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Abstract 
 

     This thesis studies the extreme load responses experienced by a 10-MW floating wind 

turbine situated in the North sea. With a plan to minimise fossil fuels and redefine the energy 

sector by adopting more safe, efficient, and cleaner solutions, countries have started investing 

in wind energy to harness the enormous untapped potential contained in the wind. Developing 

countries have begun building wind turbines to meet their energy needs. Countries started 

moving away from hydrocarbon and investing more in offshore wind turbines and solar energy 

parks to meet the expanding population needs and economy and reach net zero emission by 

2050. The global average wind turbine size increased from 1.5-MW to 7.58-MW from 2000 to 

2020. The future of wind turbines will be in 10-MW to 15-MW class wind turbines as the 

scientific research community has started to analyse more about the large offshore wind 

turbine(OWT). The gearbox is considered one of the most critical components in a wind turbine 

that drives a significant part of operating expenses. Reliability of the gearbox is often crucial 

for wind turbines which comes as a package with an efficient design and proper load estimation 

matching the ULS (Ultimate Limit State) condition. The costs of gearbox repair and upkeep 

and the costs of output losses associated with faulty gearboxes account for a significant portion 

of the operating costs of the offshore wind turbine. In this thesis, the accuracy and robustness 

of ACER (Average Conditional Exceedance Rate) as a tool are analysed to estimate extreme 

loads on the wind turbine gearbox and structure. This is done by analysing varying quantities 

of accessible data from the North Sea, where most large floating wind turbines are installed. 

The extreme loads estimated are compared with the Gumbel method under operating conditions 

of 8m/s, 12 m/s and 16m/s wind speed representing below, rated and above rated wind speed. 

It is vital to analyse the extreme loads under the dynamics operating condition and analyse the 

response in a fully coupled state. The aim is to show the accuracy and reliability of ACER in 

estimating the extreme load’s responses and 1,2 & 5 year return period of large OWT. The 

results show that the extreme loads’ responses on the 10-MW wind turbine gearbox and 

structure estimated by ACER gave more accurate and reliable values independent of other 

extreme value prediction methods like the Gumbel method. This study develops and estimates 

load responses in large OWT and guides the ultimate limit state load (ULS) calculation for 10-

MW wind turbines.  
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Chapter 1 - Introduction 
 

     The world countries are making an international effort to tackle climate change, a major 

concern for the rise in global temperature and melting of glaciers. This is a significant challenge 

both developed and developing countries are facing. Most of them have pledged to reduce their 

dependency on fossil fuels and move toward clean energy to limit the rise in global temperature 

to 1.5 degrees Celsius. Wind and solar power have been at the forefront of the energy transition, 

enabling countries and industries to adopt clean and efficient utilisation of renewable energy 

sources to meet energy demands. Global Wind Energy Council (GWEC) is leading the way by 

supporting the development of wind energy technology to achieve or meet the target of reaching 

a carbon-neutral economy by 2050. 

     Wind energy is a clean and readily available renewable energy source with vast energy 

potential. Due to the higher wind potential and continuous unobstructed availability of offshore, 

there has been a considerable shift in the trends towards wind turbine installation in the offshore 

sector. Wind turbine technology was developed and advanced to a stage where wind turbines 

started getting bigger to meet the increasing energy demand and needs of the growing economy. 

The two main reasons for wind turbine development moving offshore where the availability of 

undisturbed wind due to the lower surface roughness offshore and higher power output by 

increasing the rotor diameter. The maximum power output available in the wind given by Eq. 

(13) is influenced by wind speed, i.e. doubling the wind speed will lead to an eight-fold increase 

in power, and doubling the rotor diameter will lead to a four times increase. This, together with 

the improvement in wind turbine technology, has led to wind turbines moving further offshore.  

     There has been a tremendous increase in the wind industry in the past decade. Figure 1 shows 

the worldwide wind turbine installation offshore and onshore. The report published by Global 

Wind Energy Council (GWEC) [1] in 2022 showed that 837 GW of wind capacity was installed 

to date worldwide. A total of 93.6-GW wind capacity was installed in 2021, which was only 

1.8% less than the previous year, even though the world went through a pandemic. Most of the 

development came from the Asia Pacific, especially the People’s Republic of China, leading 

the race in wind power installation. The offshore industry saw a tremendous growth of 21-GW 

wind power installed, which as per the GWEC, is the second highest till now. Even though the 

growth of wind energy was high, it was not enough. The GWEC forecast would require an 

increase of wind energy installation four times from 93.6-GW in 2021 to contain the 

temperature rise by 1.5 degrees Celsius and reach the net-zero target by 2050.
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 Figure 1:  New Wind turbine installation worldwide 2017-2021 

     As more and more wind turbines got installed and the size of the wind turbine increased to 

capture more power from the wind, it became necessary to design wind turbines economically 

while maintaining the safety margin within the operational limits. Robust design is required to 

avoid downtime to keep the wind turbines’ operational readiness and condition. For achieving 

reliability, an accurate load prediction was crucial to understanding the dynamic loads that wind 

turbines had to undergo during their lifespan. As the industry evolved, wind turbines moved 

offshore for various reasons apart from the aforementioned technical reasons. As we go more 

away from the shore, the resistance to airflow gets reduced considerably, and we get a consistent 

and uninterrupted airflow. The Floating Offshore Wind Turbine(FOWT) can be installed and 

pre-commissioned on the shore and towed to the installation site. Floating wind turbines have 

the advantage of towing them back to shore when more significant repair workers are required 

to be carried out, thus enabling easy operation and maintenance. All these reasons led to 80% 

of OWT to be Floating Offshore Wind Turbine(FOWT) located away from the shore where 

bottom fixed wind turbines were not economical.  

     Studies were conducted to make OWT economical and reduce the installation cost, which 

led to an increase in the size and capacity rating of the FOWT. This also helped reduce the 

number of offshore structures, cables, and mooring systems, which thereby helped bring down 
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the cost of maintenance. The balance of system cost is reduced by installing a large wind turbine 

and plant, as shown by Shield et al. [2]. His research shows that increasing the wind turbine 

capacity will reduce the energy cost. Also, as the size of the wind turbine grew, it was difficult 

to transport the new wind turbines on land and faced many hurdles in the transportation. As the 

size of the wind turbine increased, OWT enjoyed the benefit of easiness of transport compared 

to the constraints in onshore wind turbines, which was reached study conducted by Bilgili et 

al.[3]. Major wind turbine manufacturers like Vestas, General Electric (GE) and Siemens 

Gamesa are upsizing the next-generation wind turbine and reducing the cost as per the Offshore 

Wind Market Report,2021 [4]. Figure 2 shows the global increasing wind turbine size trend 

from 2001 to 2026. 

 

 

 

Figure 2: OWT capacity and size[4]   

 

     As wind turbine technology developed, the wind turbine size increased gradually, capturing 

more and more energy and making wind turbines economically viable. As the size increased, 

the wind turbine technology met with a new hurdle of not achieving the design life span as 

intended, which had a cost implication. A study on the wind turbine condition monitoring by 
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Keller J et al.[5] showed that the gearbox in the drivetrain system caused the highest downtime 

per failure. The gearbox is one of the expensive components, and if faulty will affect the 

operation and increase production losses due to downtime. Figure 3 shows the failure of two 

large wind turbines in 13 years in Europe. 

 

 

Figure 3: Reliability and downtime in wind turbine subassemblies [6] 

 

     As most of the wind turbines were designed and planned to be installed in the offshore 

environment, there was a need to understand the dynamic behaviour of the wind turbine under 

different environmental conditions. FOWT are generally exposed to various environmental 

loads like waves, currents, wave slamming, wave breaking loads on the structural, turbulent 

wind loads, wake turbulence, ship and ice impact loads etc. Since the wind turbine is prone to 

all these extreme environmental conditions and the coupled behaviour between the FOWT and 

the environmental condition, it is necessary to estimate the extreme loads acting on the wind 

turbine. Also, since the responses are highly random, irregular, and dynamic, it became 

important to develop a numerical tool that can accurately estimate the effects of wind and waves 

on the wind turbine. In the ULS design, it is very important to estimate the extreme dynamic 

load responses and identify accurate safety factors so the design is efficient. Many kinds of 

research were done to determine the extreme loads, but most required numerous dynamic 

simulations, which were time-consuming and had high computational costs. Scientific studies 

were done in estimating and developing a numerical tool estimating the extreme responses 
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offshore. Xu K et al. [7] 2019 studied the extreme responses of a semi-submersible FOWT and 

showed how the fatigue damages could be nonlinear. Extensive studies were done to understand 

the responses in the drive train gearbox. In his paper, Y. Xing et al. [8] studied the multi-body 

body modelling and the responses from the planetary gear. Later in 2014, Y. Xing et al.[9] 

showed the coupled environmental responses on spar-type platforms and their effects on the 

gearbox. Offshore wind turbines had to face more uncertainty in load estimation due to the 

challenging environmental condition than onshore wind turbines. As a result of development in 

wind turbine technology and engineering and with an eye on the future wind turbines, S. Wang, 

A. R Najed and T. Moan 2020 [10]came up with a design for a compact 10-MW OWT with a 

compact drive train arrangement and studied the dynamic response analysis. This paper used 

an innovative power split and compound epicyclic transition method in the new compact wind 

turbine design. S. Wang et al. [10], [11] made a significant contribution to the design modelling 

and analysis of 10-MWT FOWT.  

     A compressive knowledge of the dynamic behaviour of the wind turbine drive train and 

structures is required to minimise the downtime and improve the life span and service life of 

the wind turbine. IEC 61400-3 [12] has put forward a statistical extrapolation method that has 

helped identify the ultimate strength while estimating the extreme loads’ responses. Most of the 

research was then conducted to analyse the effectiveness of the extrapolation method. A. Naess 

et al.[13] proposed a statistical technique called Average Conditional Exceedance Rate (ACER) 

for extracting the extreme values of sampled data. This method is considered more accurate 

when comparing the peak-over-threshold and Gumbel methods. Xu et al.[14] used ACER to 

predict the extreme loads to reduce downtime due to the environment loading on the semi-

submersible wind turbine that was used in the design phase of a 5-MW wind turbine. Cheng et 

al. [15] studied the dynamic structural and fatigue response of HAWT and VAWT on a 5-MW 

semi-submersible wind turbine 

     Most of the research was done on the 5-MW FOWT, and the contribution to very large 

FOWT has been less since the future wind turbines are large FOWT from 10-15 MW. Based 

on the ACER method, only very few studies have been conducted on extreme load responses 

on the gearbox of 10-MW semi-submersible FOWT. This thesis will characterise the 

importance of ACER as a statistical tool in estimating extreme gear pair meshing load responses 

and load responses from the structure of a 10-MW semi-submersible wind turbine during the 

operating conditions 
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Chapter 2 – Theoretical Background 
 

2.1 Overview 
 

    FOWT is a complex structure consisting of parts like the tower, support structure, rotor and 

drivetrain. It is necessary to assess the loads from the waves excitation (hydrodynamic), the 

load from the wind (aerodynamic), the loads on the structure (elastic) and the control system 

(servo) in the time domain to analyse the dynamic response in the wind turbine. Since all the 

components are coupled together, assessing the dynamic behaviour of the global structure is a 

complex process. It is therefore subjected to a two-step decoupled analytical technique. In the 

first step to analyse the loads and moments, we use global hydro-servo-aero-elastic studies. 

This is done in FAST (Fatigue Aerodynamics Structure Turbulence). The loads obtained from 

FAST results are then used in Multi-Body Simulation (MBS) to forecast the dynamic behaviour 

of the moving parts. Upon getting the time domain data from the MBS, we analyse the extreme 

load responses using ACER and compare it with Gumbel to estimate the accuracy of the 

robustness. 

 

2.2 Hydro-Servo-Aero-Elastic Analysis 
 

To study the effect of fully coupled hydro-servo-aero elastic analysis, we have three-time 

domain tools SIMPACK, FAST and SIMA. FAST is an open-source code software by National 

Renewable Energy Laboratory (NREL). FAST or Open FAST [16] is a physics-based tool for 

simulating the coupled nonlinear simulation of a wind turbine. It includes coding to analyse the 

aero-hydro-servo-elastic loads. The wind flow data is used in the aerodynamic model to 

estimate the aerodynamic loads, and this is very useful for analysing the loads on the rotor 

blades. For analysing the irregular wave loads, the hydrodynamic model in the FAST solves 

the hydrostatic, diffraction, radiation loads, etc. This helps solve the hydrodynamic stresses on 

the wind turbine structure and mooring system. The control system solves the electrical, sensor, 

and pitch control analysis. Global analysis of 10-MW on a semi-submersible floating concept 

wind turbine in Paper 1 is done in FAST 

SIMA[17] is software used to analyse marine operations and floating systems. This software 

has significant capability in dynamic analysis of FOWT from wind turbine modelling, 3D 

simulation, lifting operation, towing operation, and documentation analysis report. Global 
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analysis of 10-MW OWT on bottom-fixed monopile concept, spar-type concept and semi-

submersible floating concept in Paper 2 is done SIMA as estimates the hydrodynamic loads, 

complex dynamic motion of floating structures, structural responses and has the option to add 

control system externally 

  

2.3 Multi-Body Simulation using Simpack 
 

Simpack [18] is multi-body simulation software that helps engineers simulate and solve the 

dynamics of motion of a moving mechanical system and visualise the coupled forces, bending 

moment etc., acting on the body. The Simpack is engineered to solve the dynamic behaviour of 

interconnected bodies. It is fully aligned to determine the dynamic responses of FOWT, 

containing moving components like the hub, main shaft, bearing, and gearbox. The bodies are 

made up of stiff and flexible parts linked together by various joints and other restricting factors. 

This software is mostly used in the wind turbine industry and automobiles to solve complex 

and irregular models with flexible and interconnected bodies. Joints like force or stiffness 

elements are used to connect different bodies, and these joints restrict the relative motion 

between the bodies. Simpack is a multi-body simulation software that analyses the dynamics of 

body behaviour by solving the equation of motion. Forces elements model gear tooth contact, 

and bearing and gear meshing stiffness are modelled by a spring element in Simpack. Also, 

Simpack analyses the model and can be used to generate the natural frequencies inside a 

drivetrain. The natural frequencies obtained from Simpack can be used along with excitation 

frequencies in a Campbell diagram to check for the likelihood of resonance in the drivetrain 

model. 

