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Figure 3.1: Wake schematic

3.4 Data

The simulations presented in this study require two essential datasets. The
developed FCR and FFR based control models require a frequency input
on every time step. Additionally, to be able to run a wind turbine model in
FAST, a fitting wind field model is necessary.

3.4.1 Frequency data

The simulations performed for FCR services in this work are performed
for different frequency profiles. These data form an important input for the
controller as it determines the reference power for the frequency following
controller. The first frequency dataset is an artificially generated frequency
pattern with a sinusoidal ripple, with an amplitude of 0.2 Hz and 12 differ-
ent periods of 1 s, 5 s, 10 s, 25 s, 50 s, 100 s, 150 s, 200 s, 250 s, 400 s,
500 s and 700 s respectively. Figure 3.2 shows a sample of these data. The
frequency is sampled at the same rate as the time step of simulations. This
artificial frequency is used to investigate the propagation of FCR dynamics
in the wake. Moreover, by simulating the different scenarios with varying
frequency of oscillation, the aim is to assess the varying magnitude of prop-
agation in the wake.
The second frequency dataset is actual grid frequency dataset of the Euro-
pean synchronous grid. The frequency retrieved from the source is sampled
every 0.5 seconds [9]. However, to adjust the frequency to the simulation
time-step, the frequency data are interpolated. Figure 3.3 presents a sec-
tion of frequency data used in the simulations. The frequency data are
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from an extreme event that occurred on the 10th of January 2019, 21:02
CET. During this event, the continental European power system stretching
across 26 countries witnessed the largest absolute frequency deviation since
2006 [10]. During this rare event, the frequency dropped to 49.8 Hz. The
reason for choosing this event is to clearly observe the impact of changing
grid frequency on a turbine providing FCR.
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Figure 3.2: Frequency with sinusoidal ripples

15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00
Time (hh:mm) Jan 10, 2019   

49.8

49.85

49.9

49.95

50

Fr
eq

ue
nc

y 
(H

z)

Figure 3.3: Frequency data extreme event

3.4.2 Wind field

In FAST, different wind profile input methods are available and can be used
for analysis. For the simulations performed in this study two different wind
profiles are used. These are presented in the following.
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3.4.2.1 Constant wind field

In the simulations presented in this work, steady wind profiles of 7 m/s and
12 m/s are used. These wind speeds are chosen to study the behaviour of
the wake in both low and high winds, respectively.

3.4.2.2 Turbulent wind field

A three-dimensional turbulent wind field is used to analyse the wake ef-
fect of a wind turbine providing frequency support. The TurbSim Risø
smooth-terrain model (SMOOTH) based on [11] and [12] is used to gener-
ate the turbulent wind data. The wind field has a grid height and width of
160 m. The three components of the wind field are presented in Figure 3.4,
Figure 3.5 and Figure 3.6. The inertial reference frame of these three com-
ponents: The u-component is along the positive X-axis (downwind). The
v-component is along positive Y-axis (to the left when looking along X).
The w-component up, along positive Z-axis (opposite gravity.) The refer-
ence height of the wind field is chosen similar to the height of the wind
turbine rotor hub at 90 m. The mean wind speed is 20 m/s and the tur-
bulence intensity is 5%. The wind speed values within the simulated time
ranges from 16.45 m/s to 23.1 m/s.

3.5 Control

The basic torque and pitch control strategy used for this study is as pre-
sented in Section 2.3. Specific control strategies regarding FCR and FFR
services are presented in the following subsections.

3.5.1 FCR control

The maximum available power Pmax that can be harnessed by the turbine is
dependent on the wind speed and is defined by the power curve as presented
in Figure 2.5. In order to provide an FCR reserve power PFCR equivalent to
20% of Pmax, the wind turbine is operated at a base power equal to 80% of
Pmax. The turbine ramps up and down within 60% to 100% of Pmax based
on the grid frequency. In this manner, there is enough capacity at all times
to follow the grid frequency in the specified range. The control algorithm
to generate the reference power based on the grid frequency is defined in
Algorithm 1.

Figure 3.7 shows the generator power under PLC and FCR based con-
trols. The generated power is plotted on the left y-axis and the grid fre-
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Figure 3.4: u-component of wind speed (m/s)

quency on the right y-axis. The case considered here has a steady wind
speed input of 12 m/s. It can be seen that the power output under PLC con-
trol is constant at 5 MW, whereas, with FCR control, the generator power
varies with the changing grid frequency. The effect of changing grid fre-
quency can be seen on the power output. The controller works with a satis-
factory tracking performance, following the reference power with low error.

3.5.2 FFR control

There are three different types of FFR services as presented in Table 1.1.
These service require a fast response time to adjust the power output to
the changing grid frequency. As a result, the controller presented in Sec-
tion 3.5.1, in its current form is unable to follow these rapid variations in
the reference power signal. Therefore, the simulations for FFR service are
performed in FAST.Farm.
There is no control method in Fast.Farm that can include the effect of
changing grid frequency on the power output of a wind turbine providing
frequency support services. The sole control option is the torque control
built within the program. For this reason, the control system in FAST.Farm
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Figure 3.5: v-component of wind speed (m/s)

has been modified to operate the turbine with FFR based control.
The operation is modified such that instead of providing a constant power,
the power output is based on the changing input grid frequency. This con-
trol is defined in the following equations:

Pref = Pbase + Pfreq(t) (3.2)

where,
Pfreq = (50.8− f)PFCR (3.3)

Here, the reference power Pref is calculated as the sum of base power
Pbase and a time varying term Pfreq(t). Furthermore, Pfreq(t) is defined by
the changing grid frequency and the contracted FCR bid PFCR.

3.6 Results and discussion

Using the aforementioned data, models and control systems, several tests
are performed for different wind profiles and frequencies to analyse the
dynamic impact of ancillary service provision on the turbine wake. This
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Figure 3.6: w-component of wind speed (m/s)
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Algorithm 1 Reference power decision

Require: Pmax ≥ Pref

if f ≤ 49.8 Hz then
Pref(t) = Pmax

else if 49.80Hz < f < 49.99 Hz then
Pref(t) = Pmax + (50.80− f)

else if 49.99Hz < f < 50.01Hz then
Pref(t) = Pmax − PFCR ▷ 10mHz deadband

else if 50.01Hz < f < 50.20Hz then
Pref(t) = Pmax(50.80− f)

else if f > 50.20Hz then
0.6 Pmax

end if

section presents the results of these simulations in the form of 4 case stud-
ies:

I. FCR provision with oscillating grid frequency

II. FCR provision with realistic grid frequency

III. FCR provision in turbulent wind

IV. FFR provision of Types A, B and C

3.6.1 Case I: FCR provision with oscillating grid frequency

In case study I, the wind turbine is subjected to steady wind fields of 7 m/s
and 12 m/s respectively. An artifical grid frequency dataset is generated
which contains sinusoidally varying ripples, as presented in Section 3.4.1.
Although such an oscillating grid frequency does not occur in practice, it is
used here to achieve a clear understanding of how FCR provision dynami-
cally impacts the wake. This will provide the required insight to study the
dynamic impact of FCR on the wake for realistic grid frequency in case
study II.
A series of 12 simulations with varying period of input grid frequency as
presented in Figure 3.2 have been performed. The artificial sinusoidal fre-
quency dataset is simulated to study how the dynamics in FCR propagate
into the wake dynamics. To analyse the wake behaviour, several different
points are chosen.
Figure 3.8 and Figure 3.9 present the results from the simulation where the
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period of input grid frequency is 250 s for the cases with steady wind of
7 m/s and 12 m/s respectively. In these figures, there are 4 blue curves
corresponding to the left y-axis. These curves represent the wind speed at
distances 25 m, 50 m, 75 m and 100 m horizontally behind the rotor center-
line respectively. These distances are selected for the FCR simulations as
beyond these distances a rather minimal impact of FCR provision on the
wake is observed. The grid frequency is shown on the right y-axis. A very
clear observation from these results is that the oscillations in the grid fre-
quency are replicated in the wake behind the wind turbine. It can also be
observed that the wind speed is most deteriorated at the point closest to the
wind turbine and the effect gradually decreases as the distance from the
wind turbine increases.
A series of 12 simulations with varying period of grid frequency were per-
formed with the aim to observe the changing magnitude of wake with slow
as well as fast variations in the grid frequency and thereby observing the
varying magnitude of propagation in the wake. Figure 3.10 and Figure 3.11
present these results at 5 different points for the steady wind cases of 7 m/s
and 12 m/s respectively. The x-axis shows the different periods of oscilla-
tions for which the simulations are performed. The y-axis shows the mag-
nitude of oscillations in the wind speed at the specified points. A common
observation drawn from these figures is that for a fast changing grid fre-
quency with period <= 5 s, the oscillations are not replicated in the wake
behaviour and no similar sinusoidal pattern is observed. As the period of
oscillations increases, the input grid frequency behaviour starts to replicate
in the wake. It can be seen in Figure 3.10 that there is a continuous increas-
ing trend in the magnitude of wake for the frequencies with longer periods.
However, the increment in magnitude is not continuously linear. On the
other hand for the case of high wind speed, in Figure 3.11, a different pat-
tern is observed. The curves start with a steep slope and then gradually
declines to a more stable wake magnitude.

3.6.2 Case II: FCR provision with realistic grid frequency

To simulate a realistic scenario, real grid frequency data as shown in Fig-
ure 3.3 are used. In this case the wind turbine is subjected to steady wind
profiles of 7 m/s and 12 m/s, as presented in Section 3.4.2.1. In order to
study the wake effect in a realistic grid frequency condition, several phys-
ical points behind the rotor center-line have been chosen. These points are
located at distances of 25 m, 50 m, 75 m, 100 m and 125 m behind the rotor.
Figure 3.12 presents three different graphs resulting from simulations with
a steady wind speed of 7 m/s. The first graph shows the output power with
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Figure 3.8: Wind speed at different points behind the rotor for 7 m/s simulations
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Figure 3.9: Wind speed at different points behind the rotor for 12 m/s simulations

the varying grid frequency. The second graph shows the thrust coefficient
Ct and the rotor speed. The third graph shows the wind speed at different
points behind the rotor. During the extreme grid event, the grid frequency
drops to 49.8 Hz. In response to this frequency dip, the controller generated
a reference power to match the contracted FCR bid. The resulting control
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Figure 3.10: Magnitude of wake oscillations with period varying grid frequency
for 7 m/s simulations
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Figure 3.11: Magnitude of wake oscillations with period varying grid frequency
for 12 m/s simulations

can be observed by comparing the blue and red curve. It can also be seen
that the Ct and the rotor speed also drop at this point. The effect of this
event can be seen on the wind speed at different points behind the rotor. At
≈ 400 s, an increase in the wind speed can be observed at each of these
points.
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Figure 3.13 present the graphs for the case where a steady wind speed of
12 m/s is used. The plot design and placement is similar to Figure 3.12.
Here, the control response is again reflected on the output power. The rotor
speed in this case sees little variation during this event. This is attributed to
the pitch control action that was not active in the case of 7 m/s simulations.
However, due to the control action, a changing wind speed at the points
of observation is noticed. This change in the wind speed due to the wake
behaviour although clearly noticeable, is rather minimal.
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Figure 3.12: Grid frequency and influenced outputs with changing control action
for a wind speed of 7 m/s