 

2.4 Extreme Value Distribution (EVD) 
 

Extreme value distributions are limiting distributions for extreme values, i.e. smallest extreme 

or the largest extreme of a stochastic variable. The extreme values obtained from the EVD are 

mostly used as design parameters. EVD is defined as the largest of the maximum value from 

the individual maximum value from a series of discrete maxima, and more detail is given by 

Leira et [19]. 
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 Yext = max ( Ymax1 , Ymax2 , Ymax3 …….. Ymax n  ) (1) 

 

Where Yext is the largest maximum value, and Ymax is the individual maximum value. It is 

assumed that the individual maxima are independent and also distributed identically with the 

distribution function FYmax (y) where 

  FYext = P( Yext ≤ y ) = [FYmax  (y)]n   (1) 
 

(2) 

There are three types of extreme value distribution (EVD) that can show the extreme from any 

data set. It should satisfy the following conditions: a continuous probability distribution, the 

data set must be identical and independently distributed random sample and should have an 

inverse. The three types of EVD differentiated based on the tail behaviour of the initial 

distribution are: 

i. EVD Type I (Gumbel Distribution) 

ii. EVD Type II (Fréchet Distribution) 

iii. EVD Type III (Weibull Distribution) 

The most common type of EVD is the Type I distribution or the Gumbel distribution, which is 

mostly used to estimate natural disaster occurrence. Frechet distribution or Type II EVD  are 

used to model the largest values, and the Type III or the Weibull Distribution are often used in 

product reliability. In this thesis, we will be comparing two techniques: the Gumbel technique 

(Section 2.4.1 Gumbel Distribution) and the ACER technique (Section 2.5 Average Conditional 

Exceedance Rate (ACER)) 

 

2.4.1 Gumbel Distribution  

 

     Gumbel Distribution is the most common type of extreme value distribution, also referred 

to as Type I EVD. The generalised extreme value distribution (GEV) combines or the Gumbel, 

Fréchet and Weibull distribution. The parameters of a distribution function are the shape 

parameter γ, location parameter µ and scale parameter σ. The CDF of general extreme value 

distribution is given by: 

 
Fx(x) = 𝑒𝑥𝑝 {−[1 + 𝛾 (

𝑥 − µ

𝜎
)]}

− 
1
𝛾
 

(3) 
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The gear meshing forces or the circumferential forces in the wind turbine gear are fitted to the 

Gumbel distribution to estimate the maximum gear contact forces and assess the return period. 

When the shape parameter γ= 0, the GEV is equal to the Gumbel or Type I EVD. This is mostly 

used in estimating extreme values in marine structures and is given by: 

 

 Fx(x) = exp {exp (
x − µ

σ
)} (4) 

 

When the shape parameter γ is greater than 0 and less than 0, the GEV will be equivalent to 

Fréchet Distribution (EVD Type II) and Weibull Distribution (EVD Type III), respectively. 

Above Eq (4)when written in Logarithmic form: 

 −ln (ln(FX(x)))  =
x

𝜎
−

μ

𝜎
 (5) 

 

The scale σ  and location parameters µ is be found by the least-square fitting method. We get a 

straight line when plotted, as shown in Figure 4. 

 

Figure 4: Gumbel probability 
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2.5 Average Conditional Exceedance Rate (ACER) 
 

Naess et al. [13] established the Average Conditional Exceedance Rate (ACER), which predicts 

the extreme value distribution by building a series of non-parametric functions. It is helpful for 

both stationary and non-stationary processes because it incorporates all maximum global peaks 

and the correlation between subsequent peaks in a sampled time series. All the peaks from the 

20 observations are used, and the number of exceeding peaks is analysed by multiplying the 

total number of peaks by the number of seeds. The ACER function k (x) is presented in Figure 

5 with an order k scale from 1 to 6. 

For example, consider a drivetrain load as a random stochastic process Y(t) observed over a 

time period [0, T]. The extreme value of the process is defined as the largest maximum from a 

sequence of individual maxima. Let us assume that the drive train loads or the gear contact 

forces peak values are Y1, Y2, …, YN allocated over a discrete-time t1, t2, ….tN in the interval 

[0, T]. N is the number of peak loads that have been observed. The distribution function for the 

extreme values of the process Y(t) can be written as: 

  MN = max( Y1,  Y2,  Y3 … … . YN ) (6) 

 

The probability of occurrence or the extreme value distribution function (Cumulative Density 

Function CDF) can be expressed as: 

 P(η) = Prob( 𝑌1 ≤ η,  𝑌2  ≤ η … .  𝑌𝑁 ≤ η ) 

 

(7) 

The time series of drive train loads like main shaft loads, bearing loads etc., are not stationary. 

This non-stationary set of data from the short-term condition is used to assess the extreme 

values using the ACER method.  

The method’s primary premise is that a series of non-parametric functions based on ACER 

functions of various orders are developed to approximate the extreme value distribution shown 

in Eq(1). With the time series of the peak gear contact forces analysed, the extreme value 

distribution can be written as: 

 P( MN ≤ η) =  Pk(η) = exp (−(N − k + 1)εk(ε)) (8) 
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Where εk is known as the empirical ACER function with the order of k 

An extrapolation strategy is used to anticipate the extreme value distribution when the η is 

considerably big. The tail of the ACER function is assumed in the same manner as  exp{-a(η-

b)c} 

 ε ≈ q × exp( −a(η − b)c ) (9) 

 

Where a, b, c and q are constants which are dependent on the order k and q varies as per the 

Eq(8). The constants a,b,c and q can be determined by the Levenberg Marquardt Least square 

method. Naess et al.[20] and Chai et al. [21] have shown that the extrapolation method by this 

method provides extreme value accurately, and the time taken for this method was significantly 

less. 

 

Figure 5: ACER function 

 

2.6 Environment Condition & Load Cases 
 

     This thesis’s wind and wave data is taken from the MARINA Platform project. The 

environmental data is obtained from Site 14, in the North Sea, located 30km from the shore, 

having a water depth from 100 to 202m which is suitable for floating wind turbines. The wind 

and wave data were developed from the hindcast model from 2001 to 2010 studied by Li et al. 

[22]. This location is selected due to the water depth and the high wind and wave power density 
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available at site 14. The environment conditions are determined based on wind and wave from 

the above site, and joint wind and wave distribution was established considering 1-hr mean 

wind speed at 10m above sea water level (U10), significant wave height (HS) and peak period 

(Tp) 

 𝑓𝑈10,𝐻𝑠,𝑇𝑝(𝑢, ℎ, 𝑡) = 𝑓𝑈10(𝑢) ∙ 𝑓𝐻𝑠ǀ𝑈10(ℎǀ𝑢) ∙ 𝑓𝑇𝑝ǀ𝑈10,𝐻𝑠(𝑡ǀ𝑢, ℎ)  (10) 

 

Where 𝑓𝑈10,𝐻𝑠,𝑇𝑝(𝑢, ℎ, 𝑡) is the marginal distribution of wind speed U10 above sea water level. 

𝑓𝐻𝑠ǀ𝑈10(ℎǀ𝑢): conditional distribution of peak period for the given wind speed U10 

𝑓𝑇𝑝ǀ𝑈10,𝐻𝑠(𝑡ǀ𝑢, ℎ): conditional distribution of Tp for U10  and Hs. 

 

This thesis selects the environmental conditions based on the significant wave height, peak 

period, and mean wind speed at 10m hub height. The most common wind speed profiles are 

logarithmic wind speed profile and power-law shown in Eq (11) and Eq (12), respectively, 

where wind speed profile is the variation of mean wind speed taken from a height H above the 

sea water level. More details of the wind speed profile can be obtained from the DNV guideline 

for environmental conditions and loads [23] 

 
𝑈(𝑧) =  

𝑢∗

𝑘𝑎
ln

𝑧

𝑧0
 

(11) 

 

Where 𝑢∗is the friction velocity, 𝑘𝑎 is the von Karman’s constant = 0.4, z is the height and 𝑧0 

is the terrain roughness factor. The terrain roughness factor can be obtained from table 2-1 from 

the DNV-RP-C205 recommendation practice. The roughness factor lies between 0.0001 and 

0.01m for offshore areas. We can use power-law Eq (12) instead of logarithmic profile where 

α is the power-law coefficient which depends on the terrain roughness, and this is taken as 0.14 

as per International Standard IEC 61400-3. 

 
𝑈(𝑧) = 𝑈𝐻(

𝑧

𝐻
)𝛼 (12) 

The load cases are selected to show the most common operating condition that an offshore wind 

turbine operates listed in Table 1. Wind speed speeds 8m/s is the cut-in, rated speed is 12m/s, 

and 16m/s is the above rated. Speeds below 8m/s are not considered as the wind turbine 

generally will not generate much power. Above 16m/s, the wind turbine blades pitch to maintain 
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the optimum power. The average wind speed analysed in this thesis is based on the operational 

conditions of the turbines. The average wind speed is different during rated speed and cut-out, 

and this increases by 4m/s. 

 

Load 

cases 

𝑼𝑯𝒖𝒃 

(m/s) 
𝑻𝑰 𝑯𝒔 (m) 𝑻𝒑 (s) Samples Simulation length (s) 

LC1 8 0.1740 1.9 9.7 20 4000 

LC2 12 0.1460 2.5 10.1 20 4000 

LC3 16 0.1320 3.2 10.7 20 4000 
Table 1: Load cases for simulation 

 

All the analyses run for a total of 4000 seconds. To account for the initial starting error impact 

commonly present during a turbine’s start-up, the first 400 seconds of these simulations are 

ignored, which produces the correct estimate of extreme conditions. As a result, the extreme 

value is analysed using just 3600 seconds of data. Also, 20 seeds of wind data are used for each 

load case for the numerical analyses. 

 

2.7 Available wind power  
 

     The power available in the wind through a wind turbine is the mass of airflow through the 

rotor disc area, and this is explained by J F Manwell et al. [24] 

Kinetic energy per unit time or power in the wind is given by: 

 
𝑃 =

1

2
 𝜌 𝐴 𝑈3 

(13) 

   

where A is the area of the rotor disc of diameter D, U is the airflow velocity  

Also, wind power per unit is given by: 

 𝑃

𝐴
=  

1

2
 𝜌 𝑈3 

(14) 
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The above Eq (13) and Eq (14) clearly show the reason for wind turbines moving offshore and 

becoming more significant in size. Constant unobstructed higher mean wind speed will increase 

the power captured threefold times, and an increase in rotor diameter will increase the power 

generated twice. Moving offshore helps engineers achieve both conditions, i.e. getting higher 

unobstructed wind speed and getting rid of space constraints to upscale the wind turbine rotor 

diameter. 
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Chapter 3 – System Description 
 

3.1 Overview 
 

We use a semi-submersible FOWT in this thesis and Paper 1 for global analysis based on 

Denmarks Tekniske Universitet (DTU) 10-MW RWT. The 10-MW bottom fixed monopile, 10-

MW floating spar type and 10-MW semi-submersible wind turbine are used in Paper 2. Section 

3.2 DTU 10-MW RWT describes the RWT and properties of the DTU 10-MW RWT. An 

overall description and properties of the floater and mooring lines are described in section 3.3 

O-O Star Semi-Submersible. In section 3.4 10-MW Drive Train , we will look at the 

arrangement and configuration of the drivetrain model used in MBS for the response analysis 

of the gear meshing forces. 

 

Figure 6: OO Star Floater [25] 

 

3.2 DTU 10-MW RWT 
 

     The 10-MW RWT was developed as part of the Light Rotor project by DTU Wind Energy 

and Vestas Wind System. DTU developed the Light Rotor project to set a design platform for 

future wind turbine developments above 10-MW. Scaling the NREL 5-MW RWT[26], 

characterised by an efficient, lightweight rotor and a medium-speed drivetrain, yielded the DTU 
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10-MW RWT that serves as the drivetrain design in this work. The DTU 10-MW RWT [27] 

provided extensive details comparing aero-elastic aerodynamic tools. There was a need to 

compare the design results with a baseline, and a robust design DTU RWT was established. 

 

Description  Value  

Rating  10 MW  

Rotor orientation, configuration  Upwind, 3 blades  

Control  Variable speed, collective pitch  

Drivetrain  Medium speed, Multiple stage gearbox  

Rotor, Hub diameter  178.3m, 5.6m  

Hub height  119m  

Cut-in, Rated, Cut-out wind speed  4m/s, 11.4m/s, 25m/s  

Cut-in, Rated rotor speed  6RPM, 9.6RPM  

Rated tip speed  90m/s  

Overhang, Shaft tilt, Pre-cone  7.07m, 5°, 2.5°  

Pre-bend  3m  

Rotor mass  229tons (each blade ~41tons)  

Nacelle mass  446tons  

Tower mass  605tons  
Table 2: Design properties of DTU 10-MW RWT [27] 

 

 

3.3 O-O Star Semi-Submersible 
 

     The DTU 10-MW RWT model is installed on the semi-submersible floater platform. The 

semi-submersible platform used is OO Star Wind Floater , designed and developed through the 

LIFES50+ project, which aimed to create the latest generation floaters for the FOWT. The 

floater was designed by Dr.techn. Olav Olsen AS [28] is a simple and robust design concept 

adaptable and scalable in all environments. The floater is made of hybrid concrete consisting 

of a central column supporting the wind turbine and tri-star-shaped pontoons that caters the 

stability and buoyancy. Suspended weights are added to the catenary mooring line to increase 

the tension in the station-keeping lines. These catenary mooring lines connected to the outer 

columns keep the floater in position during a rough sea state. Central and outer heave plates are 

installed below the pontoon to improve the heave response of the floater. 
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Figure 7: Dimension of OO Star Floater [29] 

 

3.4 10-MW Drive Train  
 

3.4.1 Overview 

 

     The drivetrain used in this thesis for studying the extreme loads on the gear contact forces 

is based on the DTU 10-MW RWT. Many studies on the dynamics of the wind turbine structure 

were done, but very few studies have been done on the future 10-MW wind turbine drive train. 

National Renewable Energy Laboratory (NREL) made a drive train model of 750-kW [30]. 

Xing et al.[9] studied the dynamic drivetrain analysis on a 750-kW spar-type floating wind 

turbine. Guo et al.[31] established the drivetrain model and studied the effects of moment and 

torque on the planetary gear inside the gearbox. Since 10-MW is the future wind turbine and 

medium-speed wind turbine has the advantage of low failure than high speed and less weight 

from the direct-drive Wang et al.[32] established10-MW drivetrain model multi-body 

simulation method and compared it with DTU for accuracy and fidelity. 

 

3.4.2 Medium Speed 10-MW Drive train 

 

     The drive train is built to the international standard IEC 61400-4 [33]. The gearbox model 

used in this thesis is a four-point support configuration model with two supports on the main 

shaft bearing and two torque arms. The gearbox consisted of three stages, two planetary stage 

helical gears and one parallel stage helical gears. The 10-MW drivetrain gearbox is modelled 
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in a multi-body system (MBS) and is shown in Figure 8. The configuration of the main bearing 

is based on the research done by Torsvik et al.[34] who studied the design and operations of the 

main bearing on FOWT larger than 10-MW. The first stage planetary gear has five planet gears 

meshing, and the second stage planetary gear consists of three planet gears meshing. The third 

parallel stage gear is the high-speed gear connected to the generator shaft. Figure 9 shows the 

general arrangement of medium-speed gear with the main shaft bearing INP A and INP B 

 

 

Figure 8: Multi-body system (MBS) model of 10-MW drive train 

 

Figure 9: Schematic diagram of 10-MW turbine drivetrain 
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The quality and consistency of the numerical model established in MBS and the natural 

frequency compared with the DTU 10-MW RWT. Since the responses generated from the 10-

MW model and natural frequencies match with the DTU model, this high-fidelity numerical 

model suit well in this thesis. 

 

3.4 Response Variables 

 

     In this thesis, for estimating the extreme load responses in the drivetrain using ACER and 

comparing the results with the Gumbel method, the following measurement points are 

considered: Forces on the main shaft bearing A in the x-direction (INP A Fx), force on the main 

shaft bearing A in the y-direction (INP A Fy), force on the main shaft bearing A in the z-

direction (INP A Fz), Forces on the main shaft bearing B in the x-direction (INP B Fx), force 

on the main shaft bearing B in the y-direction (INP B Fy), force on the main shaft bearing B in 

the z-direction (INPB Fz), the gear pair meshing force between stage 1 planet gear one and sun 

gear (st1_planet_to_st1 _sun), the gear pair meshing force between stage2  planet gear one and 

stage 2 sun gear(st2_planet1_to_sun) and gear pair meshing force between stage 3 intermediate 

gear and stage 3 high-speed pinion gear (st3_wgear_to_st3_pgear). We consider these variables 

because of the following reason: 

 

• Sun gear has the highest tooth pitting fatigue damage caused by high tooth contact 

stresses.  

• Pinion gear undergoes high tooth bending and pitting fatigue damage.  

• Bearing INP-A observe the most serious bearing fatigue damage 

These are reasons are based on the study conducted by S.Wang et al. [32] and Niemann G et 

al. [35] 
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Chapter 4 – Results & Response Analysis  
 

     We use the ACER and Gumbel methods to estimate the extreme value responses and 

compare the results. We neglect the first 400 seconds of observation during the analysis to cater 

to the turbine’s sudden changes in magnitude or torque during the start-up process. 

 

4.1 Acer Vs Gumbel Drive train 
 

  

 

Figure 10:  INPA_Fx Force. ACER and Gumbel with 95 % CI; Top-left: LC1 Vhub = 8 m/s; Top-right: LC2 

Vhub = 12 m/s; Bottom: LC3 Vhub = 16 m/s 
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Figure 11 INPA_Fy Force. ACER and Gumbel with 95 % CI; Top-left:LC1 Vhub = 8 m/s; Top-right: LC2, Vhub = 12 m/s; 

Bottom: LC3, Vhub = 16 m/s 
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Figure 12 Stage 1 planet 1 to stage 1 sun gear meshing force. ACER and Gumbel with 95 % CI; Top-left:LC1 Vhub = 8 m/s; 

Top-right: LC2, Vhub = 12 m/s; Bottom: LC3, Vhub = 16 m/s 

  

 
Figure 13 Stage 2 planet 1 to stage 2 sun gear meshing force. ACER and Gumbel with 95 % CI; Top-left:LC1 Vhub = 8 m/s; 

Top-right: LC2, Vhub = 12 m/s; Bottom: LC3, Vhub = 16 m/s 
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Figure 14 Stage 3 Wgear to high speed pinion gear meshing force. ACER and Gumbel with 95 % CI; Top-left:LC1 Vhub = 8 

m/s; Top-right: LC2, Vhub = 12 m/s; Bottom: LC3, Vhub = 16 m/s 

 

     In comparing ACER and the widely approved Gumbel method in Figure 10 to Figure 14, 

the ACER method gives a smaller 95 % confidence interval. The confidence interval range of 

ACER is narrower than the values estimated by the Gumbel method, which tells that ACER is 

more accurate. The ACER mean value representing the extreme value response gradually 

increases as the return period increases. The extreme values obtained through the Gumbel 

method for the 10-MW wind turbine drive train are almost similar, which means the Gumbel 

distribution will not suit the extreme responses adequately. 

 

4.2 Power Spectral Density 
 

  

Shaft rotational 

freq 0.16Hz(1P) 
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Figure 15: Power spectral density (PSD) of main shaft bearing 

 

 

     The main bearing INP A and INP B components in different directions (Fx, Fy, Fz) are 

outside the gearbox and near the rotor. The rotor is connected to the main shaft and supported 

on the two main bearings. The response on the main bearing excitation is from the wind loads 

because the aerodynamic loads produced by the rotor will be applied to the shaft. The load will 

be transferred to the main bearing as the shaft is supported on the main bearing. So it is highly 

possible that the response of the main bearing (INP A and INP B) shown in  Figure 15 is caused 

by the aerodynamic loads. It is likely that the peak values are caused corresponding to 

aerodynamic loads because aerodynamic loads are not constant loads with different frequencies 

affected by turbulences, thereby making them dynamic. Figure 15 shows the drive train 

response caused by the load excitation. From Figure 15 and Figure 16, it is evident that most of 

the peaks are located at different frequencies. This means that the peaks are caused by external 
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excitation because the drive train model is the same for the three load cases, and the only 

difference is the wind speed. 

  

 

Figure 16: Power spectral density (PSD) of the response of gears in different load cases 

     The shaft-rotational frequency will also have some effect on the bearing response. But the 

difference in peak value is observed, which can also be due to aerodynamic load. Also, for the 

wind speed of 8m/s (LC1), our turbine is not rated wind speed. The shaft frequency will lie 

below 0.16Hz. But for the environmental condition of 12m/s(LC2) and 16m/s (LC3) 

corresponding to rated and above-rated conditions because of the wind turbine controller, we 

will see the same shaft rotating speed. That means the frequency for the case LC2 and LC3 will 

be more consistent than the LC1 because LC1 is not rated, and there will be a small difference 

in frequencies. The aerodynamic loads also affect the gearbox, shown by low-frequency peak 

values in Figure 16. This is because the torque values from the rotating shaft will get transferred 

inside the gearbox. So the gearbox is also affected by the aerodynamic loads 
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4.3 Solution of k-value 
 

Load Case 
q value : 1E-6 

k value : 2.00 4.00 6.00 

LC 1, Vhub 

= 8 m/s 

INPA_Fx (kN) 992 977 977 

INPA_Fy (kN) 6,167 6,292 6,335 

INP A _Fz (kN) 3,451 3,454 3,422 

INP B_Fx (kN) 813 806 809 

INP B_Fy (kN) 6,866 7,022 6,890 

INP B_Fz (kN) 7,959 8,063 7,907 

st1_planet_to_st1 _sun (kN) 1,404 1,420 1,371 

st2_planet1_to_sun (kN) 739 712 716 

st3_wgear_to_st3_pgear (kN) 1,142 1,045 988 

LC 2,  Vhub 

= 12 m/s 

INPA_Fx (kN) 1,204 1,196 1,199 

INPA_Fy (kN) 9,092 9,119 9,384 

INP A _Fz (kN) 7,962 7,758 8,009 

INP B_Fx (kN) 1,010 1,007 1,004 

INP B_Fy (kN) 10,135 9,912 9,895 

INP B_Fz (kN) 11,466 11,515 11,979 

st1_planet_to_st1 _sun (kN) 1,236 1,246 1,249 

st2_planet1_to_sun (kN) 9,144 8,334 9,228 

st3_wgear_to_st3_pgear (kN) 865 847 841 

LC 3 , Vhub 

= 16 m/s 

INPA_Fx (kN) 1,111 1,099 1,095 

INPA_Fy (kN) 9,981 9,971 10,128 

INP A _Fz (kN) 9,062 9,052 8,740 

INP B_Fx (kN) 922 913 906 

INP B_Fy (kN) 10,237 10,386 10,587 

INP B_Fz (kN) 10,237 10,386 10,600 

st1_planet_to_st1 _sun (kN) 1,313 1,317 1,316 

st2_planet1_to_sun (kN) 646 647 648 

st3_wgear_to_st3_pgear (kN) 905 906 906 

Table 3:  Extreme values using ACER with different degrees of conditioning 
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Figure 17: Acer function for k  = 1 : 6, q=1e-6. Top left: LC1 st1_planet_to_st1 _sun; Top Right: 

st2_planet1_to_sun (kN); Bottom : LC2 INP B Fy 

     The different k values are analysed in Table 3 concerning a q value of 10-6. It shows extreme 

values calculated using the ACER method are robust, accurate and don’t vary significantly for 

different values of k. Figure 17 shows that the k value tends to meet or merge for a value greater 

than two, and hence we select k=6 in this thesis. However, k=1 tends to provide an incorrect 

result, which is also the same case in the attached Paper 1. 
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Chapter 5 – Conclusion & Discussion 
 

     This thesis focused on the extreme response of a 10-MW wind turbine drivetrain using 

ACER and Gumbel methods. The drivetrains main shaft bearings forces, gear meshing forces 

on the planetary gear system stage 1 and stage 2 gears and gear meshing forces on the 3rd stage 

parallel gears are studied for the three operating environmental conditions of underrated wind 

speed, rated wind speed and above rated wind speed. 

     The extreme values calculated using Gumbel for the different load cases and return periods 

are almost similar due to the sharp incline at the upper tail end. Gumbel method is not a good 

tool for estimating the extreme response in the 10-MW wind turbine drive train compared to 

ACER. This can also be due to the insufficient size of the extreme value to fit the Gumbel 

distribution. In contrast, the ACER technique is much more precise and follows the exact shape 

of the data that is being analysed.  

     ACER technique is used in Paper 1 to determine the root flap-wise bending moments, main 

shaft tip up-down bending moment and tower bottom fore-aft bending moment of 10-MW 

FOWT. The paper also showed the accuracy and performance of ACER in estimating the 

extreme response in the upper tail region and emphasised the importance of the extrapolation 

method in determining the ULS loads. The paper also suggests that using different k values will 

not influence ACER results except when k tends to be 1, which is similar to the case in this 

thesis. 

     In Paper 2, the power performance and extreme load response of a 10-MW offshore wind 

turbine with different floater configurations are analysed using ACER and Gumbel method. It 

can be seen that the Gumbel method overpredicted responses when compared to the ACER 

method. On estimating the loads on the three different turbine configurations, the spar wind 

turbine experienced high tower bending moments due to the platform pitch motion during LC1, 

LC2 and LC3 load cases compared to semi-submersible and monopile. The return period 

calculated for five years is approximately 1.3 times higher. Therefore, it is essential to estimate 

the accurate extreme values and use the appropriate factor of safety values during the design 

stage. 
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     The ACER method estimated the extreme aerodynamic loads transmitted to the 10-MW 

wind turbine gearbox model more accurately than the Gumbel method. It is vital to evaluate 

accurate extreme load response based on the environment load condition and the operating 

region. Accurate prediction of load response is essential in Ultimate Limit State, which provides 

a base for the selection of different factors of safety and design parameters. ACER will act as a 

novel method for estimating extreme loads in the 10-MW FOWT drivetrain and will help guide 

future research on large wind offshore turbines and reduce the knowledge gap. 

     We plotted 20 seeds simulation, and if we analyse the maximum value, there will be a 

variation because when we generate wind and waves that are random or stochastic data. Even 

though they have the same amplitude and frequency, they don’t have the same phase for the 

wave and wind elevation, which cause different responses. We get only one maximum value if 

we do a single seed simulation. But if we do two seed simulations, we make an average value. 

The variation in the average maximum value will reduce if we make more seed simulations. It 

will be interesting to see how many seeds are required to achieve the accuracy of the response. 

If we do more simulation, it will take more simulation time, but if we do limited simulation, it 

will have some stochastic variation in the response. Identifying the most suitable number of 

simulations for analysis would be good to achieve an accurate response. If we make five seed 

simulations and find the average value difference minimal compared to the twenty seed 

simulations, we can recommend a way to use the five seed simulation to obtain the average load 

and save a lot of simulation time 

     O.Karpa et al.[36] used Monte Carlo simulation to determine the performance of ACER and 

Gumbel distribution by generating 100-yr data points showing that ACER results are better than 

Gumbel. The ACER method is applicable not only for the stationary time series but also for 

non-stationary time series with regard to some limitations. It has been studied and shown by 

Naess et al. [37] that ACER can’t foresee long-term trends outside the data. For example, the 

ACER method cannot estimate the long-term response past the data available from the model. 