3.6.3 Case III: FCR provision in turbulent wind

Case III studies the frequency support service in a turbulent wind field. The
turbulent wind profile presented in Section 3.4.2.2 is used for these simu-
lations. An 800 s simulation is performed for two different sub-cases. The
first case is where the wind turbine operates with FCR based control. A
percentage control is used such that the wind turbine provides a linear fre-
quency support of 20% of its total capacity of 5 MW within the range of
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Figure 3.13: Grid frequency and influenced outputs with changing control action
for a wind speed of 12 m/s

49.8 Hz - 50 Hz. The second sub-case is without FCR and represents nor-
mal operation as a reference. The grid frequency is designed in a step form
and ranges from 49.8-50 Hz within the span of the total simulation time.
The first graph in Figure 3.14 is the grid frequency that is used to calculate
the reference power. The following 3 graphs consist of 2 curves. The FCR
case is represented by a blue curve and the non-FCR case is represented by
a red curve. It can be seen in the second graph that during this turbulent
wind scenario, for the non-FCR case, the controller tries to follow the ref-
erence power of 5 MW. The root mean square error (RMSE) of the power
reference tracking for this case is 0.0275 MW. On the other hand, the blue
curve that represents the FCR power tries to follow the input frequency. The
RMSE in this case is 0.0625 MW expectantly higher than the former case
due to the increased control action. The third graph shows the Ct for two
case. The Ct for both cases is identical, except for the duration in which the
wind turbine provides FCR support. The fourth curve shows Vs, the wind
speed for the two cases at a distance of 25 m behind and in centre-line of the
rotor. The two wind speeds appear to differ slightly within the frequency



DYNAMIC WAKE ANALYSIS OF A WIND TURBINE PROVIDING ANCILLARY

SERVICES 71

support duration. To analyse this in more detail, the final graph shows the
difference between the two wind speeds, VsFCR −VsNoFCR i.e, . It is evident
that the wake effect indeed differs in the two cases.
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Figure 3.14: Case III: FCR provision in turbulent wind

3.6.4 Case IV: FFR provision of Types A, B and C

The prequalification test for FFR is designed such that all three types of
services presented in Table 1.1 can be implemented. Initially there is a se-
quential step decrease in grid frequency to simulate a situation where all
three types of services need to be activated. After this the services are in-
dividually activated from a stable grid frequency of 50 Hz. All the services
are tested for a long duration support (> 30 s). The purpose of this test is to
analyse the capacity of the wind turbine and control system to provide the
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FFR service. This test is presented in Figure 3.15.
The wind turbine provides 0.5 MW of FFR for Type A service and
0.25 MW each for Type B and Type C service. The red curve indicates the
grid frequency. The frequency starts at a stable 50 Hz for the first 50 sec-
onds, during this time, after the initial transient the wind turbine generates
4 MW of power retaining 1 MW for the FFR services. At time t = 50 s
the frequency drops to 49.7 Hz and the Type A FFR service is activated
and continues for the next 50 seconds. During this time the wind turbine
generates 4.5 MW power. At time t = 100 s there is a further drop in the
grid frequency to 49.6 Hz. At this moment the Type B service is activated
and the total power output is increased by 0.25 MW to 4.75 MW. At time
t = 150 s, Type C service is activated when the frequency drops to 49.5 Hz.
The power output at this point is equal to the maximum power output of
5 MW. At time t = 200 s, the frequency is stabilised again at 50 Hz. At
time t = 250 s the frequency drops again to 49.6 Hz, hence activating the
Type B service. At time t = 350 s the frequency drops to 49.5 Hz and
Type C service is activated. Figure 3.16, Figure 3.17 and Figure 3.18 show
the zoomed version of activation of all three services. From Figure 3.16 it
can be seen that the Type A service is activated at t = 50 s and the FFR level
of 0.5 MW is activated within 0.5 seconds.
Figure 3.17 shows the activation of the Type B service. In this case the
FFR reserve of 0.25 MW is activated within the time limit of 1 second. At
the instant of t = 150 s, the frequency drops to 49.5 Hz at this point the
last 0.25 MW of reserve power is to be activated. However as can be seen
in Figure 3.18, the controller was not able to activate the Type C service
within the given time limit of 0.7 seconds. A possible reason for this is
that at this instant the wind turbine is reaching the upper limit of its power
output. A solution to this problem could be to reduce the reserve capacity
of Type C service. D1, D2 and D3 are three points located behind and in
the centre-line of rotor at distances 373 m, 499 m and 625 m respectively.
These distances are equivalent to three, four and five times the distances of
the wind turbine rotor diameter, respectively. Greater distances are chosen
for FFR simulations compared to the FCR simulations. This is due to the
observations made that the impact of FFR provision extends to greater dis-
tances. Figure 3.19 shows the changing wind speed at these points due the
frequency support based control strategy. A change in the wind speeds at
these points can be noticed a few seconds after the instances of frequency
change. The change is smaller in the initial 200 s due to the small changes
in grid frequency. However, at time t = 200 s, 250 s, 350 s and 400 s, the
effect is evident.
In Figure 3.20, three point at heights of 90 m, 120 m and 150 m are chosen
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to observe the change in wind speed due to the changing grid speed. Like
the previous case, a similar pattern of changing wind speed is observed.
These results clearly establish the changing wake effect of a wind turbine
providing FFR services.
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Figure 3.15: FFR power output and frequency

3.7 Conclusion

To study the behaviour of the wake behind a wind turbine providing fre-
quency support services, a series of tests are simulated. The NREL 5 MW
wind turbine coupled with a PMSG, torque and pitch controller are used to
perform these simulations. A modified Jensen wake model that was deemed
robust and needful to the simulation designs is used to model the wake be-
haviour. The simulations are performed for two benchmark ancillary ser-
vices, i.e., 200 mHz symmetrical FCR and FFR, as defined in the ENTSO-E
directives. The first frequency dataset used in the analysis is a synthetic si-
nusoidally varying frequency with varying oscillation periods. This data is
used to study the frequency oscillation’s replication in the wake behaviour.
Secondly, real grid frequency data from an extreme incidence is used to
perform a realistic simulation where the effect of changing grid frequency
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Figure 3.16: FFR Type A service
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Figure 3.17: FFR Type B service

on the wake can be clearly observable. The simulations are performed for
both steady and turbulent wind conditions. The torque control used in the
models is designed such that it is capable of following MPPT, PLC as well
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Figure 3.18: FFR Type C service
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Figure 3.19: Wind speed behind the rotor at 3 different points

as grid frequency based deloaded control. The controller is shown to oper-
ate with a high tracking performance. Since the simulations include higher
wind speed regions, a pitch control system with gain scheduling is also



76 CHAPTER 3

0 50 100 150 200 250 300 350 400
Time (s)

8.5

9

9.5

10

W
in

d 
sp

ee
d 

(m
/s

)
H = 90 m H = 120 m H = 150 m

Figure 3.20: Wind speed at different heights behind the rotor

used.
The controller tests performed have strengthened the possibility of an ac-
tive participation of wind turbines in primary reserve ancillary services. It
is clear that the limitations of the wind turbines quick response to the chang-
ing grid frequency can be addressed through the development of fast and
efficient controllers.
The major topic investigated in this research is to analyse the changes in
wake effect of a wind turbine providing frequency support services. The
wake effect has been analysed at several locations downwind of the wind
turbine. The impact of a changing grid frequency on the nature of the wake
is demonstrated. The oscillations in the grid frequency are seen to repli-
cate in the wake behaviour, showing there is a dynamic interaction. Also,
changes in the intensity of this effect are clearly visible ]with the changing
distances behind the wind turbine. It is also observed that the magnitude of
frequency support offered by the wind turbine and the slope of the changing
grid frequency are also active variables that affect the wake.
The tests presented in this research are performed for a single wind turbine.
Therefore, the changes observed in the wake are not extreme. A clear ef-
fect of changing grid frequency is however observed. This effect is likely
to increase in a high capacity density wind farm where a collective wake
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effect is generated by several wind turbines. Hence, the main conclusion of
this research is that dynamic wake interactions should be taken into account
when high density wind farms are to be used to provide dynamic frequency
support services such as FCR and FFR.



78 CHAPTER 3

References

[1] N. Singh, J. De Kooning, and L. Vandevelde, “Dynamic wake analysis
of a wind turbine providing frequency support services,” IET Renew-
able Power Generation, 2022, doi: 10.1049/rpg2.12455

[2] "Capacity Densities of European Offshore Wind Farms", 2018.
https://vasab.org/document/capacity-densities-of-european-offshore-
wind-farms/. Deutsche WindGuard GmbH.

[3] J.K. Lundquist, K.K. DuVivier, D. Kaffine, et al. “Costs and conse-
quences of wind turbine wake effects arising from uncoordinated wind
energy development.” 2019. doi: 10.1038/s41560-018-0281-2

[4] N. Baker, A. Stanley, J. Thomas, A. Ning, and K. Dykes (2019).
“Best Practices for Wake Model and Optimization Algorithm Selec-
tion in Wind Farm Layout Optimization” Preprint. [online] Available
at: https://www.nrel.gov/docs/fy19osti/72935.pdf

[5] M. F. Howland, S. K. Lele, and J. O. Dabiri, “Wind Farm Power
Optimization through Wake Steering,” Proceedings of the National
Academy of Sciences, 2019. doi:10.1073/pnas.1903680116

[6] S. Kuenzel, L. Kunjumuhammed, B. Pal and I. Erlich, "Impact of
wakes on wind farm inertial response," 2014 IEEE PES General Meet-
ing | Conference & Exposition, National Harbor, MD, 2014.

[7] N. O. Jensen, "A note on wind generator interaction". Risø National
Laboratory. Risø, 1983.

[8] I. Katic, Højstrup, J., & Jensen, N. O. (1987). "A Simple Model for
Cluster Efficiency". In W. Palz, & E. Sesto (Eds.), EWEC’86. Pro-
ceedings.

[9] "Elia: grid data overview". Available at: https://www.elia.be/en/grid-
data [Accessed: September 2023]

[10] ENTSO-E technical report on the January 2019 significant fre-
quency deviations in Continental Europe. [online] Available at:
https://www.entsoe.eu/news/2019/05/28/entso-e-technical-report-on-
the-january-2019-significant-frequency-deviations-in-continental-
europe/

[11] J. Højstrup “Velocity Spectra in the Unstable Planetary Boundary
Layer.” Journal of the Atmospheric Sciences, October 1982.



DYNAMIC WAKE ANALYSIS OF A WIND TURBINE PROVIDING ANCILLARY

SERVICES 79

[12] H.R. Olesen, S.E. Larsen, J. Højstrup. “Modeling Velocity Spectra in
the Lower Part of the Planetary Boundary Layer.” Boundary-Layer
Meteorology, July 1984.