But more than the cons ACER has more advantages in estimating the extreme load responses 

in 10-MW wind turbine drivetrain gear box. 
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Appendix A: Calculation 
 

Extreme Value response using Acer and Gumbel 
 

Load 

Case 

ACER Vs Gumbel ACER GUMBEL ACER GUMBEL ACER GUMBEL 

Return Period 1 yr 2 Yr 5 Yr 

Exceedance 

probability q 
7.19178E-05 5.70776E-05 2.28311E-05 

LC 

1, 

Vhub 

= 8 

m/s 

INPA_Fx ( kN ) 
816.5 841.8 826.2 841.8 863.5 841.8 

(784 , 842) (657 , 1077) (791 , 854) (658 , 1077) (819 , 897) (658 , 1077) 

INPA_Fy ( kN ) 
4849.9 4898.9 4937.3 4898.9 5274.6 4898.9 

(4849 ,5094) (3638,6599) (4533,5190) (3638,6600) (4792,5562) (3638,6600) 

INP A _Fz ( kN ) 
2144.1 2024.3 2222.5 2024.3 2520.8 2024.3 

(1861, 2350) (1536,2671) (1896,2434) (1537,2671) (2141,2754) (1537,2671) 

INP B_Fx ( kN ) 

650.2 673.7 659.5 673.7 694.9 673.7 

(620 , 673) (531 , 853) (627 , 682) (531 , 854) (652 , 721) (531 , 854) 

INP B_Fy ( kN ) 

5539.7 5510.1 5622.9 5510.1 5939.4 5510.1 

(5324 ,5705) (4074,7458) (5405,5792) (4075,7458) (5716,6122) (4075,7458) 

INP B_Fz ( kN ) 

6177.0 6119.5 6279.4 6119.5 6673.8 6119.5 

(5732, 6570) (5069,7395) (5815,6692) (5070,7396) (6131,7170) (5070,7396) 

st1_planet_to_st1 _sun ( 

kN ) 

1103.2 1189.4 1120.4 1189.4 1184.8 1189.4 

(1066, 1140) (977 , 1450) (1080,1160) (977 , 1450) (1137,1239) (977 , 1450) 

st2_planet1_to_st2_ring 

( kN ) 

617.0 611.4 625.1 611.4 655.5 611.4 

(588 , 647) (473 , 791) (595 , 658) (473 , 791) (621 , 696) (473 , 791) 

st2_planet1_to_sun ( 

kN ) 

579.2 584.1 587.7 584.1 619.9 584.1 

(553 , 604) (475 , 718) (560 , 614) (475 , 718) (587 , 652) (475 , 718) 

st3_wgear_to_st3_pgear 

( kN ) 

797.5 823.3 809.8 823.3 855.8 823.3 

(757 , 833) (666 , 1017) (767 , 847) (666 , 1017) (805 , 903) (666 , 1017) 
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Load 

Case 

ACER Vs Gumbel ACER GUMBEL ACER GUMBEL ACER GUMBEL 

Return Period 1 yr 2 Yr 5 Yr 

Exceedance 

probability q 
7.19178E-05 5.70776E-05 2.28311E-05 

LC 

2,  

Vhub 

= 12 

m/s 

INPA_Fx ( kN ) 

1133.4 1154.2 1137.7 1154.2 1153.4 1154.2 

(1125 , 1140) (953 , 1398) (1128,1145) (953 , 1398) 
(1142 , 

1162) 
(953 , 1398) 

INPA_Fy ( kN ) 

6861.1 6921.5 7005.0 6921.5 7565.3 6921.5 

(6467,7117) (4484,10727) (6586,7267) (4484,0727) (7043,7856) (4484,10727) 

INP A _Fz ( kN ) 

5442.4 5546.5 5592.4 5546.5 6172.0 5546.5 

(5005,5787) (4288,7183) (5136,5953) (4288,7183) (5618,6599) (4288 , 7183) 

INP B_Fx ( kN ) 

943.3 962.6 947.3 962.6 961.9 962.6 

(935 , 950) (757 , 1224) (938 , 954) (757 , 1224) (951 , 970) (757 , 1224) 

INP B_Fy ( kN ) 

7866.2 7777.1 7990.2 7777.1 8462.6 7777.1 

(7504,8146) (5722,10590) (7614,8281) (5722,10590) (8030,8796) (5722,10590) 

INP B_Fz ( kN ) 

8440.5 8281.9 8637.6 8281.9 9411.5 8281.9 

(78689,8807) (6999 , 9802) (8638,9017) (6999 , 9802) (8647,9840) (6999 , 9802) 

st1_planet_to_st1 _sun ( 

kN ) 

1419.4 1369.5 1429.9 1369.5 1471.6 1369.5 

(1402 , 1438) (1001 , 1874) (1411,1451) (1001 , 1874) (1445,1501) (1001 , 1874) 

st2_planet1_to_st2_ring 

( kN ) 

715.7 706.8 719.3 706.8 733.9 706.8 

(714, 718) (528 , 948) (718 , 723) (528 , 948) (733 , 738) (528 , 948) 

st2_planet1_to_sun ( 

kN ) 

997.5 679.6 1087.2 679.6 1642.9 679.6 

(861 , 1331) (552 , 838) (907 , 1566) (552 , 838) (1155,3408) (552 , 838) 

st3_wgear_to_st3_pgear 

( kN ) 

1206.1 952.0 1264.6 952.0 1566.6 952.0 

(1127, 1329) (794 , 1140) (1167,1422) (794 , 1140) (1360,1933) (794 , 1140) 
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Load 

Case 

ACER Vs Gumbel ACER GUMBEL ACER GUMBEL ACER GUMBEL 

Return Period 1 yr 2 Yr 5 Yr 

Exceedance 

probability q 
7.19178E-05 5.70776E-05 2.28311E-05 

LC 3 

, 

Vhub 

= 16 

m/s 

INPA_Fx ( kN ) 

862.4 957.2 875.3 957.2 925.9 957.2 

(830 , 882) (756 , 1213) (840 , 897) (756 , 1213) (880 , 952) (756 , 1213) 

INPA_Fy ( kN ) 

7728.3 8034.9 7870.9 8034.9 8419.0 8034.9 

(7346, 8053) (7253 , 8909) (7474,8212) (7253, 8909) (8419,8827) (7253, 8909) 

INP A _Fz ( kN ) 

6623.1 6527.0 6754.1 6527.0 5921.2 6527.0 

(6343, 6822) (5304 , 8047) (6465,6955) (5304, 8047) (5697,6110) (5304,8047) 

INP B_Fx ( kN ) 

693.3 780.0 705.2 780.0 751.7 780.0 

(664 , 710 ) (617 , 988) (673 , 723) (617 , 988) (709 , 773) (617 , 988) 

INP B_Fy ( kN ) 

8174.0 8152.7 8319.3 8152.7 8875.3 8152.7 

(7806, 8485) (5856,11354) (7934,8645) (5856,11354) (8422,9261) (5856,11354) 

INP B_Fz ( kN ) 

8142.4 7246.3 8319.3 7246.4 8875.3 7246.4 

(7839 ,8455) (5355 , 9818) (7934,8645) (5355 , 9818) (8422,9261) (5355 , 9818) 

st1_planet_to_st1 _sun ( 

kN ) 

1296.0 1307.4 1297.2 1307.4 1301.7 1307.4 

(1294, 1298) (718 , 2385) (1294,1299) (718 , 2385) (1299,1304) (718 , 2385) 

st2_planet1_to_st2_ring 

( kN ) 

675.3 683.6 676.7 683.6 682.2 683.6 

(674 , 677) (559 , 837) (676 , 678) (559 , 837) (680 , 684) (559 , 837) 

st2_planet1_to_sun ( 

kN ) 

637.4 642.6 638.0 642.6 640.4 642.6 

(636 , 638) (498 , 830) (637 , 634) (498 , 830) (639 , 641) (498 , 830) 

st3_wgear_to_st3_pgear 

( kN ) 

894.0 900.1 894.7 900.1 897.4 900.1 

(893 , 895) (495 , 1637) (894 , 896) (495 , 1637) (896 , 899) (495 , 1637) 
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 10 

Abstract 11 

Offshore wind turbines have been steadily increasing in size, with the global average size 12 
increasing from 1.5 MW to 6 MW from 2000 to 2020. With this backdrop, the research 13 
community has recently looked at very large offshore wind turbines (OWTs) in the 10 to 15 14 
MW class. The larger rotor, nacelle structure and tower have larger structural flexibility. The 15 

larger structural flexibility, controller dynamics, aerodynamics, hydrodynamics, and various 16 

environmental conditions result in complex structural responses. The structural load effects of 17 
a very large OWT could be more severe than that of the lower MW classes. Accurate 18 
quantification of the extreme dynamic responses of OWT systems is essential in the Ultimate 19 

Limit State (ULS) based design due to the fully-coupled interaction between the OWT system 20 

and environmental conditions. Motivated by this, this paper uses the average conditional 21 

exceedance rate (ACER) and Gumbel methods to predict the extreme responses of the 10 MW 22 
semi-submersible type floating OWT under the operating conditions of 8, 12, and 16 m/s mean 23 

wind speed, representing the below-rated, rated and above-rated regions, respectively. The aim 24 
is to guide future research on very large OWTs by indicating the ULS loads expected. 25 

 26 

Keywords: Floating wind turbine, FAST, Extreme value analysis, ACER method, Gumbel 27 

method 28 

 29 

1. Introduction 30 

Offshore wind has been developing quickly from the past decade. From the global wind report 31 
2021 [1] issued by the global wind energy council, it is seen that the cumulative offshore 32 
installations have grown on average by 22 % annually in the past decade. The cumulative 33 
installed wind energy was 35 GW in 2020, 14 times higher than a decade ago. Further, it is 34 

estimated that there will be over 235 GW new installations over the next decade, which 35 
demonstrates a great prospect.  36 

One observation over the years in the technological development of wind turbines is that wind 37 
turbine capacities have consistently increased. This is particularly true of offshore wind turbines 38 
(OWTs). Larger wind turbine sizes enable the same power output with fewer turbines, 39 

foundations, converters, and cables and lower maintenance costs, thus reducing the overall cost 40 

of energy. The global average offshore wind turbine size has increased from 1.5-MW in 2000 41 

to 6.0-MW in 2020 [1]. The trend continues with the research community recently starting 42 
conceptual studies for 15-20 MW-class offshore turbines, such as the IEA 15-MW offshore 43 
reference wind turbine [2].  44 
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Accurate quantification of the extreme dynamic responses of OWT systems is essential in the 45 
Ultimate Limit State (ULS) based design. Due to the fully-coupled interaction between the 46 
OWT system and environmental conditions, the responses are strongly nonlinear and highly 47 

dynamic. A robust set of design requirements must ensure that the extreme load effects over 48 
the entire design lifetime are correctly assessed with corresponding structural capacities 49 
designed in the OWT. Estimating these extreme load effects can be challenging. Direct 50 
calculation of extreme structural responses could obtain accurate results, but this method needs 51 
many dynamic simulations and substantial computational costs. A statistical extrapolation 52 

method, as proposed in IEC 61400-3 [3], for ultimate strength analysis makes it possible to 53 
evaluate the extreme load effects of OWTs by using a much smaller amount of data, thereby 54 
saving a great deal of computational time.  55 

Many studies have evaluated the effectiveness of various statistical extrapolation methods when 56 
used for the extreme load and load effect analysis for OWTs. Saha et al. [4] studied the extreme 57 
short-term responses of a jacket foundation of a 5 MW OWT. The authors studied the sensitivity 58 
of the extreme responses to sample sizes. Three extreme value analysis methods were 59 

investigated: the mean up crossing rate method, the Weibull tail method, and the global maxima 60 
method. It was found that the up crossing rate method performs better for both Gaussian and 61 
non-Gaussian responses than the other two methods. Dimitrov [5] compared three different 62 
methods for extracting independent responses peaks of wind turbine loads. Low-speed shaft 63 

torsion moment, tower base side-side bending moment, and flapwise blade root bending 64 
moment were compared. The results showed that the statistical load extrapolation method could 65 

reasonably estimate the statistical distribution of extreme loads under normal operating 66 
conditions. In contrast, uncertainties in the extrapolation approach exist in other conditions such 67 

as emergency stops, faults, grid drops, storms. Further, the behaviour is influenced by the 68 
turbine controller strategy. Using measurement data, Lott and Cheng [6] presented different 69 
methods to perform statistical extrapolations of extreme loads at wind turbine tower base and 70 

blade root. It was shown that the choices of the distribution function and the fitting method, and 71 
the database selection are important in determining the extrapolated extreme loads. Cao et al. 72 

[7] proposed a stochastic programming formulation based on statistical extrapolation 73 
techniques to mitigate long-term extreme loads in wind turbines. It is found that significant 74 
improvements in power extraction can be obtained while within the extreme mechanical loads. 75 
Cheng et al. [8] compared the extreme structural response and fatigue damage of a 5 MW 76 

horizontal axis floating wind turbine and a 5 MW vertical type. Li et al. [9] estimated the 77 
extreme values of the tower base fore-aft bending moments and mooring line tension forces of 78 

an integrated wind, wave and tidal energy system based on an extrapolated up-crossing rate 79 
method. Xu et al. [10] investigated the effect of wave nonlinearity on the fatigue damage and 80 
extreme responses of a 5MW semi-submersible floating wind turbine. Gumbel fitting and 81 
average conditional exceedance rate (ACER) methods were used to estimate the extreme 82 
responses of the tower base bending moments and mooring line tensions in extreme conditions.  83 

Most studies on extreme structural response were performed on small-scale or medium-scale 84 
OWTs. Minimal effort has been devoted to very large (10-15 MW) floating OWTs. Very large 85 
floating OWT has longer blades, larger swept areas, and taller tower heights, leading to larger 86 
aerodynamic loads. In addition, it has a heavier rotor-nacelle-assembly (RNA) system and a 87 
larger support structure which leads to larger inertial loads. Further, studies performed by Wang 88 

et al. [11]-[12] indicated that larger wind turbines could be at risk of resonance. The larger rotor, 89 

nacelle structure and tower could be sufficiently flexible so their natural frequencies can be 90 

close to the low-frequency wind and wave excitations. The generally larger load effects mean 91 
that the structural load effects of a very large OWT could be more severe than that of the lower 92 
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MW classes. This highlights the importance of accurately quantifying the dynamic load effects 93 
of these very large OWTs, which is paramount in their ULS design.  94 

Motivated by the above, the present work will characterise the extreme structural responses of 95 

a 10-MW floating semi-submersible OWT using the widely used Gumbel fitting and ACER 96 
methods. The paper will investigate the critical locations at the blades-hub, rotor-main shaft, 97 
and the tower base-floating platform interfaces. Representative operating conditions at below-98 
rated, rated, and above-rated wind speeds are studied. The aim is to guide future research on 99 
very large OWTs by indicating the ULS loads expected.  100 

 101 

2. System description 102 

A 10-MW floating wind turbine (FWT) system [13] which is illustrated in Figure 1, is used in 103 
this work. The FWT system will be expounded in two parts in the following sections. Firstly, 104 
the reference wind turbine will be described, then the properties of the semi-submersible floater 105 
and the mooring system will be introduced.  106 

 107 

Figure 1 The 10-MW OO-Star floating wind turbine [13]. 108 

 109 

2.1. DTU 10-MW Reference Wind Turbine  110 

The DTU 10-MW reference wind turbine (RWT) [14] is used in this paper. The wind turbine 111 
was designed following International Electrotechnical Commission (IEC) Class 1A wind 112 

regime. It is a traditional three-bladed, clockwise rotation-upwind turbine and uses a variable 113 
speed and collective pitch control system. The DTU 10-MW RWT numerical model has been 114 

developed and studied by many researchers such as Muggiasca et al. [15], Yu et al. [16], Wang 115 
et al. [17], and Hu et al. [18]. The summary of the DTU 10-MW RWT is presented in Table 1. 116 
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Table 1 Key parameters of the DTU 10-MW reference wind turbine [14]. 117 

Parameter Value 

Rating 10-MW 

Type Upwind/3 blades 

Control Variable speed, collective pitch 

Drivetrain Medium-speed, multiple stage gearbox 

Cut-in, rated and cut-out wind speed (m/s) 4, 11.4, 25 

Minimum and maximum rotor speed (rpm) 6.0, 9.6 

Maximum generator speed (rpm) 480 

Rotor diameter (m) 178.3 

Hub height (m) 119.0 

Rotor mass (kg) 227962 

Nacelle mass (kg) 446036 

Tower mass (kg) 1.257 x 106 

 118 

2.2. OO-Star Semi-submersible Wind Floater and mooring system 119 

This paper considers the 10-MW RWT mounted on the semi-submersible developed by 120 

Dr.techn. Olav Olsen AS [13]-[14] in the LIFES 50+ project [13]. The floater is constructed 121 
using post-tensioned concrete. It has a central main column and three outer columns located 122 

radially outwards. The four columns are mounted on a star-shaped pontoon through a slab 123 
attached at the bottom. Three catenary mooring lines are used for station keeping. Clumped 124 
masses are attached at the middle of each mooring line for increased mooring tension. More 125 

details of the OO-Star Wind Floater and its mooring system are shown in Table 2 and Table 3, 126 
respectively.  127 

 128 

Figure 2 Main dimensions of the OO-Star floater of the 10-MW wind turbine [19].   129 
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Table 2 The main properties for the 10-MW OO-Star wind floater. 130 

Parameter Value 

Water depth (m) 130 

Draft (m) 22 

Tower-base interface above mean sea level (m) 11 

Displacement ( kg) 24158 

Overall gravity, including ballast ( kg) 21709 

Roll and pitch inertia about center of gravity (kg∙m2) 1.4462 x 1010 

Yaw inertia about center of gravity (kg∙m2) 1.63 x 1010 

Center of gravity height below mean sea level (m) 15.23 

Center of buoyancy height below mean sea level (m) 14.236 

 131 

 132 

Figure 3 Sketch of the mooring system in the 10-MW FWT (left: top view; right: side view) 133 
[19].   134 

 135 

Table 3 The main properties for the mooring system of the 10-MW FWT.  136 

Parameter Value 

Radius to anchors from platform centerline (m) 691 

Anchor position below MSL (m) 130 

Initial vertical position of clump mass below MSL (m) 90.45 

Initial radius to clump mass from centerline (m) 148.6 

Length of clump mass upper segment ( kg) 118 

Length of clump mass lower segment ( kg) 585 

Equivalent weight per length in water (N/m) 3200.6 

Extentional stiffness (N/m) 1.506 x 109 

 137 
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3. Methodology 139 
3.1. Aero-hydro-elastic-servo dynamic analysis of the 10-MW FWT 140 

The simulation tool used to simulate a wind turbine is an open-source code called FAST 141 

(v8.16.00a-bjj) developed by the National Renewable Energy Laboratory (NREL). FAST is an 142 
acronym for Fatigue, Aerodynamics, Structures and Turbulence. As its name suggests, it is a 143 
coupled aero-hydro-elastic-servo tool that has been used to execute the dynamic analysis of the 144 
10-MW FWT. The five codes are implemented via MATLAB, and they work concurrently 145 
together to produce the aerodynamic and hydrodynamic loads, and control, structural and 146 

mooring system dynamics are commonly known as AeroDyn [20], HydroDyn [21], ServoDyn, 147 
and MoorDyn [22]. Furthermore, FAST can accept and analyse time-varying stochastic wind 148 
as an input for its time-domain simulations. FAST has been successfully used to execute various 149 

projects such as the OC3: Offshore Code Comparison Collaboration [23] and OC4: IEA 150 
(International Energy Agency) Task Wind 30 [24], with its modelling capability verified in the 151 
Netherlands [25]. 152 

Aerodynamics 153 

In a wind turbine, the blades aerodynamic loads are measured using the quasi-steady Blade 154 
Element Momentum (BEM) theory, where the momentum and blade element theory are used 155 
together. The BEM method includes various corrections such as tip loss, hub loss, skewed 156 
inflow, and dynamic stall corrections in its calculation. While the Pitt and Peters' model 157 

minimises the error by correcting the skewed inflow, the Boddoes-Leishman model helps 158 
correct the dynamic stall. Similarly, the Prandtl corrections and Glauert correction account for 159 

the blade's hub, tip losses, and induction factors. The AeroDyn theory manual can be used as a 160 

reference to understand the calculation of the aerodynamic load executed by the FAST code 161 

[20]. 162 

Hydrodynamics 163 

The drag term from Morison's equation and potential flow theory are used together to calculate 164 

the hydrodynamic loads present in the semi-submersible floater. The wave pressures and 165 
viscous loads are accounted for in this method. Next, the panel code, WAMIT [26], as per the 166 

potential flow theory, is used to estimate the hydrodynamic coefficient and first-order wave 167 
excitation load transfer function. The hydrodynamic coefficient is made up of the added mass 168 
and damping coefficients. After that, the convolution technique is initiated to transform the 169 
hydrodynamic coefficients to obtain the solutions in the time domain [27].  170 

Structural dynamics 171 

To ensure that the structural dynamics of the FWT is accounted for in the FAST code uses the 172 

combined multi-body and modal structural approach. The blades, tower, and driveshaft are 173 
designed as flexible bodies in this approach. In contrast, the nacelle, hub, and floater are 174 
designed as rigid bodies. A coupled dynamics equation from Kane's approach is used to 175 
calculate the structural dynamic responses for the time-domain [28]. At the same time, the 176 
Rayleigh damping coefficient is used in design for the blade's inherent structural damping in 177 

both the blades and tower. 178 

Control system dynamics  179 

The 10-MW FWT's control system functions differently according to its operational modes. 180 

These modes are primarily called the below-rated or full-rated regions. In the below-rated 181 
region, speeds that are lower than the FWT's rated speed, the generator torque-speed curve 182 
controls the rotational speed of the rotor according to the optimal tip speed ratio, allowing the 183 
turbine to reach its maximum power. While at the full-rated region, speeds higher than the 184 
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FWT's rated speed, the blade pitch is adjusted using a proportional-integral (PI) algorithm to 185 
control the rotational speed of the rotor to maintain the rated power generation. The PI 186 
parameters used in the FWTs differ from those used in land-based RWT since it is vital to avoid 187 

the negative damping effects that can significantly affect the FWTs.  188 

 189 

3.2. Extreme value prediction 190 

In any stochastic process X(t) taken across a time period (T), the extreme value is classified as 191 
the largest maxima extracted from a group of individual maxima. 192 

 193 

𝑋𝑒 = 𝒎𝒂𝒙{𝑋𝑚1, 𝑋𝑚2, 𝑋𝑚3, … . , 𝑋𝑚𝑛}  , 𝑖 = 1, … , 𝑛   ( 1 ) 

 194 

where Xe describes the largest maximum value and Xmi describes the individual maxima. 195 
Therefore, from this assumption, it is observed that the individual maxima are independently 196 
and identically distributed across the common distribution function FXm(x). Therefore, from the 197 

equation below, the distribution of Xe is labelled as: 198 

 199 

𝐹(𝑥) = 𝑷𝒓𝒐𝒃{𝑋𝑒 ≤ 𝑥} =  [𝐹𝑋𝑚(𝑥)]𝑛  , 𝑖 = 1, … , 𝑛   ( 2 ) 

 200 

Various statistical methods have been used to approximate an extreme value distribution. 201 

Examples of the extreme value methods used in the study of wind turbines includes an 202 
estimation of extreme structural responses in a floating vertical axis wind turbines by Cheng et 203 

al. [29] and extreme responses due to wave nonlinearity on a semi-submersible floating wind 204 
turbine by Xu et al. [30]. The two methods used in this paper are the ACER method (Section 205 
3.3) and the Gumbel method (Section 3.4). 206 

 207 

3.3. ACER (Average Conditional Exceedance Rate) 208 

This paper uses the ACER method to estimate extreme structural responses. The method was 209 
proposed by Naess and Gaidai [31], and it is derived for a discretely sampled response process. 210 

The cascade of conditional approximation is the basis for calculating the exceedance probability 211 
for extreme value estimation. The primary purpose of the ACER method is to accurately 212 

determine the distribution function of the extreme value, which is denoted as 𝑀𝑁 =213 

𝑚𝑎𝑥{𝑋𝑗;  𝑗 = 1,  ⋯ ,  𝑁}. Let 𝑃𝜂 = 𝑃𝑟𝑜𝑏(𝑀𝑁 ≤ 𝜂) denotes the probability of the occurrence of 214 

the extreme value 𝜂 and it follows: 215 

 216 

𝑃𝜂 = 𝑃𝑟𝑜𝑏(𝑀𝑁 ≤ 𝜂) = 𝑃𝑟𝑜𝑏(𝑋1 ≤ 𝜂,  ⋯ ,  𝑋𝑁 ≤ 𝜂) ( 3 ) 

 217 

To solve this equation efficiently, a cascade of conditional approximation 𝑃𝑘(𝜂) is used, where 218 

𝑃𝑘(𝜂) tends to close to 𝑃𝜂 as 𝑘 increases. For 𝑁 ≫ 1 and 𝑘 = 1,2, ⋯, 𝑃𝑘(𝜂) is represented as: 219 

 220 
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𝑃𝑘(𝜂) ≈ 𝑒𝑥𝑝(− ∑ 𝛼𝑘𝑗(𝜂)

𝑁

𝑗=𝑘

) ( 4 ) 

 221 

where 𝛼𝑘𝑗(𝜂) = 𝑃𝑟𝑜𝑏(𝑋1 >  𝜂|𝑋𝑗−1 ≪ 𝜂,  ⋯ ,  𝑋𝑗−𝑘+1 ≤ 𝜂), and it represents the exceedance 222 

probability conditional on 𝑘 − 1 previous non-exceedances. 223 

Equation ( 4 ) will be calculated based on the ACER, which is defined as: 224 

 225 

 226 

𝜀𝑘(𝜂) =
1

𝑁 − 𝑘 + 1
∑ 𝛼𝑘𝑗(𝜂)

𝑁

𝑗=𝑘

, 𝑘 = 1,2, ⋯ ( 5 ) 

 227 

For 𝑘 ≥ 2, 𝜀𝑘̃(𝜂) is used instead of 𝜀𝑘(𝜂) because it is easier to use for nonstationary or long-228 
term statistics, and it is defined as: 229 

 230 

𝜀𝑘̃(𝜂) =  lim
𝑁→∞

∑ 𝑎𝑘𝑗(𝜂)𝑁
𝑗=𝑘

𝑁 − 𝑘 + 1
 ( 6 ) 

 231 

where 𝑎𝑘𝑗(𝜂) is the realised values for the observed time series, and lim
𝑁→∞

𝜀̃𝑘(𝜂)

𝜀𝑘(𝜂)
= 1. 232 

For both stationary and nonstationary time series, the sample estimate of the ACER can be 233 

denoted as: 234 

 235 

𝜀𝑘̂(𝜂) =
1
𝑅

∑ 𝜀𝑘̂
(𝑟)(𝜂)

𝑅

𝑟=1

 ( 7 ) 

 236 

where R is the number of samples, and  237 

 238 

𝜀̂𝑘
(𝑟)(𝜂) =  

∑ 𝑎𝑘𝑗
(𝑟)(𝜂)𝑁

𝑗=𝑘

𝑁 − 𝑘 + 1
 ( 8 ) 

 239 

where r denotes the realisation number.  240 

When the realisations are sufficiently numerous and assumed to be independent, then the 95 % 241 

confidence interval (CI) for the ACER can be estimated as: 242 

 243 

𝐶𝐼(𝜂) = 𝜀̂𝑘(𝜂) ± 1.96
𝑠̂𝑘(𝜂)

√𝑅
⁄  ( 9 ) 
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where 𝑠̂𝑘(𝜂) refers to the standard deviation of samples and can be estimated by: 245 

 246 

𝑠̂𝑘(𝜂) 2 =
1

𝑅 − 1
∑(𝜀̂𝑘

(𝑟)(𝜂) − 𝜀̂𝑘(𝜂))2

𝑅

𝑟=1

 ( 10 ) 

 247 

The above equations for estimation of average exceedance rate are based on direct numerical 248 
simulations. In contrast, an extrapolation technique can reduce the computational time.  249 

Assuming the mean exceedance rate in the tail behaves similarly to 𝑒𝑥𝑝{−𝑎(𝜂 − 𝑏)𝑐}(𝜂 ≥250 

𝜂0 ≥ 𝑏), where a, b and c are suitable constants. The ACER will therefore be assumed by: 251 

 252 

𝜀𝑘(𝜂)  ≈ 𝑞𝑘(𝜂)𝑒𝑥𝑝{−𝑎𝑘(𝜂 − 𝑏𝑘)𝑐𝑘}, 𝜂 ≥ 𝜂0 ( 11 ) 

 253 

where the function 𝑞𝑘(𝜂) varies slowly compared to the exponential function 𝑒𝑥𝑝{−𝑎𝑘(𝜂 −254 

𝑏𝑘)𝑐𝑘} in the tail region, thus it can be replaced by a constant for a suitable choice of the tail 255 

marker 𝜂0.  256 

Finally, the Levenberg-Marquardt least-squares optimisation method can be used to determine 257 

the constants a, b, c and q. Based on this, the probability of the occurrence of the extreme value 258 
can be obtained by the ACER method. In the studies of Naess et al. [32] and Chai et al.[33]  it 259 

is shown that the extrapolation technique can achieve a satisfactory estimation of the extreme 260 
values but saves significant simulation time. Detailed descriptions of the ACER method can be 261 

found in the reference [34].  262 

 263 

3.4. Gumbel fitting method 264 

Extreme value distribution Eq. ( 2 ) has been proven on numerous occasions to converge to the 265 
Gumbel, Fréchet or Weibull distribution if the sample size (n) is large enough. Therefore, these 266 

distributions are also recognised as the Type I, II and III extreme value distributions, 267 
respectively and are a family of cumulative distribution probability that combines the 268 
generalised extreme value (GEV) distribution. 269 