4
Wind Turbine Main Bearing Lifetime

In the previous chapters, the capability of wind turbine to pro-
vide ancillary services and the subsequent impact on the wake
are discussed. The impact of ancillary services provision is
also expected on the loads of the wind turbine components.
The components of an operational wind turbine are continu-
ously impacted by both static and dynamic loads. Regular in-
spections and maintenance are required to keep these compo-
nents healthy. The main bearing of a wind turbine is one such
component that experiences heavy loading forces during the
operation. These forces depend on various parameters such
as wind speed, operating regime and control actions. When
a wind turbine provides FCR to support the grid frequency,
the forces acting upon the main bearing are also expected to
exhibit more dynamic variations. These forces have a direct
impact on the lifetime of the main bearing. With an increasing
trend of wind turbines participating in the frequency ancillary
services market, an analysis of these dynamic forces becomes
necessary. To this end, this study assesses the effect of FCR
based control on the main bearing lifetime of the wind turbine.
Firstly, a control algorithm is implemented such that the output
power of the wind turbine is regulated as a function of grid fre-
quency and the amount of FCR. Simulations are performed for
a range of FCR to study the changing behaviour of dynamical
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forces acting on the main bearing with respect to the amount of
FCR provided. Then, based on the outputs from these simula-
tions and using 2 years of LiDAR wind data, the lifetime of the
main bearing of the wind turbine is calculated and compared
for each of the cases. Finally, based on the results obtained
from this study, the impact of FCR provision on the main bear-
ing lifetime is quantified and recommendations are made, that
could be taken into account in the operation strategy of a wind
farm.

The rest of this chapter is structured as follows: Section 4.1
details reviews the literature and presents the novelty of this
chapter to cover the research gap. In Section 4.2, the wind
turbine, main bearing and the generator models are presented.
Additionally, the torque control algorithm, pitch control system
and wind field design used in this study are presented. Sec-
tion 4.3, presents the methodology to calculate the load and
lifetime of the wind turbine main bearing. In Section 4.4, the
results and discussion are presented. Finally, the conclusion
is drawn in Section 4.5. The content of this chapter has been
published in [1].
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4.1 Introduction

With the increasing share of wind energy in the energy mix and an in-
creased participation of wind farms in ancillary service markets, there is a
growing concern about the structural health and maintenance of wind tur-
bine components. As a wind turbine or a wind farm gets older, the overall
performance is reduced. An age based performance of a wind farm is in-
vestigated in [2]. A survey of failures of Swedish wind farms is presented
in [3]. Reliability analysis and probabilistic methods for wind farm per-
formance are presented in [4]- [5]. Methods to quantify the availability of
wind farms are proposed in [6]. An extensive data study presented in [7]
has found that wind turbines lose around 1.6% of their nominal output per
year due to aging. It has also been seen that some wind turbines compo-
nents fail before their expected lifetime [8]. To fill this gap, several studies
have been conducted that explore new methods of wind turbine monitor-
ing and maintenance. A deep learning approach is explored to predict the
remaining useful life of rotating components in [9]. A cost-effective con-
dition monitoring for wind turbines is proposed in [10]. Different methods
of wind turbine maintenance management are suggested in [11] and [12].
The approach for a remote condition monitoring system is explored in [13].
Wind turbine failure detection and condition based maintenance strategies
are presented in [14] and [15] respectively. In terms of overall optimiza-
tion of a wind farm, a study exploring wind farm layout optimization is
presented in [16].

These studies are focused on overall wind farms or single turbines as
a whole. However, specific studies based on important wind turbine com-
ponents individually are rare. A crucial component of the wind turbine is
its main bearing. A downtime due to a main bearing failure can cause a
significant loss of revenue in addition to a high replacement cost. There
are several factors that affect the health of a bearing. Foremost, the manu-
facturing quality of the bearing is critical to a long service life. Logistics
of storage, application and mounting also play an important role. Also,
it is crucial for the bearing to be well lubricated. The lubrication specifi-
cations and lubrication change intervals are specific to the application and
help ensure a smooth and healthy bearing operation [17]. According to
SKF, the leading causes of bearing damage are lubrication (36%), contam-
ination (23%), application (18%), interface (8%), handling (8%), electrical
(5%) and fatigue (2%). A few studies have been conducted regarding the
health of the wind turbine main bearing. In [18] a novel prognostic ap-
proach to predict the remaining useful lifetime of bearings in a wind tur-
bine gearbox is proposed. The study relies on artificial neural networks to
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predict the short-term tendencies. The data-driven approach is specific to
the bearings in the wind turbine gearbox. Another data driven approach to
analyse bearing faults is discussed in [19], where data mining is applied
to identify bearing faults in a wind turbine. The research relies on a neu-
ral network algorithm using the data collected from several wind turbines.
The results from this study are the prediction of over-temperature events
ahead of the fault occurrence. A study about the prediction and diagnosis
of wind turbine faults is presented in [20]. The temperature parameters of
SCADA data such as bearing temperature are used for fault detection. A
long-term fault prediction framework is discussed in [21]. This study also
utilises SCADA data and secondary measurements from 108 wind turbines
with main-bearing failures. Historic wind turbine data for run-to-failure and
non-run-to-failure wind turbines is utilized to predict the remaining power
generation before failure in [22]. All these studies are data-based and are
focused on main bearing related issues such as prediction of time to failure,
over-temperature events prediction and remaining power generation before
failure. However, there is no study that uses detailed wind turbine models
to study the lifetime of the main bearing of the wind turbine. The im-
pact of the provision of ancillary services on the health of the wind turbine
main bearing remains unknown. The main bearings of the wind turbine are
subjected to dynamically varying forces during its operation. The forces
are significantly more dynamic when providing ancillary services such as
FCR. This originates from the control algorithms implemented to provide
frequency control, which change the radial and axial forces acting upon the
main bearing, and hence affect the overall health of the main bearing. A
study of these forces and their impact on the lifetime of the main bearing
of the wind turbine is important in times when wind turbines are expected
to provide ancillary services. A study of the lifetime of the main bearing
is also specially relevant as it is a comparatively expensive equipment with
high replacement cost and a significant downtime for replacement. To this
end, this study analyzes and quantifies the effect of providing ancillary ser-
vices on the lifetime and health of the wind turbine main bearing.

4.2 Models and data

The models used in this study include the wind turbine rotor and the PMSG,
as presented in Section 2.2. The control system presented in Section 2.3 is
used. In the following subsection, the main bearing model, control design
specific to the study and the wind field design and data processing are pre-
sented.
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4.2.1 Main bearing

The original wind turbine model developed by NREL does not consider
the detailed features of the main bearing. However, since the wind turbine
is largely based on the REpower 5M machine, the available literature and
data about the bearing design and its properties are used. The schematic
of the main bearing positioning in the wind turbine is shown in Figure 4.1.
The bearing used in this machine is a spherical roller bearing weighing
3320 kg [23].

Since a detailed datasheet of the turbine main bearing is not publicly
available, some assumptions and estimates are made about the bearing
properties. The main property of the bearing that is required to calculate
the lifetime is its basic dynamic load rating C in Newton, which represents
the maximum load that a bearing can be subjected to for a rating life of one
million revolutions. In order to estimate the C rating of the bearing, data
from similar bearing types available through SKF are used in curve fitting.
As a double check, simulations were performed to calculate the load on the
main bearing of the wind turbine to make sure that the load is always lower
than the bearing rating.

PMSG

ShaftHub

Pitch

Main 
bearing

Axial force

Lateral force

Vertical force

Figure 4.1: Main bearing position
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4.2.2 Torque control

The simulations have been performed for 4 different cases. In the first case
no FCR is provided, i.e., the wind turbine operates in MPPT mode. In the
second case, the wind turbine is deloaded by 20%, i.e., the turbine operates
at 80% of the maximum power curve. In the third and fourth case 20% and
40% FCR is provided, i.e., 20% and 40% of the available power is reserved
for FCR, respectively. For the 20% FCR case, the wind turbine control
design is as shown in Figure 4.2. In Figure 4.2 and Figure 4.3, the blue
and red curves represent the upper and lower bound of output power. The
black curve represents the base power. The shaded area demonstrates the
area of operation, i.e., the reference power at any given point lies within
this area based on the grid frequency. The reference power for these cases
is calculated by using Algorithm 2. The algorithm is designed such that a
symmetrical 200 mHz frequency support is provided. A frequency response
dead-band of 10 mHz centered at nominal frequency (50 Hz) is present to
reduce excessive control activities and turbine mechanical wear for normal
power system frequency variations. Here, PUB and PLB are upper and
lower bound powers respectively as presented in Figure 4.2 and Figure 4.3.
The reference power Pref is calculated as the sum of base power Pbase and
a time varying term Pfreq(t). Pfreq(t) is calculated using β which is propor-
tional to the percentage of FCR provided, pFCR. k is the proportionality
constant with the value 0.25. β is defined as follows:

β = k · pFCR (4.1)

Pbase is defined according to the black curve in Figure 4.2 and Figure 4.3
for the 20% FCR and 40% FCR case respectively. Furthermore, Pfreq(t) is
based on the varying grid frequency f and the contracted FCR bid PFCR,
i.e., 20% or 40%.

4.2.3 Wind field design and data processing

The wind data used for the simulations in this research work are from
the publicly available data repository of meteorological data provided by
Ørsted. The data are available for several offshore meteorological sta-
tions [24]. The LiDAR data are 10 minute statistics for wind measurements
from LiDARs installed at an offshore wind farm. A total of 2 years data
sampled at 10 minutes is used. In order to fit the data to the operating range
of the wind turbine, the data were processed to fit the requirements. Firstly,
only the data within the range of wind velocities between 3-25 m/s were re-
tained. The wind data are then rounded off to the nearest integer. These data
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Figure 4.2: Control design for 20% FCR
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Figure 4.3: Control design for 40% FCR

can be visualised in graphical form as presented in Figure 4.4. Figure 4.4
shows the probability of occurrence of different levels of wind speed within
the operating range of the wind turbine. The simulations are performed for
each of these wind levels, and their probability of occurrences is used to
deduce the final results.

4.3 Methodology

Different outputs from these simulations are analysed and used for the cal-
culation of bearing loads and lifetime. These parameters are presented in
the following subsections.
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Algorithm 2 Reference power decision

Require: Pref ≤ PUB

if f ≤ 49.8 Hz then
Pref(t) = PUB

else if 49.80Hz < f < 49.99Hz then
Pref(t) = Pbase + Pfreq ▷ Pfreq=β(50-f)

else if 49.99Hz < f < 50.01Hz then
Pref(t) = Pbase ▷ 10mHz deadband

else if 50.01Hz < f < 50.20Hz then
Pref(t) = Pbase + Pfreq ▷ Pfreq=β(50-f)

else if f ≥ 50.20Hz then
Pref(t) = PLB

end if ▷ all powers given in MW
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Figure 4.4: Wind speed percentage occurrences

4.3.1 Dynamic equivalent force

There are different forces acting on the blade root of the wind turbine and
hence on the main bearing. The axial, vertical and lateral forces are shown
in Figure 4.1. These forces are used to calculate the dynamic equivalent
force. The axial force is measured at the root of each blade. The 3 indi-
vidual blade forces are then averaged as shown in (4.2). Here, Fb1, Fb2

and Fb3 represent the axial forces, Fa (in Newton) at the three blades of the
wind turbine.

The radial force on the other hand is given as a resultant of the lateral
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force Fl and the vertical force Fv acting on the blade root, as shown in
Figure 4.1. The equation is given in (4.3).