 270 

                  𝐹𝑋𝑒
(𝑥) = 𝑒𝑥𝑝 (− (1 + 𝛾 (

𝑥 − 𝜇

𝛽
))

−
1
𝛾

) ( 12 ) 

 271 

where β describes the scale parameter, γ describes the shape parameter, and μ describes the 272 

location parameter. The limiting of γ→0 allows the approximation to fit the Gumbel 273 
distribution, commonly used as a recommendation when modelling marine structures [35]. 274 

 275 

                  𝐹𝑋𝑒
(𝑥) = 𝑒𝑥𝑝 (−𝑒𝑥𝑝 (−

𝑥 − 𝜇

𝛽
)) ( 13 ) 
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 276 

Eq. ( 13 ) can be rewritten by using logarithm on the equation, allowing it to become a linear 277 
function. 278 

 279 

                −𝑙𝑛 (𝑙𝑛 (𝐹𝑋𝑒
(𝑥)))  =

𝑥

𝛽
−

𝜇

𝛽
 ( 14 ) 

 280 

The parameters β and μ can be approximated from the original data using the least-square fitting 281 

method from the cumulative distribution probability, i.e., a straight line on a probability paper 282 

[36].  283 

 284 

3.5. Load cases and environmental conditions 285 

In this paper, the wind and wave data were generated using the hindcast data obtained from the 286 
North Sea from 2001 to 2010. The long-term joint wind and wave distribution consisted of 1-287 
hour mean wind speed located 10 m above the sea level (U10), wave spectral peak period (Tp) 288 

and significant wave height (Hs) [37]. The long-term joint wind and wave distribution are 289 

described below: 290 

 291 

𝑓𝑈10,𝐻𝑠,𝑇𝑝
(𝑢, ℎ, 𝑡) = 𝑓𝑈10

(𝑢) ∙ 𝑓𝐻𝑠ǀ𝑈10
(ℎǀ𝑢) ∙ 𝑓𝑇𝑝ǀ𝑈10,𝐻𝑠

(𝑡ǀ𝑢, ℎ) ( 15 ) 

 292 

where the marginal distribution of U10 is described by 𝑓𝑈10
(𝑢)  , 𝑓𝐻𝑠ǀ𝑈10

(ℎǀ𝑢)  and 293 

𝑓𝑇𝑝ǀ𝑈10,𝐻𝑠
(𝑡ǀ𝑢, ℎ), the conditional distribution of Hs for given U10 and the conditional distribution 294 

of Tp for given U10 and Hs. Figure 4 shows a scattered diagram for the in situ values of Hs and 295 

Tp that are used to assign probabilities for the individual sea states. 296 

 297 

 298 

Figure 4 Scattered diagram: In situ values of Hs and Tp used to assign probabilities for the 299 

individual sea states. 300 

 301 
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Table 4 Load cases for numerical simulations. 302 

Load 

cases 
𝑼𝒘 (m/s) 𝑻𝑰 𝑯𝒔 (m) 𝑻𝒑 (s) Samples Simulation length (s) 

LC1 8 0.1740 1.9 9.7 20 4000 

LC2 12 0.1460 2.5 10.1 20 4000 

LC3 16 0.1320 3.2 10.7 20 4000 

 303 

To replicate a highly probabilistic normal operational condition experienced by the turbine, 304 
three closely related load cases were selected, shown in Table 4. The wind speed used varied 305 

according to the turbine operating ranges, cut-in, rated and cut-out zones. The three-speed 306 
increased in blocks of 4 m/s. Each speed had its significant wave height and spectra peak period, 307 
and these values were measured using the joint distribution described in Eq. ( 15 ). In 308 

comparison, the turbulent wind and irregular waves used for all three cases were directionally 309 
aligned. Wind turbine Class C is used with normal turbulence and normal wind profiles. The 310 
wind speed profile is modelled using the wind power-law formulation described in Eq. ( 16 ). 311 

 312 

𝑈𝑤(𝑧) =  𝑈ℎ𝑢𝑏 (
Z

𝑍ℎ𝑢𝑏
)𝛼 ( 16 ) 

 313 

where Uw(z) is the mean wind speed taken from height 𝑧 above the still water level, uhub is the 314 

mean wind speed w.r.t hub height, zhub is the hub height w.r.t the still water level (119 m for the 315 
selected 10-MW FWT). α (power-law exponent) is equal to 0.14. These recommendations are 316 
from IEC 61400-3-2, see [38], used for offshore locations. 317 

The 3-D wind turbulent fields generated using Turbsim is derived from the Kaimal's turbulence 318 
model [39]. At the same time, the JONSWAP (Joint North Sea Wave Project) spectrum allowed 319 

the modelling of the time-varying irregular waves with the respective Hs and Tp values.  320 

Every simulation was conducted for a period of 4000s. The initial 400s of these simulations 321 
were disregarded to account for the transient effect often present during a turbine's start-up. 322 

Consequently, only 3600s of data is used to analyse the extreme value. Accordingly, each 323 

environmental condition had sea states with 20 random wind and wave conditions samples. 324 

 325 

4. Response variables 326 

The loads at the three measurement points presented in Figure 5 are considered. These are the 327 

blade 1 root flapwise bending moment (RootMyb1), main shaft tip up-down bending moment 328 
(LSSTipMys) and tower bottom fore-aft bending moment (TwrBsMyt). 329 

 330 
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 331 

Figure 5 Location of points where bending moments are measured. 332 

 333 

5. Results and discussions 334 

This paper presents the methodology for estimating the 10 MW DTU WT-OO-Star's extreme 335 
loads during operating conditions. The empirical data is based on accurate numerical 336 
simulations using a FAST model as presented in Section 3.1. The Gumbel and ACER methods 337 

presented in Sections 3.3 and 3.4 are used.  338 

 339 

5.1. Time-domain responses, PSD, and maximum values 340 

The time-domain responses for one portion of a realisation, the power spectral distributions 341 

(PSDs) for a full realisation and the maximum values of each realisation are presented in Figure 342 
6, Figure 7, and Figure 8, respectively. These results of each load case, i.e., LC1, LC2 and LC3 343 
are taken from one of the 20 realisations calculated. The wind and wave elevation time series 344 
and PSDs are also plotted for reference.  345 

 346 
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Figure 6 Example time domain results. Top-left: Main shaft tip up-down bending moment 347 

(LSSTipMys); Top-right: Tower bottom fore-aft bending moment (TwrBsMyt); Centre-left: 348 
Blade 1 root flapwise bending moment (RootMyb);  Centre-right: Downwind wind velocity at 349 

hub height; Bottom: Wave elevation 350 
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Figure 7 Power spectral distributions. Top-left: Main shaft tip up-down bending moment 352 
(LSSTipMys); Top-right: Tower bottom fore-aft bending moment (TwrBsMyt); Centre-left: 353 

Blade 1 root flapwise bending moment (RootMyb); Centre-right: Downwind wind velocity at 354 
hub height; Bottom: Wave elevation 355 
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Figure 8 Maximum value in each realisation. Top-left: Main shaft tip up-down bending 357 
moment (LSSTipMys); Top-right: Tower bottom fore-aft bending moment (TwrBsMyt); 358 
Centre-left: Blade 1 root flapwise bending moment (RootMyb); Centre-right: Downwind 359 

wind velocity at hub height; Bottom: Wave elevation 360 

 361 

5.2. Extreme load responses using ACER and Gumbel methods 362 

This section presents the extreme load responses using the ACER and Gumbel methods for the 363 
three operating conditions (LC1 – LC3) presented in Table 4. k = 6 is used. For illustration, 364 
example plots of the ACER extrapolation and Gumbel fitting are presented in Figure 9 and 365 

Figure 10, respectively.  366 
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 367 

Figure 9 Example plot of ACER extrapolation,TwrBsMyt, LC1 – Vhub =8 m/s, Realisation #1 368 

 369 

 370 

 371 

Figure 10 Example plot of Gumbel fitting, TwrBsMyt, LC1 – Vhub = 8 m/s, Realisation #1 372 

 373 

As illustrated by the significantly smaller confidence intervals, the ACER method can lead to 374 
more accurate results as it does not assume a distribution. The ACER method does not assume 375 

any extreme value distribution. Instead, it follows the exact shape of the data points as presented 376 
in Figure 9. On the other hand, from Figure 10, it is observed that the Gumbel distribution does 377 
fit the upper-end tail well. The data points tend to curve up towards the left for increasing 378 
response values and are above the Gumbel line. This means the Gumbel distribution will tend 379 
to overpredict the extreme value responses. This example shows the advantages of the ACER 380 

method.    381 

The extreme load responses together with the 95 % CIs from both ACER and Gumbel methods 382 
are then plotted in Figure 11, Figure 12 and Figure 13 for RootMyb, LSSTipMys and 383 
TwrBsMyt, respectively. The numerical values of the results are also presented in Table 6 and   384 
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Table 7 of the Appendix for extreme values calculated by the ACER and Gumbel methods, 385 
respectively.  386 

 387 

  

 

Figure 11 Blade 1 root flapwise bending moment. ACER and Gumbel with 95 % CI; Top-388 
left: LC1, Vhub = 8 m/s; Top-right: LC2, Vhub = 12 m/s; Bottom: LC3, Vhub = 16 m/s.  389 

 390 
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Figure 12 Main shaft tip up-down bending moment. ACER and Gumbel with 95 % CI; Top-391 

left: LC1, Vhub = 8 m/s; Top-right: LC2, Vhub = 12 m/s; Bottom: LC3, Vhub = 16 m/s. 392 

 393 

  

 

Figure 13 Tower bottom fore-aft bending moment. ACER and Gumbel with 95 % CI; Top-394 

left: LC1, Vhub = 8 m/s; Top-right: LC2, Vhub = 12 m/s; Bottom: LC3, Vhub = 16 m/s. 395 

 396 

The following observations are made:  397 

• The 1, 2 and 5-year extreme values are generally 1.1-1.3 times larger than the 398 
maximums of single 1-hour realisations. The relatively large range of values (about 20 399 

%) indicates the importance of using extrapolation methods that are accurate in 400 
predicting extreme values that can be used to define appropriate design values that can 401 
be utilised in deterministic engineering design.  402 
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• The 95 % CIs of the results calculated using the ACER method are significantly smaller 403 

than those of the Gumbel method. This highlights the benefits of the ACER in not 404 
assuming a distribution in the extrapolation of extreme values.  405 

• The 95 % Cis of the results calculated using the Gumbel method are larger. This 406 
indicates that the Gumbel distribution does not fit the extreme value responses very 407 
well. 408 

• Further, the 1, 2, and 5-year extreme values calculated using the Gumbel method are 409 
relatively similar. This is due to the inaccurate fit of the probability distribution at the 410 
upper tail end. The fitted Gumbel probability density distribution slope is too steep at 411 

the upper tail end. This leads to very small changes in the response values for a unit 412 
change in probability.  413 

 414 

5.3. Choice of k value in ACER method 415 

It is recommended to perform sensitivity analyses of the k values used when studying new 416 
responses [31]. Therefore, the choice of k value is investigated in this section for a q value of 417 
10-6. The results for k = 2, 4 and 6 are presented in Table 5. The ACER function plots for k = 1 418 

to 6 are presented in Figure 14.  419 

 420 

Table 5 Extreme values calculated from the ACER method considering different values of k. 421 

Load Case 
q value 10-6 

k value 2 4 6 

LC1, Vhub = 8 m/s 

RootMyb (kNm) 36103 36441 37018 

LSSTipMys (kNm) 11509 11580 11592 

TwrBsMyt (kNm) 380076 368822 390514 

LC2,  Vhub = 12 m/s 

RootMyb (kNm) 44536 44626 44951 

LSSTipMys (kNm) 19511 19228 19607 

TwrBsMyt (kNm) 476606 479938 480159 

LC3 , Vhub = 16 m/s 

RootMyb (kNm) 38980 40385 40214 

LSSTipMys (kNm) 20747 20803 20670 

TwrBsMyt (kNm) 450802 447620 450217 

 422 

 423 

 424 
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Figure 14 ACER functions for various k values. Top: LC1, Vhub = 8 m/s; Centre: LC2, Vhub = 426 
12 m/s; Bottom: LC3, Vhub = 16 m/s; Left: Blade 1 root flapwise bending moment 427 

(RootMyb); Centre: Mainshaft tip up-down bending moment (LSSTipMys); Right: Tower 428 

bottom fore-aft bending moment (TwrBsMyt).  429 

 430 

In general, the extreme values calculated do not vary significantly with the value of k used. A 431 

k value of 1 was found to lead to incorrect results. The extreme values estimated also increase 432 
for increasing values of k used. It was observed that the responses converged for k > 2. 433 

Therefore, it was decided to use k = 6 for the analyses in this paper.  434 

 435 

6. Conclusions 436 

This paper investigated the extreme responses for a 10 MW semi-submersible type FWT using 437 
ACER and Gumbel methods. The responses are based on fully coupled nonlinear numerical 438 
analysis, including structural flexibility, aerodynamics, hydrodynamics, control dynamics, 439 
interaction with combined turbulent wind and stochastic waves. The following conclusions are 440 
made: 441 

• The 1, 2 and 5-year responses of the FWT were in general 1.1-1.3 times larger than the 442 

maximums of single 1-hour realisations. This reinforces the importance of using 443 
extrapolation methods to determine extreme loads to be used as ULS loads.  444 
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• The ACER results have a smaller 95 % CI than the Gumbel results. This means the 445 

ACER method is more accurate than the Gumbel method.  446 

• The 1, 2 and 5-year responses predicted by the Gumbel method are quite similar. This 447 
is due to poor Gumbel fitting of the data at the upper tail. On the other hand, the ACER 448 
does not assume any distributions and therefore does not have the same poor fit issue at 449 
the tail end.  450 

• The better performance of the ACER method is because, in contrast to Gumbel, it does 451 
not assume that the extreme responses follow a designated probability distribution. 452 