Fa =
Fb1 + Fb2 + Fb3

3
(4.2)

Fr =
√
F 2
l + F 2

v (4.3)

The dynamic equivalent force Pd in Newton is defined in (4.4), where
bx and by are the dimensionless empirical factors for the specific spheri-
cal roller bearing. The SKF catalogue for rolling bearings [25] suggests
that the mean force, Fm (in Newton) should be calculated considering their
minimum and maximum values. Therefore, the mean values of radial and
axial forces are calculated using (4.5). Where Fmin and Fmax represent the
minimum and maximum values of the forces within the steady period of
the entire simulation time.

Pd = bxFr + byFa (4.4)

Fm =
Fmin + 2Fmax

3
(4.5)

4.3.2 Lifetime

The linear fatigue damage accumulation method used in this study is based
on [26]. The method incorporates the weightage and dynamic equivalent
force of each load level. Hence, providing a good estimate of the bearing
lifetime. In this method, firstly Li is defined as the number of revolutions
spent at a given wind speed by the main bearing. Li is calculated as in (4.6).
Here, ti is the number of hours of load level i. Ω is the speed in rpm for
load level i.

Li = tiΩi60 (4.6)

Next, the basic rating life L10i is defined as the life required for 10 %
of bearing samples to fail, for an identical group of bearings at a given load
level i. L10i is calculated as given in (4.7). Here, p is a bearing specific
value, which is equal to 10/3 for roller bearings as per SKF.

L10i = 106
(
C

Pd

)p

(4.7)
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Thereafter, fi is a fraction of the level i, defined to assign weightage to
individual load levels (1 to m). fi is calculated as in (4.8).

fi =
Li∑m
i=1 Li

(4.8)

The combined lifetime (in years) including all load levels is determined
by (4.9). Here a1, a2 and a3 represent the life modification factors. a1 is
set equal to 0.21 which corresponds to a 99% reliability of the main bearing
surviving the estimated lifetime. The factors a2 and a3 correspond to the
material of the bearing and lubrication conditions and these are set equal to
1.

LM =
1∑m

i=1

(
fi

L10i

) a1a2a3
106

(4.9)

4.4 Results and discussion

For this study, 4 different cases have been designed. For each case, 23
simulations are performed. These 23 simulations are designed such that for
each integer wind speed within the operating range (3-25 m/s) of the wind
turbine, a simulation is conducted. In this manner, the entire operating
range of the wind turbine is included in the study. The main outputs from
these simulations, namely axial, radial and dynamic equivalent forces are
then used to calculate the lifetime of the main bearing of the wind turbine.
These simulations consider the forces once the wind turbine has reached a
steady operation.

These 4 cases differ from each other in the type of control applied.
Case 1 is where the wind turbine operates to provide maximum available
power. Therefore, no margin in the active power is retained to provide an
FCR service. The wind turbine operates on either MPPT or power limiting
control, based on the wind speed. In Case 2, the control is such that the
reference power is deloaded by 20%. Apart from the deloading the oper-
ation of the wind turbine remains similar to Case 1, no FCR is provided.
Figure 4.5 presents the reference power for curves for Case 1 and Case 2.
The blue curve presents Case 1 and the red presents Case 2. It can be seen
here that for each individual wind speed load level, a different reference
power is set for the 2 cases.

Case 3 and Case 4 are comparative cases that are simulated to observe
the effect of providing FCR on the main bearing of the wind turbine. In
these cases the wind turbine control systems based on Algorithm 2 are used.
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Figure 4.5: Power reference for No FCR and 20% deloaded cases

Figure 4.6 consists of 3 different curves. The red curve corresponding to
the right y-axis represents the grid frequency. The first blue curve on the
top, corresponding to the left y-axis represents Case 3 where the wind tur-
bine provides 20% FCR. The second blue curve at the bottom represents
Case 4 where the wind turbine provides 40% FCR. It can be observed from
Figure 4.6 that the reference power changes to accommodate the real-time
changes in FCR requirements based on the grid frequency.

Figure 4.7 presents 9 different graphs to present the dynamic axial, ra-
dial and equivalent forces acting on the main bearing. The load levels pre-
sented in Figure 4.7 correspond to the wind speed of 4 m/s, 12 m/s and
25 m/s. These levels are chosen such that the forces in low, medium and
high wind speed ranges can be presented. However, it should be noted that
the simulations are performed for each load level from 3 to 25 m/s.

In Figure 4.7 each graph consists of 4 curves, representing the 4 cases,
i.e.: No FCR, 20% deloaded, 20% FCR and 40% FCR. Figure 4.7 (a), Fig-
ure 4.7 (b) and Figure 4.7 (c) present the axial forces for the 3 load levels.
It can be seen that the first 2 curves corresponding to No FCR and 20%
deloaded tests, even though oscillating (for Vs=12 m/s and Vs=25 m/s), are
relatively steady compared to the last 2 curves, where FCR is provided.
With the varying grid frequency, the power output is changed through
torque and pitch control, resulting in a varying axial force.

Figure 4.7 (d), Figure 4.7 (e) and Figure 4.7 (f) present the radial forces
for the 3 load levels. The radial forces for each of these cases is relatively
lower compared to the axial forces. For the low wind speed of 4 m/s, in
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Figure 4.6: Power reference for 20% FCR and 40% FCR cases

Figure 4.7 (d) the radial forces are close for these cases. A clear effect of
providing FCR on the radial forces can be observed in Figure 4.7 (e).

Figure 4.7 (g), Figure 4.7 (h) and Figure 4.7 (i) present the dynamic
equivalent force. The dynamic equivalent force is calculated as explained
in Section 4.3.1. A combined effect of both axial and radial forces can
be observed here. The impact of these two forces on the calculated Pd is
dependent on the empirical factors bx and by. The lifetime of the main bear-
ing of the wind turbine is directly related to its basic dynamic load rating
C. The value of C varies based on the strength of the bearing. In order to
study the loading and lifetime depending on different design choices, the
range of 0.75C to 1.25C is used in the simulations, where C is as defined
in Section 4.2.1.
The results of bearing lifetime are presented in Table 4.1. The results show
that the highest lifetime is in the case of No FCR for all C values. It can
be observed that the difference in lifetime as compared to the other 3 cases
is higher for higher C values and lower for lower C values. It can also be
observed that the values for 20% deloaded and 20% FCR cases are close.
The least lifetime is observed for the 40% FCR case. The presented re-
sults, firstly point to the effect of higher C rating on the bearing lifetime. A
higher C consistently gives a higher lifetime estimate for the main bearing.
Secondly, it can be noted that a lifetime reduction for the main bearing is
associated with providing FCR. Figure 4.8 presents a graph of the chang-
ing lifetime with increasing β, where β represents the amount of provided
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FCR. The different curves in Figure 4.8 represent the lifetime for differ-
ent C ratings that correspond to the basic dynamic load rating values. It
is observed that the main bearing lifetime reduces with the increasing β.
However, for higher C rating cases, it is seen that the lifetime is higher than
the average lifetime of the studied wind turbine, i.e., 20 years. An informed
decision can be made based on this research and the economics of wind tur-
bine operation, such that if the cost of using a high C rated main bearing
can be compensated by the revenue generated from the provision of FCR,
then it is indeed an advantage to provide FCR with a wind turbine. On the
other hand, if the C rating of the main bearing is low, it is not advisable to
provide FCR due to its detrimental impact on lifetime.

C No FCR 20% deloaded 20% FCR 40% FCR
0.75 13.88 8.88 9.02 8.1

0.8 17.21 11.01 11.19 10.02
0.85 21.06 13.48 13.7 12.26

0.9 25.49 16.31 16.57 14.84
0.95 30.52 19.53 19.84 17.77

1 36.21 23.17 23.54 21.08
1.05 42.6 27.27 27.7 24.81

1.1 49.75 31.84 32.35 28.97
1.15 57.69 36.92 37.51 33.6

1.2 66.49 42.55 43.23 38.71
1.25 76.18 48.75 49.53 44.36

Table 4.1: Bearing life in years

4.5 Conclusion

In this study, the bearing lifetime of a wind turbine primary shaft has been
studied. The importance of this study lies in the fact that there is an increas-
ing participation of wind turbines in the ancillary services market. This
participation is expected to grow in the coming years as a result of high
penetration of wind power in the energy mix. In such a scenario, it is cru-
cial to conduct research on the impact of providing ancillary services on the
wind turbine components. The scope of this study is about a specific com-
ponent of the wind turbine, its main bearing. The choice of the component
is based on the relative cost and downtime associated with the maintenance
and replacement of this component. The study explored several different
cases and methods of FCR control. A common observation from this study
is a clear impact of providing FCR on the lifetime of the main bearing of
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Figure 4.7: Dynamic forces acting on the wind turbine main bearing
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Figure 4.8: Bearing life versus β for different basic dynamic load rating values

the wind turbine. The study concludes that the impact of FCR provision
on the lifetime of the main bearing is subjective to the amount of FCR pro-
vided and the C rating of the bearing. Considering the No FCR case as
the base case, a lifetime reduction of 36% is observed for the case when
the wind turbine operates 20% deloaded. A lifetime reduction of 35% and
41.8% is observed for the cases of 20% FCR and 40% FCR, respectively.
This trend holds for the entire range ofC rating simulated in this study. It is
also observed that to achieve the same bearing lifetime as the No FCR case,
an oversizing of approximately 15% and 20% in the C rating is required
for the 20% FCR and 40% FCR cases, respectively. Based on this study
a higher FCR provision can be suggested for a wind turbine consisting of
bearings with higher basic dynamic load rating.
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5
Prediction-based Wind Turbine

Operation for Active Participation in
the Day-Ahead and Reserve Markets

In the previous chapters the topics of wind turbine capabil-
ity to provide ancillary services and its physical impacts such
as wake and component loads are addressed. The techno-
economic aspect related with wind turbine participation in
day-ahead and reserve markets are presented in this chap-
ter. Electricity markets around the world are opening up to
a greater contribution from wind power producers (WPPs).
In this regard, WPPs are incentivised to participate in both
energy and reserve market floors while being responsible for
real-time deviations from their submitted bids. Therefore, de-
spite uncertainties in wind speed and system frequency, effec-
tive control systems should be developed to enable WPPs to
respond reliably concerning their committed day-ahead bids,
as flexible conventional power plants do. However, designing
a control system for WPP to regulate their capacity margin and
output power as per the offered reserve bid is challenging, as
a fast response with respect to the offered balancing service is
required. This study proposes an effective control system that
allows WPP to regulate their set-points so as to provide the
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committed reserve power while considering the real-time wind
variations. A machine-learning algorithm based on the Adap-
tive Neuro-Fuzzy Inference System (ANFIS) is used to predict
the wind speed of the following instances, to be used as input to
the control system. Several wind profiles are generated to sim-
ulate a practical case study, including real and predicted cases
with varying levels of turbulence. Finally, the effectiveness of
proposed control strategies on the WPP’s profit is evaluated.

The rest of this chapter is structured as follows: Section 5.1
presents the introduction to the study. The models related to
the study and their specifications are presented in Section 5.2.
The wind profile design and prediction method is presented in
Section 5.3. The control and the proposed operation strategies
are presented in Section 5.4. The results with illustrative exam-
ples and techno-economic analysis is presented in Section 5.5.
Finally, Section 5.6 draws the conclusions. The content of this
chapter has been published in [1].
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5.1 Introduction

The participation of wind energy in the ancillary services market is a matter
of concern due to the inherent uncertainty and intermittent nature of wind
power. The increasing participation of renewable energy in electricity mar-
kets tends to create a degradation of the frequency response. A possible
solution to this problem and a way to increase WWP’s profit, is increased
participation of WPPs in the reserve market [2]. Studies have shown the
feasibility of wind turbines in providing ancillary services such as primary
reserve [3]. Also, the electricity markets around the world are increasingly
offering shorter procurement periods for reserve power. These develop-
ments have incentivised a sustained research in this field. However, for ac-
tive participation in the joint day-ahead energy and reserve market (JERM)
a fast response control system is required. There are several methods for the
control of a direct-driven wind turbine [4]- [6]. A generator control method
that uses interior permanent magnet synchronous generator (PMSG) con-
trolled by a direct torque control scheme is presented in [7]. An improved
direct torque control method for smooth power injection and short circuit
protection is presented in [8]. These control strategies are widely used for
variable-speed generation and for extracting the maximum power available
in the wind. However, the control system proposed in this study aims to ex-
plore the wind turbine control design that is capable of following not only
the grid frequency but also the fast-varying wind speed in order to adjust
the power output in real-time and maximise the WPP’s profit. The proposed
control system is validated with several tests for different control designs
and wind profiles with different turbulence intensity levels (TIL). These
wind profiles are then processed using a machine learning algorithm based
on ANFIS to predict the wind speed data. The real and predicted wind pro-
files are then used in different case studies to analyse the control response.
Finally, the results from the different operation strategies are evaluated fo-
cusing on the WPP’s profit in the electricity market. The key contribution of
this study is proposing an advanced control strategy for reserve provision
as well as evaluating the financial outcomes of such strategy for a WPP
participating in JERM.

5.2 Model

The simulation setup consists a wind turbine model in FAST, a generator
model in MATLAB Simulink as presented in Section 2.2. Additionally, a
machine learning algorithm for wind speed prediction. These models are
interconnected for a co-simulation with loop communications at each time-
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step of the simulation.

5.3 Wind profile design and prediction

TurbSim, an open source tool is used to generate the primary wind field
used in the simulations. The IEC Kaimal turbulence model is used to gener-
ate several wind profiles with different TIL. This study also uses a machine-
learning algorithm based on ANFIS to predict the time-series wind speed
data. It involves building a fuzzy-based neural network that learns historical
wind information and uses it to observe future sequences [9]. Fortunately,
high-quality offshore wind profile measurements are now possible using
LIDAR technology, which provides a full 3D spatial mapping of the wind
field at multiple heights [10]. The time-series prediction represents a model
that uses past values to predict future values. Historical time-stamped wind
data are entered into the ANFIS structure as inputs, and the predicted future
data will be expected as an output. In general, a non-linear autoregressive
model represents this prediction, obtained by the following equation:

x(k + t) = f [x(k), x(k − 1), x(k − 2), ..., x(k − n− 1)] (5.1)

where, the function f can find the nonlinear relationship of past, present,
and future values of the x over a set period t. In this study, the FIS structure
is generated using fuzzy c-means clustering. The Gaussian distribution is
considered for membership functions. For training the network, 750,000
data samples are obtained from an hour wind simulation, in which 70% of
the data points are randomly chosen for training the network and 30% of
the data points are used for test and validation. The training and testing
results are shown in Figure 5.1.

5.4 Control and operation strategy

In what follows, the control system and different operation strategies will
be described. The operation strategies determine the power set-point, which
is tracked by the control system.

5.4.1 Control system

The control system developed for this research aims to track the maximum
power point as well as time-varying deloaded power set-points, in order to
track the grid frequency and wind speed as per the bids offered in the energy
and reserve markets. The controller at its base is a field oriented control, as
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Figure 5.1: Train and test datasets for ANFIS model (60-min).

presented in Section 2.3. The control design is based on the 200 mHz sym-
metrical ancillary service as defined in Section 1.3. Figure 1.12 shows a
graphical representation of this service. The frequency based time-varying
reference power Pref is defined in (5.2). For a WPP participating in the
reserve market with a bid of PRM must maintain Pref as the sum of base
power Pbase and frequency based power Pf(t). Pf(t) is a time varying
quantity proportional to the grid frequency. Pf(t) varies linearly between
-PRM and +PRM for the grid frequency of 50.2 Hz and 49.8 Hz respec-
tively. A controller following such service must be capable to follow these
downwards and upwards ramps within the specified time. However, for the
research presented in this chapter only the frequency range within 49.8 Hz -
50 Hz is considered, as this range requires power up-regulation which is a
more complex control implementation.

Pref = Pbase + Pf (t) (5.2)

For the operation strategy that uses wind speed to determine the maxi-
mum available power, a lookup table based on the power curve of the wind
turbine is used. The power curve of the wind turbine is presented in Fig-
ure 2.5. For the performance analysis of the controller, a test as presented
in Figure 5.2 is simulated. Two cases with a highly turbulent wind speed
are simulated. The grid frequency in the two cases is on the margins of the
200 mHz symmetrical service, i.e., 49.8 Hz and 50.2 Hz respectively. A
5 MW wind turbine offering 1 MW of FCR for such a service will need
to maintain a base power of 4 MW and a ramp-up and ramp-down of the
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power output within the range of 3-5 MW, based on the grid frequency. The
controller shows an efficient performance and the maximum error in both
these cases does not exceed 1%.

Figure 5.2: Controller performance

5.4.2 Operation strategy

The optimal decisions framework, developed in [11], is considered for the
participation of the WPP in JERM. The market incentives in the day-ahead
market for energy and reserve floors are 33 C/MWh and 34 C/MW, respec-
tively. Also, the market rate regarding energy imbalance settlement (EIS)
for deficit and surplus of generations are, 35 C/MWh and 30 C/MWh, re-
spectively. Finally, the balancing stage penalty rate regarding the unavail-
ability of the offered FCR in real-time is 45 C/MW. The employed decision
tool considers wind uncertainty and market incentives to return the opti-
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mal share of power assigned to energy and reserve market floors, thereby
maximizing the WPP’s profit. In this regard, the optimal decisions con-
cerning the day-ahead energy PEM and reserve bids PRM are respectively,
0.5 MWh and 1.78 MW. Hence, the fixed day-ahead revenue of WPP in the
day-ahead energy and reserve market is C 16.49 and C 60.72, respectively.
Additionally, the employed decision tool considers financial compensations
regarding real-time energy and reserve power bids deviations.
In Figure 5.3, three operation strategies are introduced to evaluate the ef-
fectiveness of the proposed control system. Notably, the evaluation is per-
formed based on wind speed profiles with medium and high TIL (5% and
10%, respectively), for a duration of 1 hour. At first, an illustrative case,
using two wind profiles, is presented to observe the advantages of the pro-
posed method.

5.4.2.1 Operation strategy 1

Operation Strategy 1 (OS-1) uses an advanced control strategy where the
reference power of the control system is not only based on system fre-
quency and the day-ahead optimal bids but also based on the actual wind
speed. This ideal strategy assumes that the real-time wind speed is known.
Therefore, the control is designed such that if the maximum available power
Pmax in the wind is greater than PRM, the reference power Pref is equiva-
lent to Pmax - PRM. Whereas, if Pmax is less than PRM, Pref is maintained
at 0. In this way, the reserve market bid is given priority.

5.4.2.2 Operation strategy 2

Operation Strategy 2 (OS-2) is a naive strategy which merely employs a
static reference power along with system frequency to adjust the wind tur-
bine’s output so as to maintain the scheduled reserve capacity margin. The
controller is designed to linearly operate to generate Pref equal to set-points
2.28 MW and 0.5 MW for the two frequency cases of 49.8 Hz and 50 Hz,
respectively. The wind dynamics are disregarded in this strategy. These
fixed set-points correspond to the power quantities regarding the energy
and reserve markets obtained by the optimal decision tool.

5.4.2.3 Operation strategy 3

Operation Strategy 3 (OS-3) is an operable implementation of the advanced
variable reference control strategy based on a predicted wind speed and the
day-ahead optimal bids. Since the actual wind speed for the next time-step
is unknown to the control system, in order to implement OS-1, a prediction
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of wind speed at the next time-step is required. Therefore, in OS-3, a pre-
diction model cfr. § 5.3, is utilized to predict the wind speed. Pref , in this
strategy is determined using both, real wind Vreal and predicted wind Vpred
values such that the upper bound of Pref is limited by Vreal based Pmax.
To implement this, Vpred is compared to Vreal at each time-step. If Vpred is
greater than Vreal, then Pref is based on Vreal. Else, Pref is based on Vpred.

Operation
strategy 1

Operation
strategy 2

Operation
strategy 3

True

FalsePmax > PRM

Pref  = Pmax - PRM

Pref = 0

True

FalseVpred > Vreal

Pref  is based
on Vreal

Pref  is based
on Vpred

Figure 5.3: Operation strategies
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5.5 Results

5.5.1 Illustrative example

Figure 5.4 shows the real-time power submitted to the energy-only market
(blue lines). In this case, the system frequency during the 1-hour dynamical
ex-post simulation is set to 50 Hz, thus the reserve capacity is not activated.
On the other hand, the red lines show the wind turbine output power for
a system frequency below 49.8 Hz. In this case, the output power is the
summation of the activated reserve capacity and the power submitted to
the energy market. Importantly, the area between these 2 curves shows the
power that is potentially kept as reserve capacity. Figure 5.4 (a) - (b) shows
the harvested wind power using the ideal strategy, OS-1, for wind profiles
with both 5% and 10% TIL. The average output power to the energy market
for 5% and 10% TIL is respectively, 0.438 MW and 0.545 MW. Moreover,
the wind turbine’s mean output power for full reserve power activation is
2.215 MW and 2.261 MW, respectively. This can be interpreted as leaving
a capacity margin of 1.778 MW and 1.716 MW regarding the 5% and 10%
TIL. With this approach, WPP can stay around its submitted day-ahead en-
ergy and reserve bids in real-time. The naive strategy, OS-2, submits an
average power of 0.5 MW to the energy market regardless of the TIL. Also,
the total average submitted power to the network when the reserve is fully
activated for TIL 5% and 10% is, respectively, 2.116 MW and 2.010 MW.
Thus, the maintained mean capacity margin is 1.616 MW and 1.510 MW
for the medium and high TILs, respectively. Note that, as seen in Fig-
ure 5.4 (c) - (d), while the average area between the two curves is still fairly
close to PRM , there are several periods with power deficits concerning the
scheduled reserve power. On the other hand, as seen in Figure 5.4 (e), the
total power submitted to the energy market using the proposed strategy, OS-
3, is 0.418 MW and 0.447 MW, for 5% and 10% TIL, respectively. Also,
as shown Figure 5.4 (f), for a system frequency less than 49.8 Hz, OS-3,
returns a mean output power of 2.108 MW and 2.033 MW for TIL of 5%
and 10%, respectively. It means that OS-3, on average, is able to keep a
reserve capacity of 1.5861 MW and 1.6896 MW concerning the wind pro-
files with 5% and 10% TIL, respectively. Remarkably, while the average
reserve power in OS-3 is lower than the naive strategy, OS-2, the periods
with a high deficit of reserve power availability are lower than OS-2 (this
is seen in Figure 5.4 (c) - (d) and is further verified in the next subsection
by comparing the real-time market penalties). Accordingly, the average re-
serve capacity margin kept in real-time, and well as the average submitted
power to the energy market is not only close to the day-ahead bids, but also
similar to the one obtained by the ideal strategy, OS-1 as compared to OS-2.
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Figure 5.4: Power outputs and reserve margin