• Lastly, it was found that k = 1 would lead to incorrect results and cannot be used, but 453 
otherwise, the choice of the k values does not affect the ACER results. When new 454 
responses are studied, it is also recommended to perform sensitivity studies on the k 455 

values.  456 

 457 
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Appendix  561 

 562 

Table 6 Extreme value responses using ACER method for various return periods; 95 % 563 

confidence interval in paratheses.  564 

Load Case 

Return period 1 yr  2 yr  5 yr 

Exceedance 

probability, q 
7.19×10-5 5.71×10-5 2.28×10-5 

LC1  

Vhub = 8 m/s 

RootMyb (kNm) 
30726 

(29149, 31682) 

31084 

(29393, 32082) 

32479 

(30315, 33645) 

LSSTipMys 

(kNm) 

9245 

(8673, 9616) 

9390 

(8792, 9768) 

9937 

(9241, 10351) 

TwrBsMyt 

(kNm) 

328555 

(318797, 336312) 

332314 

(322130, 340328) 

346662 

(334792, 355663) 

LC2 

Vhub = 12 

m/s 

RootMyb (kNm) 
41445 

(40752, 42073) 

41662 

(40934, 42338) 

42485 

(41615, 43372) 

LSSTipMys 

(kNm) 

15061 

(14140, 15677) 

15327 

(14349, 15973) 

16357 

(15136, 17122) 

TwrBsMyt 

(kNm) 

437049 

(428032, 444853) 

439643 

(429627, 446865) 

449561 

(436751, 457982) 

LC3 

Vhub = 16 

m/s 

RootMyb (kNm) 
33406 

(32141, 34231) 

33790 

(32440, 34657) 

35293 

(33587, 36335) 

LSSTipMys 

(kNm) 

17054 

(16567, 17449) 

17282 

(16780, 17688) 

18144 

(17584, 18591) 

TwrBsMyt 

(kNm) 

359140 

(343069, 367411) 

364244 

(347041, 372826) 

384245 

(362296, 394070) 

 565 

  566 
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Table 7 Extreme value responses using Gumbel method for various return periods; 95 % 567 
confidence interval in paratheses. 568 

Load Case 

Return period 1 yr  2 yr  5 yr 

Exceedance 

probablity, q 
7.19×10-5 5.71×10-5 2.28×10-5 

LC1, Vhub = 

8 m/s 

RootMyb (kNm) 
29772 

(23844, 37194) 

29772 

(22344, 37194) 

29772 

(23844, 37195) 

LSSTipMys 

(kNm) 

9061 

(6870, 11953) 

9061 

(6870, 11953) 

9061 

(6870, 11953) 

TwrBsMyt 

(kNm) 

314083 

(229636, 429680) 

314083 

(229636, 429680) 

314084 

(229636, 429681) 

LC2, Vhub = 

12 m/s 

RootMyb (kNm) 
41593 

(28380, 61026) 

41593 

(28380, 61026) 

41593 

(28380, 61026) 

LSSTipMys 

(kNm) 

15321 

(11801, 19903) 

15321 

(11801, 19904) 

15321 

(11801, 19904) 

TwrBsMyt 

(kNm) 

491364 

(368347, 655777) 

491364 

(368347, 655778) 

491365 

(368348, 655779) 

LC3, Vhub = 

16 m/s 

RootMyb (kNm) 
46542 

(36896, 58215) 

46542 

(37218, 58215) 

46542 

(37218, 58215) 

LSSTipMys 

(kNm) 

17168 

(13676, 21530) 

17168 

(13676, 21530) 

17168 

(13676, 21530) 

TwrBsMyt 

(kNm) 

466508 

(384880, 566002) 

466510 

(384880, 566003) 

466510 

(384882, 566004) 

 569 
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Abstract
The utilisation of offshore wind turbines has rapidly increased in the last decade, which has resulted in a steady
increase in wind turbine sizes. The global average offshore wind turbine size has increased from 1.5 MW to 6
MW in the last two decades. The research community has started to investigate huge 10 to 15 MW offshore
wind turbines in recent years, resulting in the study of very innovative floating wind turbines using various
substructure technologies. With this backdrop, this paper will investigate and thoroughly compare the power
performance of extreme load effects of a large offshore 10 MW turbine installed on the monopile, spar, and
semisubmersible substructures. This is performed by using the average conditional exceedance rate (ACER) and
Gumbel methods to predict the extreme responses under the operating conditions of 8, 12, and 16 m/s mean
wind speed, representing the below-rated, rated, and above-rated regions, respectively. The aim is to consolidate
and close the knowledge gap in understanding wind turbine responses across the most common offshore
substructure technologies. The results show that the extreme loads experienced depends significantly on the
operating regions. Further, it was observed that the spar wind turbine generally experiences larger extreme loads
due to larger platform pitch motion.
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1. Introduction
Low-carbon technologies have been becoming essential because they can effectively facilitate the transformation
from fossil fuels to renewable energy and thus promote the realisation of the global sustainable energy goal.
Wind power is one of the significant renewable energy sources in accelerating the global energy transition.  Even
though the onshore wind market dominates, offshore wind power demonstrates excellent potential for rapid
development due to the vast untapped resources.
According to the substructure type, offshore wind turbines (OWTs) can be categorised by fixed types, such as
Triple, Tripod, Gravity base, Jacket, Monopile; and floating types, such as spar, semisubmersible, barge, and
tension-leg platform (TLP). In the offshore wind report by Wind Europe [1], by the end of 2020, Monopile OWT
in Europe reached a cumulative 4681 units and remained the most used type with a market share of
approximately 81.2%. In contrast, all floating wind turbines (FWTs) account for only about 0.2% of total units.
This is because FWTs are usually installed at distant shore locations where the wind resources are more stable
and abundant than the near coast; the installations of the bottom-fixed offshore turbine in regions with water
depth exceeding 50-60 m are not economically attractive [2]. However, floating offshore wind has been attracted
significant attention in recent years and shows a massive prospect for rapid development.
To promote the successful evolvement of offshore wind from shallow water to deep water regions, a significant
reduction of the levelized cost of energy (LCOE) is necessary. FWTs are generally based on classical
substructure design, such as the spar, semisubmersible, and TLP, developed by learning from the oil and gas
industry [3]. However, different design criteria are needed to design OWT substructures compared to the
offshore oil and gas platforms. This is because offshore oil and gas platforms mainly withstand wave loads,
while OWTs also have to withstand substantial wind loads. OWTs are usually designed following the
international standard IEC 61400-3 [4], covering additional wave, current, and tidal conditions in the general sea
states. However, the IEC 61400-3 standard cannot be used as the basis for FWT design yet.
Compared to the bottom-fixed OWTs, FWTs are still in the early stage of technology, mainly due to the
superficial understanding of complex dynamics. FWTs present strong nonlinearity in the dynamic behaviour
because of the interactions of the aerodynamic and hydrodynamic loads, the structural flexibility, the advanced
controller system, and the stochastic turbulent wind and irregular wave conditions. In addition, various
conditions, including start-up, normal operating, faulted and emergent shutdown, and parked conditions,
increase the complexity of the dynamic behaviour of FWTs.
The power and dynamic load effect performance of OWTs differ in different substructure supports, which have
been presented in several studies, i.e., [5][6][7][8]. Although these studies addressed specific comparisons
between different OWTs, much more efforts need to be devoted to getting more profound insight into the
dynamic behaviour of FWTs, which will be the basis for technology improvement and LCOE reduction.
Extreme response analysis is an essential aspect of OWTs because the extreme responses are the basis for the
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ultimate limit state (ULS) check, a fundamental criterion for OWT structural design. Aggarwal et al. [9] studied
3-h short term extreme motions for a 5-MW spar-type FWT. Chen et al. [10] presented a modified
environmental contour method (MECM) for long-term extreme response analysis of OWTs. Tower base and
monopile extreme loads of a 5-MW bottom-fixed OWT estimated by full long-term analysis, ECM, and MECM
methods were compared, and the results showed that the proposed MECM could achieve a more accurate
prediction of the extreme structural loads than the traditional ECM. Xu et al. [11] proposed an averaged
conditional exceedance rate (ACER) method to investigate the extreme structural responses of a 5-MW
semisubmersible FWT. The focus of the work was to compare the ACER method with the conventional Gumbel
method, and the results showed that the proposed ACER method could perform the extreme value analysis for
FWTs more accurately and efficiently.
However, there is a lack of comparison of extreme responses between different support type OWTs, which can
be an essential basis in contributing to the improvement of the design guidelines for FWTs. To close this
knowledge gap, this study proposes a comparative study of the power generation and extreme response analysis
for three 10-MW OWTs supported on the bottom-fixed, spar, and semisubmersible substructures, respectively.
 
2. Floating wind turbine concepts
Three 10-MW offshore wind turbine concepts: a monopile bottom-fixed, a spar and a semisubmersible type, are
used in this study. The Technical University of Denmark (DTU)10-MW reference wind turbine (RWT) [12] is
employed in the three offshore concepts, which were developed by upscaling from the National Renewable
Energy Laboratory (NREL) 5-MW wind turbine but emphasised the optimised design of the rotor blades. The
10-MW RWT is a three-bladed  upwind clockwise rotating wind turbine with varying speed  pitch control
arrangement... The wind turbine is designed with a cut in speed of 4m/s, a rated speed of 11.4m/s and a cut-out
speed of 25 m/s. In addition, the minimum and maximum rotor speeds are 6.0 rpm and 9.6 rpm, respectively.
More detailed information about the DTU0-MW RWT can be found in the technical report [12].
The sketches of the monopile-, spar- and semi-submersible-type offshore wind turbines are illustrated in Fig. 1.
Each offshore wind turbine concept is described in greater detail in Sections 2.1-2.3, respectively.

    
             (a) bottom-fixed monopile [2]                               (b) floating spar type [3]

(c) floating semisubmersible type [4]
Fig. 1. Sketches of the 10-MW bottom-fixed monopile, floating spar-, and semisubmersible types offshore wind

turbine concepts.
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2.1.  Bottom-fixed monopile concept
The 10-MW bottom-fixed monopile wind turbine concept used in the present work was designed by Velarde and
Bachynski [13]. The monopile foundation was designed for a water depth of 30 m. Parameters of the pile
diameter, thickness, penetration depth of the monopile foundation, and the tower material, diameter, and
thickness are determined to obtain the desired natural frequency. The desired natural frequency of the monopile
turbine structure is in a soft-stiff region and falls outside the blade 1P and 3P excitation regions to avoid
structural resonance. A natural frequency of 0.251 Hz was realised based on the design considerations. Detailed
specifications of the monopile-support wind turbine are illustrated in Fig. 1 (a) and are presented in the paper
[13].
2.2.  Spar-type floating concept
Hegseth and Bachynski [14] designed the spar platform for supporting the 10-MW RWT. The spar support
structure was developed from the OC3-Hywind spar concept [15], but the draft of the hull for the 10-MW RWT
model was reduced to 90m to make it applicable in intermediate water depths. To improve the hydrodynamic
stability and  buoyancy, the diameter of the hull and the ballast mass was increased. A heavy ballast was also
placed at the bottom of the hull to improve stability.
The spar platform consists of two cylinders with different diameters and is connected by a taper section, as
illustrated in Figure 1(b). The tower length and bottom diameter are modified from the DTU 10-MW RWT to
join the spar platform. As a result, the dimensions of the tower sections are adjusted accordingly to maintain the
same hub height as the land-based RWT; meanwhile, to make the natural frequencies in tower bending moment
modes above the rotor 3P excitation range.
The spar-type floating wind turbine with the catenary mooring system improves the yaw stiffness by using a
rotational spring. The fairleads are placed at the centre of gavity (COG) to reduce the coupling of surge and pitch
motions. The 10-MW spar-type floating wind turbine was introduced in greater detail in Figure 1(b) and the
reference [14].
 
2.3. Semisubmersible type floating concept
The semisubmersible platform for supporting the 10-MW Reference Wind Turbine was designed and developed
by Dr.techn. Olav Olsen as described in the LIFES 50+ project [16]. In the LIFES 50+ project, two
semisubmersible concrete concepts were designed, and the OO-Star concrete concept is used in the present
work. The OO-Star platform consists of three outer columns and a central column where the turbine is installed
on the central column. The four columns are mounted on three pontoons, and each pontoon connects an outer
column and the main column. A heave plate is attached at the bottom of the pontoons to increase the natural
heave period.
Because the central column of the platform has an 11m height above the mean sea level, the tower length is
shortened accordingly to maintain the same hub height of the land-based RWT. Moreover, the outer diameter of
the tower bottom is modified to match the interface of the platform's central column. Then, the wall thickness
and outer diameter of each tower segment were adjusted to avoid the resonance of the coupled tower-platform
structure.
Three catenary mooring lines are used for station keeping, and the horizontal angle between two adjacent lines is
120 degrees. A clumped mass is attached to each mooring line to increase the mooring tension. More details of
the OO-Star semisubmersible FWT system are demonstrated in Fig. 1 (c) and inthe LIFES50+ project reports
[16][17].
 
3. Methodology
3.1.
Aero-hydro-servo-elastic dynamic analysis of the 10-MW OWT models
The aero-hydro-servo-elastic fully coupled numerical analysis of the 10-MW monopile, spar, and
semisubmersible OWT models are carried out by using the simulation tool SIMA [18]. SIMA is sophisticated
software for marine operations and mooring analysis, and it has been successfully used for bottom-fixed and
floating OWT dynamic analysis. The simulation tool integrates two computer codes: SIMO and RIFLEX. SIMO
calculates the hydrodynamic loads and dynamic motions of floating structures. RIFLEX is a nonlinear finite
element solver for calculating the structural responses of flexible elements, and it also provides an external
controller for blade pitch and shaft torque controls. The simulation software can reasonably account for the
aerodynamics, hydrodynamics, structural dynamics, and control system dynamics for OWT analysis.
The identical rotor, hub, and nacelle are used in the monopile, spar and semisubmersible OWT models. The hub,
nacelle, spar and semisubmersible floating platforms are considered rigid bodies. The blades, tower, shaft and
monopile are modelled by nonlinear beams. Nonlinear p-y curves model the laterally of the monopile below the
mud line. Mooring lines in the spar and semisubmersible FWTs are modelled by nonlinear bar elements, where
only the axial stiffness is considered.
Blade element momentum theory is used to calculate the forces on the wind turbine. The momentum theory
refines the induced velocities calculation is used to analyse the aerodynamics loads on the rotor of the monopile,
spar and semisubmersible.  Advanced corrections include Prandtl and Glauert for hub and tip loss, dynamic
wake correction, tower shadow, dynamic stall, and skewed inflow corrections.
Hydrodynamic loads on the monopile and mooring lines are calculated based on Morison's equation, where both
the drag and inertial terms are included. The hydrodynamic loads on the spar and semisubmersible hulls are
computed using the potential flow theory and Morison's equation. First-order wave loads on the structural hulls
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are first obtained in the panel model's frequency domain; then, they are applied in the time domain using the
convolution techniques. The drag term of Morison's equation is used to account for the viscous forces omitted in
the potential flow theory in the two FWTs.
The control system for the three OWT models consists of the blade pitch control and the generator torque
control, and they are written in JAVA and applied through the interface in RIFLEX. The proportional and
integral coefficients, KP and KI, of the controller in the monopile OWT are those of the original values used in
the onshore RWT. However, the controller coefficients used in the spar and semisubmersible FWTs are modified
to avoid the negative damping effect and thus prevent unstable pitch motions.
 