5.5.2 Out-of-sample analysis

While observing the overall effectiveness of the proposed control strategy
using the illustrative example, an out-of-sample analysis is performed (see
Table 5.1). In this way, we are able to correctly evaluate the advantages of
the proposed control strategy with respect to the expected in-sample results
(obtained by the bidding model as reported in the last column of Table 5.1)
and other strategies. The expected market revenue streams, i.e., contribu-
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Table 5.1: Revenue (C)

OS-1 OS-2 OS-3 Expected

TI 5% 10% 5% 10% 5% 10% -

ΠE+ 0 2.02 0 0 0 0.2 3.69

ΠE− -2.17 -0.78 0 0 -2.86 -2.08 -5.85

ΠR− -2.13 -5.97 -9.1028 -14.69 -4.759 -9.628 -0.57

Π 72.91 72.48 68.10 62.52 69.591 65.702 74.49

tion regarding EIS for deficit ΠE− and surplus ΠE+ of generation, as well
as the balancing stage penalty ΠR−, will be compared to three operation
strategies in order to evaluate their performance. As seen in Table 5.1, the
penalty paid by WPP using the ideal control strategy, OS-1, is close to the
expected revenue streams. Specifically, in this case, the total revenue of
the WPP (Π) for 5% and 10% TILs are, respectively, C 72.91 and C 72.48
(which is close to the corresponding expected value C 74.49). On the other
hand, the naive model, OS-2, is unable to provide the reserve power for
many periods, thus paying a high penalty at the balancing stage (i.e., C -
9.1028 and C -14.69 regarding 5% and 10% TIL, respectively). Therefore,
the overall revenue is greatly lower than the expected values (C 68.10 and
C 62.52 respectively, for TIL of 10% and 5%). Finally, it is seen that the to-
tal revenue obtained by the practical realization of the ideal strategy, OS-3,
acquires a higher profit than the OS-2 (i.e., C 69.591 and C 65.702 for 5%
and 10% TILs). That is since the penalty paid by WPP due to the inability
to activate the committed reserve is lower than OS-2.

5.6 Conclusion

An operation strategy is developed that allows WPPs to participate in the
JERM. The proposed control strategy not only takes system frequency
and scheduled bids as input but also predicts the wind speed of the next
time-step to properly adjust the reference power, thus providing the reserve
power. The controller is validated with an efficient performance for several
cases with varying level of TILs. The effectiveness of the proposed con-
trol strategy is also validated ex-post, based on the optimal WPP bidding
decisions.
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6
Wind Turbine Load Aware Operation

In Chapter 4, it was established that the provision of ancil-
lary services impact the load and lifetime of the wind turbine
main bearing. The study presented in this chapter takes all
the major loads on the wind turbine into account. This load-
ing on different parts of the wind turbine can possibly result in
sub-optimal performance leading to a reduced net power out-
put or even a faster degradation of the wind turbine. On the
other hand, no or low participation of a wind turbine in an-
cillary services market will lead to a lesser revenue on a long
term. Moreover, low participation of wind turbines in the an-
cillary market will eventually limit the amount of wind power,
since the ancillary services are needed to stabilise the grid and
must then be provided by other energy sources. Addressing
this challenge requires a holistic method to gauge both load
and revenue for wind power producers (WPP), thus enabling
them to make informed decisions. This study firstly presents a
method of calculating major loads on the wind turbine. Then,
a load-aware optimisation method of wind power scheduling
in JERM is proposed that provides WPPs, an ability to strike
a balance between revenue and the physical loading of wind
turbine.
The rest of this chapter is organised as follows: Section 6.1
presents an introduction to the study. Section 6.2 describes
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the model and data used in this study. Section 6.3 presents the
methodology used to calculate the loads on the wind turbine as
well as the optimisation strategy. In Section 6.4, results from
this study are discussed. The conclusion of this study is derived
in Section 6.5.
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6.1 Introduction

The participation of wind farms in JERM is a lucrative avenue for the
WPPs. Studies point to an increase in the revenue of WPPs as a result
of participating in the ancillary service market. A study exploring the ad-
vanced bidding strategy dedicated to optimal dispatch of WPP in the JERM
is presented in [1]. The revenue generated using this technique has shown
an increase in the revenue of WPP. A data-driven probabilistic energy and
reserve bidding approach for wind turbines participating in reserve market
has also concluded similar results [2].

Although the ancillary services market is a lucrative avenue for the
WPPs, the physical loading of the wind turbine may be affected by these
control techniques. There has been some research regarding the physical
loading of the wind turbine. The impact of loads on composite wind tur-
bine blades is studied in [3]. Loads on wind turbine blades are studied by
using finite element analysis in [4]. Load identification of a wind turbine
tower using Kalman filtering techniques is presented in [5]. Dynamic anal-
ysis of offshore wind turbine tower subjected to wind and wave loading is
shown in [6]. There are also studies that explore the global physical loading
of the wind turbine [7], [8] and [9]. Amidst all these studies, there exists
limited literature on the effect of ancillary services provision on the loading
of the wind turbine components. A study presented in [10] studies the ef-
fect of such loading although it is confined to the main bearings of the wind
turbine. Wind turbines face a range of issues during their operation such as
malfunctioning components, misalignment of bearings, unbalanced rotor,
blade erosion and icing, etc. to name a few. There is a need to quantify the
overall major loads on a wind turbine and moreover to study the impact of
ancillary service provision on these loads.

To this end, this study proposes a load-aware optimisation method of
wind power bidding in the JERM. The purpose of the developed method
is not only to maximise the profit of the WPP but also to create an opti-
mal balance between the net market revenue and the physical loads on the
wind turbine. Firstly, a methodology is developed to calculate the physi-
cal loading on different components of the wind turbine, namely, the main
bearing, the blades, the shaft and the tower. These loads are calculated for
different reserve market bids. These loads are then used as an input into
an optimisation problem that generates energy and reserve market bids for
profit maximisation of the WPP while taking into account the wind turbine
loading.

This chapter is organised as follows: Section 6.2 describes the model
and data used in this study. Section 6.3 presents the methodology used to
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calculate the loads on the wind turbine as well as the optimisation strategy.
In Section 6.4, results from this study are discussed. The conclusion of this
study is derived in Section 6.5.

6.2 Models and data

The models used in the study include the wind turbine, the permanent mag-
net synchronous generator and the control systems used for torque and pitch
control of the wind turbine. These models are as presented in Section 2.2
and Section 2.3. The torque and pitch control design used for this study are
as presented in Section 2.3. The wind data used for the simulations in this
research work are generated by using TurbSim [11]. The mean wind speed
is 6 m/s with a turbulence intensity of 5 %, as presented in Figure 6.1.
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Figure 6.1: Wind profile used for the simulations

6.3 Methodology

The methodology used in this study is developed for a wind turbine partici-
pating in JERM, where bids are submitted day-ahead for energy and reserve
markets by the WPP. The methodology is outlined in Figure 6.2.
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Figure 6.2: Methodology
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With the inputs of wind profile, grid frequency, model parameters and
the reserve market bid, software-in-the-loop simulations are performed to
calculate the loads on different sections of the wind turbine. As an output
from these simulations a mapping between the reserve bid and total loading
is achieved. Incorporating the derived loading map as a penalty term into
the WPP’s scheduling objective function, our proposed model strategically
optimizes the WPP profit while mitigating wind turbine loads. The opti-
mal decision variables of the model yield reserve and energy market bids.
Additionally, the revenues and real-time compensations are also calculated.
The following subsections present the calculation methods in detail.

6.3.1 Load calculation

The total load on the wind turbine, referred to as L consists of 4 different
loads. TheRMS values of these loads from simulations for a time period of
300 s for each case are used. These loads associated with the main bearing,
blades, shaft and the tower are presented in the following subsections.

6.3.1.1 Bearing load

The bearing load calculations are performed based on the method presented
in [10]. The forces acting on the main bearing of the wind turbine are, axial
force Fa (in N), lateral force Fv and vertical force Fl. Figure 6.3 shows
these three forces acting on the wind turbine. Fa is calculated as the average
of the 3 blade root forces Fb1, Fb2 and Fb3 as in (6.1). The radial force Fr

(in N) is calculated using Fl and Fv as in (6.2). The root mean square
(RMS) of the two forces are then used to calculate the dynamic equivalent
force Lbr acting on the main bearing as in (6.3). Here, t and T represent the
time variable and the total duration of the simulation, respectively. bx and
by are dimensionless empirical factors for load calculations in a spherical
roller bearing.

Fa =
Fb1 + Fb2 + Fb3

3
(6.1)

Fr =
√
F 2
l + F 2

v (6.2)

Lbr =

√
1

T

∫ T

0

[
bxFr(t) + byFa(t)

]2
dt (6.3)
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Fzbln,spm
Fxbln,spm

Fybln,spm Fv
Fl Fa

shaft

FzTB

FxTB
FyTB

Figure 6.3: Forces acting on the wind turbine

6.3.1.2 Blade load

In the wind turbine model used for the simulations, each of the three blades
are divided into 9 spans along the length of the blade. Each of these spans
are subjected to forces directed along x, y and z axis. These forces and the
division of the wind turbine blade in 9 spans is represented in Figure 6.3.
The equivalent of the 3 forces on each span is calculated as per (6.4), where
n is the number of blade (from 1 to 3) and m is the number of the span
(from 1 to 9). The total blade load Lbl is then calculated as the RMS of the
individual forces on each span of each blade as in (6.5). Note that the time
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dependence (t) is omitted to not overload the equations.

Fbln,spm =
√
Fx2bln,spm + Fy2bln,spm + Fz2bln,spm (6.4)

Lbl =

√√√√ 1

T

∫ T

0

(
9∑

m=1

Fbl1,spm + Fbl2,spm + Fbl3,spm

)2

dt (6.5)

6.3.1.3 Shaft load

The shaft load comprises of rotating shaft bending moment at the shaft’s
strain gauge along y and z axis (in Nm). The bending moments are then di-
vided by the distance from rotor apex to calculate the two equivalent forces
Fysh and Fzsh (in N) along y and z axis, respectively. These coordinates
follow the similar plane as Fl and Fv, as shown in Figure 6.3. Finally, the
total shaft load Lsh is calculated using the RMS of the equivalent forces as
shown in (6.6).

Lsh =

√
1

T

∫ T

0

[
Fy2sh(t) + Fz2sh(t)

]
dt (6.6)

6.3.1.4 Tower load

The tower loads are divided into two categories, the loads associated with
the main structure of the tower LTM and the loads at the base of the tower
LTB . For the calculation of LTM , the tower is divided into 9 sections. Each
section of the tower is subjected to forces FxTM , FyTM and FzTM along
x, y and z axis, respectively. The section of the wind turbine tower and
associated forces are presented in Figure 6.3. The equivalent force at each
of the sections is calculated as in (6.7), where k represents the section of the
tower from 1 to 9. LTM is then calculated as the sum of loads on each of
the section as in (6.8). The tower base loads FxTB , FxTB and FxTB (in
N) are directed along x, y and z axis respectively. The equivalent load on
the tower base, LTB is calculated as in (6.9). Finally, the total tower load
Ltwr is calculated as the sum of tower main and base loads as in (6.10).

LTM (k) =
√
Fx2TM (k) + Fy2TM (k) + Fz2TM (k) (6.7)

LTM =

√√√√ 1

T

∫ T

0

(
9∑

k=1

LTM (k, t)

)2

dt (6.8)
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LTB =

√
1

T

∫ T

0

[
Fx2TB(t) + Fy2TB(t) + Fz2TB(t)

]
dt (6.9)

Ltwr = LTM + LTB (6.10)

6.3.1.5 Equivalent load metric

The equivalent load metric,L is calculated as weighted sum of the four indi-
vidually calculated loads as in (6.11). Here L does not symbolise the phys-
ical load on the wind turbine quantitatively. Rather, the physical loading is
converted into a cost term L as equivalent load metric using the weight fac-
tors a, b, c and d. To determine the values of these weight factors, informed
by their economic implications, a base case simulation is conducted over
a duration of 3000 s. The weight factors based on the base case are setup
such that each individual term on the right hand side of (6.11) is equivalent
to 0.25. Hence, making the base value of L equal to 1. This arbitrary choice
is made to demonstrate the functioning of the methodology. However, these
are adjustable factors and can be tuned by the wind farm operator based on
the economic costs associated with each of these components.

L = aLbr + bLbl + cLsh + dLtwr (6.11)

6.3.2 Optimisation

The optimisation strategy presented in [1] proposed a wind power schedul-
ing framework that accounts for the revenue stream from both day ahead
and real-time stages of the energy and reserve markets. However, in this
strategy the loads acting on the wind turbine due to the optimal bids in
JERM are not accounted for. For this study, the optimisation strategy has
been improved to include the effect of wind turbine loading. The optimisa-
tion is performed in Matlab, using the Gurobi optimiser [12]. Based on the
optimisation, optimal decisions are made to maximise the revenue of the
WPP while taking the wind turbine physical loading into account. The ob-
jective function is stated in (6.12). Here, L as defined in (6.11) is the factor
based on the mapping generated from the load calculations. The day-ahead
bids related to the energy and reserve markets are, respectively, shown by
Embid and Rmbid. α is a dimensionless variable weight factor associated
with the load L. λsp and λcap are the spot market and the reserve capacity
prices, respectively. λBU and λBD are imbalance prices for surplus and
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deficit, respectively. λcp is the unavailability penalty price for the reserve.
πω is the probability of occurrence of the scenario. δt is the market time unit
equal to 1 hour. Ω/ω represents the scenario index/set. ∆Puω, ∆Pdω are the
positive and negative deviation of injected power at scenario ω. ∆Rdω is
the deviation of available capacity margin from the offered bid at scenario
ω.

J = −αL + λspEmbid∆t + λcapRmbid +
∑
ω∈Ω

πω {∆t (λBU∆Puω − λBD∆Pdω − λcp∆Rdω)}
(6.12)

The loading constraint used for the optimisation is shown in the follow-
ing equation. This constraint takes into account the impact of increasing
Rmbid on the overall loading of the wind turbine. The choice of using only
reserve market bid is based on the fact that the most influential factor of
the wind turbine loading is the amount of reserve power provided since it
has to be injected to the network dynamically thus affecting the load on the
wind turbine. The values of p1 and p2 are calculated as shown in (6.14) and
(6.15).

L = p1Rmbid + p2 (6.13)

p1 =
n
∑n

i=1(RmbidiLi)− (
∑n

i=1Rmbidi) (
∑n

i=1 Li)

n
∑n

i=1Rm
2
bidi

− (
∑n

i=1Rmbidi)
2 (6.14)

p2 =

∑n
i=1 Li − p1

∑n
i=1Rmbidi

n
(6.15)

The other constraints associated with the optimisation are listed in the
following equations. Here, Qc is the amount of the offered bids for the day-
ahead market. Pω,Rω andQω are the delivered power to the energy market,
available reserve power and the total available wind power at scenario ω.
M is a large positive constant for mixed integer programming. δ is the
binary variable associated with the sufficient power capacity.
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Embid +Rmbid = Qc (6.16)
Pω +Rω = Qω (6.17)

Embid − Pω = ∆Pdω −∆Puω (6.18)
Rmbid − Rω ≤ ∆Rdω (6.19)
Qω − Rmbid −Mδ ≤ 0 (6.20)

Qω − Rmbid +M(1− δ) ≥ 0 (6.21)
Rω ≤ Rmbid (6.22)
Rω ≤ Qω (6.23)

Rω ≥ Rmbid −M(1− δ) (6.24)
Rω ≥ Qω −Mδ (6.25)

6.3.3 Revenue calculation

The revenue calculations for a wind turbine participating in JERM are pre-
sented in this section. The total revenue consists of energy and reserve
market revenues. All the revenue calculations are performed for a duration
of 1 hour. The combined revenue from energy market and imbalance set-
tlement, REI is calculated as shown in the following equation. It accounts
for the spot market price, the optimal reserve power bid, the positive and
negative deviations of injected power and the respective imbalance prices
for surplus and deficit.

REI = λspEmbid∆t +
∑
ω∈Ω

πω∆t(λBU∆Puω − λBD∆Pdω) (6.26)

The revenue generated by WPP in the day-ahead reserve market, RDR

is determined by multiplying the reserve capacity price by the optimal re-
serve power bid, as shown in the following equation.

RDR = λcapRmbid (6.27)

The following equation uses unavailability penalty price for the reserve
and deviation of available capacity margin from the offered bid to calculate
RPB , the penalty incurred by WPP during the balancing stage.

RPB =
∑
ω∈Ω

πω∆t(−λcp∆Rdω) (6.28)

The total revenue from participating in the reserve market and balancing
stage, RRB encompasses both the reserve capacity price and penalties. It
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takes into account the optimal reserve power bid, the unavailability penalty
price, and the deviation of available capacity margin from the offered bid.

RRB = λcapRmbid +
∑
ω∈Ω

πω∆t(−λcp∆Rdω) (6.29)

The overall profit R is the sum of various revenue components, includ-
ing revenue from the energy market, reserve market, and imbalance settle-
ment as shown in the following equation.

R = λspEmbid∆t + λcapRmbid +
∑
ω∈Ω

πω∆t (λBU∆Puω − λBD∆Pdω − λcp∆Rdω)

(6.30)

6.4 Results and discussion

A first set of simulations are performed to find a mapping function between
the reserve market bid and the loading of the wind turbine. The reserve bid
is varied in the range of 0 MW to 0.75 MW in steps of 0.05 MW. These
simulations are performed with a 6 m/s wind profile with 5 % turbulence as
shown in Section 6.2. The other inputs to the coupled model of wind turbine
and generator are, grid frequency, model parameters and the reserve market
bid, as presented in Figure 6.2. For each of these simulations, the loads on
different parts of the wind turbine are analysed. Figure 6.4 shows the forces
in the base case which is simulated to define the base values of the weight
factors associated with each of the 4 loads, as explained in Section 6.3.1.5.
This simulation is performed for a duration of 3000 s. Figure 6.4 (a) and (b)
show the axial and radial forces on the wind turbine bearing. Figure 6.4 (c)
and (d) show the loads on the span 1 and span 9 of the blade. Figure 6.4 (e)
and (f) show the load on shaft along the y and z axis. Figure 6.4 (g) and (h)
show the main load and base load of the tower.
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Figure 6.4: Forces acting of different wind turbine components
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Table 6.1 presents the results from the simulations in terms of the nor-
malised loading, Lbr, Lbl, Lsh, Ltwr andL representing the bearing, blades,
shaft, tower and the total loading respectively. The data in Table 6.1, while
demonstrating a clear increasing trend in loading with respect to Rmbid,
also reveals a predominantly linear characteristic. This validates our deci-
sion to employ linear regression as detailed in Section 6.3.2, through (6.13)
- (6.15). As Rmbid increases from 0 to 0.75, there is a noticeable rise in
each of the loading terms. Lbr exhibits a consistent increasing progres-
sion with its value increasing from 0.471 for no reserve bid to 1.027 for the
highest reserve bid in the range. Similarly, Lbl shows a consistent increment
from 0.403 to 0.828 as Rmbid increases. In contrast, Lsh and Ltwr demon-
strate a relatively marginal increase from 0.236 to 0.246 and 0.25 to 0.251
across the same Rmbid range, respectively. Notably, Lsh stabilises from
Rmbid value of 0.25 MW onwards. With the maximum influence coming
from Lbr and Lbl, Ltotal shows a consistent upward trend. The increased L
is due to the increased control action that in turn effects the forces acting
on different components of the wind turbine. This dataset establishes the
relationship between Rmbid and the corresponding load variations, indicat-
ing a trend of load increases with the rise in Rmbid. A corresponding graph
between the cumulative L and Rmbid is shown in Figure 6.5.
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Figure 6.5: Reserve market bid versus Loading
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Table 6.1: Normalised loading associated with the changing Rmbid [MW]
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The next set of simulations are performed by the optimisation model
(6.12)-(6.25), to evaluate the optimal market bids in order to balance the
wind turbine loads and the WPP’s revenue. The values of λsp, λcap, λBU ,
λBD and λcp for revenue related calculations are C 33, C 34, C 30, C 35
and C 45, respectively. In these simulations of a time period of 1 hour each,
different scenarios are studied in terms of α, which is the weight factor as-
sociated with L. The intent is to analyse the impact of weightage (α) of
L on the revenue and the optimised bids. Table 6.2 presents a synopsis of
the reserve market bids and expected revenue from JERM. An examination
of the data shows the impact of changing α on the optimal bid and vari-
ous presented revenues. Firstly, it is evident that Rmbid decreases with the
increasing α. The maximum reserve bid of 0.60 MW is offered when α
is zero, which means that the effect of L is not taken into account for the
optimisation. As the value of α gradually increases, a decreasing trend is
observed in the Rmbid. Eventually, for α values 75 and higher, the corre-
sponding Rmbid is zero.

The revenues associated with each scenario and the total profit are pre-
sented in Table 6.2. The revenue from energy market and imbalance settle-
ments, REI shows proportionate changes to the values of α. The value of
REI rises from C 5.02 to C 24.52, as α increases up to 75. The growth in-
dicates that the increasing values of α positively influence the revenue from
energy market. This is because with higher values of α, a greater portion
of energy is designated for Embid, while a lower amount is set aside for
Rmbid. This occurs due to the negative term L in the objective function be-
ing directly influenced by Rmbid. Expanding on this, it can be observed that
the revenue for the reserve market, RRB is highest for the lower values of
α and gradually decreases as the value of α increases. RRB is a combined
sum of the revenue in the reserve market RDR and the penalty in balancing
stage RPB . RDR is bound with α and thereby by Rmbid. Similar is the
case for RPB . As α grows, the amount of reserve offered reduces. As a re-
sult, due to the lower WPP’s deviations from the planned capacities, lower
penalties are incurred. The overall profit of the wind turbine participation
in JERM, the total revenue, R is also presented in Table 6.2. The values
of R include the revenues from energy and reserve markets along with the
penalties due to the unavailability. It can be seen here that the maximum
profit is earned when the value of α is zero, indicating that the impact of
loading, L is not taken into account. The least revenue is observed for the
higher values of α.

Another key observation is made by identifying the knee point in the
data trend. This is achieved by calculating the difference between consec-
utive data points of Rmbid and R. The allocated reserve bid Rmbid and



WIND TURBINE LOAD AWARE OPERATION 129

total revenue R, as presented in Table 6.2, pinpoint a knee point at the α
value of 75, as illustrated in Figure 6.6 and Figure 6.7. This suggests that
decision-makers can prioritize the loading of the wind turbine over a broad
range without sacrificing profit, up to an α value of 75. However, if the
emphasis on the wind turbine loading becomes significantly pronounced,
the rate of change in revenue (or the potential for revenue loss) becomes
steeper, rather than gradual. It should be noted that the values presented
here are for a single wind turbine, for 1 hour and for a low wind speed sce-
nario. The cumulative difference in the profit for a longer duration and for
an entire farm can be highly significant in the interest of WPPs.

Table 6.2: Revenues as a function of α

6.5 Conclusion

This study presents a novel method of wind turbine participation in JERM
using a load-aware profit maximising approach. A methodology is devel-
oped to aggregate the major loads of the wind turbine and present it as a
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Figure 6.6: Variation in Rmbid with respect to α
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single unit. The loading factor generated from this methodology acknowl-
edges the loads on the blade, main bearing, shaft and the tower of the wind
turbine. The aggregate loading is then used as an input to the optimisa-
tion problem that, given the constraints, maximises the WPP’s profit while
minimising the physical loading of the wind turbine. The results of this
study indicate that the physical loading of the wind turbine can be effec-
tively modeled as a function of the reserve bid. It is observed that when
considering the wind turbine loading in wind power scheduling, a lower
reserve bid is achieved as the loading weight increases. Similarly, as the
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loading weight rises, the market revenue decreases. This is because, unlike
traditional scheduling models that overlook the wind turbine loading and its
hidden costs, our model implicitly accounts for the costs associated with the
wind turbine physical health. Another crucial consideration for decision-
makers is that the profit and loss remains minimal across a broad range of
loading weights before experiencing a significant drop with only a slight
change in loading weight. Therefore, decision-makers should identify the
knee point in their data, as demonstrated in this study, to ensure a profit
that does not compromise turbine health significantly. The weight factors
a, b, c and d associated with the loads as defined in the study, provide the
WPP a useful tool at their disposal. These factors can be tuned as per the
costs and condition of these wind turbine components. Additionally, the
factor α associated with the physical loading in the bidding optimisation is
an adjustable factor that can be tuned to balance the revenue and the load-
ing as per the requirement of the WPP. In this way the WPPs always have a
trade-off option to create a balance between the physical load on the wind
turbine and the monetary benefit.
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7
Conclusions & future work

This chapter offers a summary of the conclusions drawn from
the preceding individual chapters. Additionally, the discus-
sions concerning potential future extensions and applications
derived from this work is presented in the subsequent sections.
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7.1 Conclusions

The growth of wind energy in the recent past has been remarkable. Wind
turbines have emerged as a clean, cost efficient and environment friendly al-
ternative to the conventional power sources. In the global effort to mitigate
greenhouse gases, the role of wind energy is indispensable. Wind energy is
advancing its step in major power systems around the world. On the other
hand, for the remote areas that face isolation from the power grid, wind
power is an excellent solution. In addition to its environmental benefits, the
wind energy sector also contributes to the economy by creating jobs.

Despite all the advantages, due to its discontinuous availability, wind
energy is considered an intermittent source of energy. Depending on the
amount of wind energy in the power mix, this variability leads to fluctua-
tions in the power grid that can potentially cause voltage and frequency de-
viations effecting the reliability of the power grid. Also, most wind farms
currently do not participate in ancillary services provision. Ancillary ser-
vices such as frequency control, reactive power and voltage control are es-
sential for maintaining a reliable power system. With the growing share of
wind energy, the current framework of power system is not feasible. An
increased participation of wind energy in the ancillary service market is the
need of hour. The advancements in wind forecast have come to an aid, pro-
viding the tools to have a more seamless and planned integration of wind
energy in the grid. This provides the wind farm owners to have a strong
dispatch plan. By offering these ancillary services, wind energy not only
provides an overall stability and efficiency to the grid but also opens ad-
ditional revenue stream for the wind farm owners. This dual role of wind
power, as both a clean energy source and a provider of ancillary services is
crucial to the green transition towards a more sustainable landscape. The
work presented in this dissertation addresses the issues related to ancillary
services provision from wind turbines. The research results are as follows:

Chapter-2 is the starting point of the research presented in this thesis.
Here, a fast acting, grid frequency following control system is developed. In
order to assess the capability the wind turbine to provide frequency support
ancillary services, the TSO established pre-qualification test is conducted
on the developed control system. Wind profiles with different turbulent in-
tensity are used to evaluate the control system performance in different sce-
narios. The test was focused on 200 mHz symmetrical FCR service provid-
ing frequency support within the grid frequency range of 49.8 Hz-50.2 Hz.
The test requires the FCR provider to ramp up and down the power output
within a given time range, based on the real-time grid frequency. From the
results, it is observed that the control error increases with the turbulence
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intensity of the wind. However, the control system is able to follow the pre-
qualification test under each of the tested scenarios. The control system
served as the foundational control framework that was further developed
and used in further studies presented in the following chapters.

In Chapter-3, wake studies are performed to analyse the effect of an-
cillary services provision on the wake behind a wind turbine. The torque
control based system is power regulated to provide FFR and FCR based
on 200 mHz symmetrical service. The robust Jensen wake model is used
to assess the behaviour of the wake. The results of this study showed the
replication of grid frequency in the wake behaviour at several radial and ax-
ial points downwind of the wind turbine. The wake behaviour is observed
to be varying with the axial and radial distances from the wind turbine. A
higher effect is observed at closer points. A clear impact of the changing
grid frequency was observed on the wake. It is also observed that the mag-
nitude of frequency support offered by the wind turbine and the slope of the
changing grid frequency are also active variables that affect the wake. The
results of this study can be useful to optimise the ancillary services partici-
pation as well as to design wind farms such that the effect of wakes can be
mitigated and maximum power can be derived from the wind farm.

In Chapter-4, the effect of varying load on the lifetime of the main bear-
ing of a wind turbine due to provision of FCR are studied. Main bearing is
one of the most important components of the wind turbine and is subjected
to varying loads due the changes in wind turbine control actions. The re-
sults point to a considerable reduction in lifetime due to the provision of
FCR. It is also observed that the impact of FCR provision on the lifetime
of the main bearing is subjective to the amount of FCR provided and the
C rating of the bearing. Based on this study a higher FCR provision can
be suggested for a wind turbine consisting of bearings with higher basic
dynamic load rating.

In Chapter-5, an optimisation strategy is developed that allows WPPs
to participate in JERM by taking grid frequency, scheduled bids and the
wind speed into the account. The study compared the traditional approach
of market participation to the proposed strategy. It is observed that the
proposed strategy generated higher profit for the WPP.

In Chapter-6, a novel method of wind turbine participation in JERM
using a load-aware profit maximising approach is proposed. The developed
methodology aggregates all the major loads on the wind turbine such as the
blade, the main bearing, the shaft and the tower loads into a single unit.
The aggregate loading is then used as an input to the optimisation problem
that, given the constraints, maximises the WPP’s profit while minimising
the physical loading of the wind turbine. The study shows that a wind
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turbine’s physical loading is linked to the extent of its participation in the
reserve market. Increasing the weight of loading in the optimisation algo-
rithm has shown to lower reserve bids, impacting the overall revenue. With
the adjustable loading factors, this study has provided a tool for wind farm
owners to create a balance between the physical load on the wind turbine
and the monetary benefit.

7.2 Future work

The research work presented in this dissertation explores various areas re-
lated to ancillary services provision from wind turbine and its resulting ef-
fects. This research work makes valuable contributions to enhance a fine
integration of wind energy in the power system. The prospective future
works that can be built up on the current research are summarised in the
following sections.

7.2.1 Wind turbine ageing

As one of the major contributors of energy, wind farms are increasingly par-
ticipating in the joint day-ahead energy and reserve market (JERM). Here,
the wind turbines actively provide ancillary services such as FCR. However,
the provision of ancillary services is known to effect the physical loading
on a wind turbine. This loading also depends on the age of the wind turbine
as the components of a wind turbine gradually wear over time. Due to the
ageing, a sub-optimal performance of the wind turbine is observed which
is reflected on the net power output of the wind turbine. A study that in-
vestigated the ageing issue in 282 wind farms across UK has found that the
wind turbines lose around 1.6% of their output each year [1]. Based on this
data, the declining power curve of the wind turbine with the age can be es-
timated as shown in Figure 7.1. It is also feasible to model the power curve
into a high-fidelity model. However, care needs to be taken to implement
the ageing impact on all the major components of the wind turbine includ-
ing the blades, the tower, the bearings, the shaft and the generator. These
loads also need to be studied for varying participation of wind turbines in
JERM. As has been shown in Chapter-6, the loads on the wind turbine are
directly effected by the amount of the offered reserved bid.

A primitive model developed in this direction has shown that the
Loading on a wind turbine, as defined in Chapter-6 is directly effected
by the amount of offered reserve market bid. This effect is consistent
throughout the lifetime of the wind turbine. Figure 7.2 shows the varia-
tion of Loading with the increasing amount of reserve market bid.
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Figure 7.1: Power curve of a 5 MW wind turbine with years

The topic of imminent wind turbine ageing is a pressing issue for wind
farms and perhaps the most economically challenging one. A large part of
the world’s turbine fleet will come to the end of its operational life over
the next 10-15 years [2]. 14 GW of Europe’s existing wind farms are now
over 20 years old. Another 38 GW and 78 GW will join them in the next
4 years and 8 years respectively [3]. The existing models of wind turbines
can be adapted to accurately simulate the ageing scenarios. The benefits of
such models can help the entire wind energy industry. Such models have
the potential to be used for realistic performance prediction, maintenance
planning, component lifetime assessment, technological improvement and
energy forecasting, to name a few. Moreover, these models can be benefi-
cial in development of new wind turbine models as well as in optimising
the existing wind turbines operations.
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7.2.2 Wind farm load informed reserve dispatch

In Chapter 4 the effects of reserve provision on the main bearing of a wind
turbine are studied. In Chapter 6 all the major loads on a wind turbine are
studied. From these studies it is concluded that the provision of ancillary
services, such as FCR have a clear impact on the loads and lifetime of
a wind turbine. A methodology for WPPs to create a balance between the
physical load on the wind turbine and the monetary benefit is also presented
in the Chapter 6.

In a wind farm, there exist wind turbines with different physical con-
ditions. The physical conditions and the impact of ageing on these wind
turbines can be assessed by the means of the studies presented in this dis-
sertation and the ageing method proposed in the previous section. For a
wind farm participating in the reserve market, this information can be cru-
cial. By means of an optimisation method, the reserve participation power
can be divided amongst the wind turbines of the wind farm. In this man-
ner, the WPP has the informed option to load a wind turbine that has a
higher load bearing capacity. Therefore, minimising the physical loads on
the more vulnerable wind turbines.
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