3.2.  Extreme value prediction
In any stochastic process X(t) taken across a period (T), the extreme value is the largest maxima extracted from a
group of individual maxima.
 

( 1 )

 
where Xe describes the largest maximum value and Xmi describes the individual maxima. Therefore, from this
assumption, it is observed that the individual maxima are independently and identically distributed across the
common distribution function FXm(x). Thus, from the equation below, the distribution of Xe is labelled as:

 

( 2 )

 
Various statistical methods have been used to approximate an extreme value distribution. Examples of the
extreme value methods used in the study of wind turbines include an estimation of extreme structural responses
in floating vertical axis wind turbines by Cheng et al. [19] and extreme responses due to wave irregularity on an
offshore floating wind turbine by Xu et al. [20]. The two popular techniques used in this paper   the ACER
method (Section 3.3) and the Gumbel method (Section 3.4).
 
3.3.  ACER (Average Conditional Exceedance Rate)
This paper uses the ACER method to estimate extreme structural responses. The method was proposed by Naess
and Gaidai [21], and it is derived for a discretely sampled response process. The cascade of conditional
approximation is the basis for calculating the exceedance probability for extreme value estimation. The primary
purpose of the ACER method is to accurately determine the distribution function of the extreme value, which is
denoted as  Let  denotes the probability of the occurrence of
the extreme value  and it follows:
 

( 3 )

 

To solve this equation efficiently, a cascade of conditional approximation  is used, where  tends to be
close to  as  increases. For  and   is represented as:
 

( 4 )

 

where And it represents the exceedance probability
conditional on  previous non-exceedances.
Equation ( 4 ) will be calculated based on the ACER, which is defined as:
 
 

( 5 )

 



6/6/22, 11:36 AM https://mc.manuscriptcentral.com/theiet-rpg?DOWNLOAD=TRUE&PARAMS=xik_pRGARTftmoAjYtrvdxkk1N9B1QoN1iK6px8p48f…

https://mc.manuscriptcentral.com/theiet-rpg?DOWNLOAD=TRUE&PARAMS=xik_pRGARTftmoAjYtrvdxkk1N9B1QoN1iK6px8p48fabaPWSMJhYjYP… 5/19

For  2,  is used instead of  because it is easier to use for nonstationary or long-term statistics, and
it is defined as:
 

( 6 )

 

where  is the realised values for the observed time series, and 
For both stationary and nonstationary time series, the sample estimate of the ACER can be denoted as:
 

( 7 )

 
where R is the number of samples, and
 

( 8 )

 
where r denotes the realisation number.
When the realisations are sufficiently numerous and assumed to be independent, then the 95 % confidence
interval (CI) for the ACER can be estimated as:
 

( 9 )

 

where  refers to the standard deviation of samples and can be estimated by:
 

( 10 )

 
The above equations for estimation of average exceedance rate are based on direct numerical simulations. In
contrast, an extrapolation technique can reduce the computational time.

Assuming the mean exceedance rate in the tail behaves similarly to ( ), where a, b
and c are suitable constants. The ACER will therefore be assumed by:
 

, ( 11 )

 

where the function  varies slowly compared to the exponential function  in the tail
region, thus it can be replaced by a constant for a suitable choice of the tail marker .
Finally, the Levenberg-Marquardt least-squares optimisation method can be used to determine the constants a, b,
c and q. Based on this, the probability of the occurrence of the extreme value can be obtained by the ACER
method. In the studies of Naess et al. [22] and Chai et al.[23]  it is shown that the extrapolation technique can
achieve a satisfactory estimation of the extreme values but saves significant simulation time. Detailed
descriptions of the ACER method can be found in the reference [24].
 
3.4.  Gumbel fitting method
Extreme value distribution Eq. ( 2 ) has been proven to converge to the Gumbel, Fréchet or Weibull distribution
if the sample size (n) is large enough. Therefore, these distributions are also recognised as the Type I, II and III
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extreme value distributions, respectively and are a family of cumulative distribution probability that combines
the generalied extreme value (GEV) distribution.
 

( 12 )

 
where β describes the scale parameter, γ describes the shape parameter, and μ represents the location parameter.
The limiting of γ→0 allows the approximation to fit the Gumbel distribution, commonly used as a
recommendation when modelling marine structures [25].
 

( 13 )

 
Eq. ( 13 ) can be rewritten by using a logarithm on the equation, allowing it to become a linear function.
 

( 14 )

 
The parameters β and μ can be approximated from the original data using the least-square fitting method from
the cumulative distribution probability, i.e., a straight line on a probability paper [26].
 
3.5.  Environmental conditions and load cases
The environmental conditions at site 14 in the Northern part of the North Sea are used in the presented work,
where the 10-MW FWT is assumed to be installed. The environmental data are selected from a long-term joint
distribution of mean wind speed at 10 m height above the sea level (U10), significant wave height (Hs), and
spectral peak period (Tp). The wind and wave distribution was developed by a hindcast model using the
measured raw data from 2001-to 2010 of the location as a database, as proposed in the study of Li et al. [27].
The long-term joint wind and wave distribution can be written as:
 

( 15 )

 

where  represents the marginal distribution of the 1-h mean wind speed U10,  denotes the

conditional distribution of Hs for given U10, and  represents the conditional distribution of Tp for
given U10 and Hs.

A two-parameter Weibull distribution represents the marginal distribution of the U10, and the probability density
function (PDF) is given by:
 

( 16 )

 

where  and  represent the shape and scale parameters, and they are 2.029 and 9.409, respectively, for the
specific sea location.
A two-parameter Weibull distribution describes the conditional PDF of Hs for given U10:
 

( 17 )

 

where  and   are the shape and scale parameters, respectively, and they are expressed by power functions
of mean wind speed:
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( 18 )

 

where  are the parameters for
estimating the  and .
The conditional PDF of Tp for given U10 and Hs is fitted by a lognormal distribution:

 

( 19 )

 

where  and  are the parameters in the conditional lognormal distribution and they are estimated by a
detailed analysis in the study of Li et al. [27].

Figure 2 PDFof the average wind speed at wind turbine hub height.
 
Three representative environmental conditions using U10, Hs and Tp are considered in this paper.
Correspondingly, different load cases with irregular wind and waves are analysed to study the power
performance and extreme responses of the three OWTs. Mean wind speeds at the hub height are estimated based
on the power-law formulation, as follows:
 

( 20 )

 

where  and  are the mean wind speeds at the hub height and 10 m height above the sea level,
respectively.    is the hub height of the 10-MW OWTs. According to international standard IEC
61400-3, the exponent in the power law is set at 0.14
The load cases for numerical simulations are listed in Table 4. The average wind speeds of 8m/s, 12m/s, and
16m/s at the hub height are chosen to account for the dynamics of the wind turbines under the cut-in, rated, and
above rated operating zones illustrated in Fig. 2. For each given mean wind speed, the maximum probable Hs
and Tp are selected according to the joint distributions of U10, Hs and Tp.

 
Table 1 Load cases for numerical simulations.

Load
cases  (m/s)  (m)  (s) Samples Simulation length (s)

LC1 8 0.1740 1.9 9.7 20 4000

LC2 12 0.1460 2.5 10.1 20 4000

LC3 16 0.1320 3.2 10.7 20 4000

 
The turbulent wind fields are generated using the Turbsim program according to Kaimal's turbulence model
defined in IEC 61400-3 [4]. Meanwhile,the JONSWAP (Joint North Sea Wave Project) spectrum modulates the
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time-varying irregular waves with the respective Hs and Tp values. Wind and waves are considered to be
directionally aligned in this work.
Each simulation lasted for a period of 4000 s. To remove the transient effects in the wind turbine during startup,
the starting 400 s readings were eliminated. Consequently, one-hour data for each simulation is used for studying
the results. 20 random wind and wave samples are considered for each environmental condition to account for
the stochastic uncertainties. The power performance and extreme values are assessed based on the mean of the
20 one-hour simulations.
 
4. Response variables
The loads at the eight measurement points are considered. These are the tower My and Mz bending moment,
blade 1 My and Mz bending moment, blade 2 My and Mz bending moment and blade 3 My and Mz bending
moment
 

Figure 1 Bending moment measured locations.
 
5. Results and discussions
The empirical data is based on accurate numerical simulations using a SIMA model as presented in Section 3.1.
The Gumbel and ACER methods presented in Sections 3.3 and 3.4 are used.
 
5.1.  Time-domain responses, PSD, and maximum values
The time-domain responses for one portion of a realisation, the power spectral distributions (PSDs) for a full
realisation and the maximum values of each realisation are presented in Figure 2, Figure 3, and Figure 4,
respectively. These results of each load case, i.e., LC1, LC2 and LC3, are taken from one of the 20 realisations
calculated. The wind and wave elevation time series and PSDs are also plotted for reference.
It is observed from the time domain responses represented in Figure 2 that the responses of the monopile and
semisubmersible wind turbines are more similar compared to the spar wind turbine. The spar platform has more
platform pitch responses than the semisubmersible platform; the monopile wind turbine is a fixed type offshore
wind turbine with negligible pitch motion responses. Further discussions of the more significant pitch motions
observed in the spar wind turbine are presented in Section 5.2.
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Figure 2 Example time-domain results. Top-left: Tower My bending moment; Top-right: Tower Mz bending
moment; Centre-left: Blade 1 My bending moment; Centre-right: Blade 2 My bending moment; Bottom: Blade 3
My bending moment
 
Referring to Figure 3, the PDSs for the monopile and semisubmersible wind turbines are more similar to the spar
wind turbine. These differences are due to the combined effect of the spar wind turbine's platform pitch motions
and blade pitch controller, which is more prominent, leading to increased tower bottom bending and blade loads.
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Figure 3 Power spectral distributions. Top-left: Tower My bending moment; Top-right: Tower Mz bending
moment; Centre-left: Blade 1 My bending moment; Centre-right: Blade 2 My bending moment; Bottom: Blade 3
My bending moment
 
Several detailed observations can be made on the maximum values presented in Figure 4. The floating wind
turbines have significantly larger maximum values for all responses considered; the monopile wind turbine has
the smallest maximum values. For example, the blade My bending moments for the floating wind turbines are
about 20 % larger than the fixed wind turbine. Further, the variation of the maximum values of the floating wind
turbines is also significantly larger than the monopile wind turbine. For example, for the blade My bending
moments, the variation for the floating wind turbines is about 10 %, while for the fixed wind turbine, they are
about 5 %.
 

Figure 4 Maximum value in each realisation. Top-left: Tower My bending moment; Top-right: Tower Mz
bending moment; Centre-left: Blade 1 My bending moment; Centre-right: Blade 2 My bending moment;
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Bottom: Blade 3 My bending moment
 
5.2.  Comparison of power performance
The power production values are presented in Figure 5 for the three environmental conditions. The mean values
are presented on the left, while the standard deviations are presented on the right. The probability of the
occurrence of the environmental conditions 8 m/s, 12 m/s, and 16 m/s are 0.0895, 0.0864, and 0.0611,
respectively.
It is observed that the mean power production values are a little smaller for the spar concept compared to the
fixed and semisubmersible turbines. This can be explained as follows. The spar turbine has a relatively small
hydrostatic restoring pitch moment. The spar platform will have a mean pitch angle of some five degrees during
operation. This mean pitch angle causes the rotor plane normal to be slightly out of the plane with the incoming
wind, leading to less optimal power production. In contrast, the semisubmersible platform has a large hydrostatic
restoring pitch moment due to the moment arms provided by the distance between the platform centre and the
pontoon. This large hydrostatic restoring pitch moment leads to a small mean platform pitch angle. Therefore,
the incoming wind will be aligned to the normal rotor plane, giving more optimal power production. 
 

Figure 5 Power production of the monopole, spar and semisubmersible wind turbines. Left: Mean values; Right:
Standard deviations.
 
It is observed that the standard deviations are generally large while the wind turbines are operating in the under-
rated wind speed region. This is because the blade pitch controller is not active in this region, and the rotor will
speed up or down accordingly to the incoming wind speed. This means the wind turbine has no control effort to
limit the power fluctuations resulting from natural wind speed fluctuations. The standard deviations in the
above-rated region are significantly smaller as the blade pitch controller is active and the wind turbines are
limited at rated power. Tis means that the rotor speeds are constant in this region. For the fixed wind turbine, the
rotor speed will be constant at the rated speed, and the wind turbine will produce at rated power without any
noticeable power fluctuations. This explains the nearly zero standard deviation for the fixed wind turbine in
LC3. The standard deviations in LC2 (rated wind speed) are smaller than LC3 except for the spar wind turbine.
This is because, in this region, the wind turbine is operating half the time in the under-rated wind speed region
and the other half in the above-rated wind speed region. Therefore, the blade pitch controller is active half the
time and helps to reduce the power fluctuations in the fixed and semisubmersible wind turbines. The spar wind
turbine's smaller hydrostatic pitch restoring ability leads to significantly more significant standard deviations in
the power production values. This is due to more significant platform pitch motions.
 
5.3.  Extreme load effects using ACER and Gumbel methods
5.3.1. Example extrapolation plots
This section presents the extreme load responses using the ACER and Gumbel methods for the three operating
conditions (LC1 – LC3) presented in Table 1. k = 6 is used. For illustration, the example plots of the ACER
extrapolation and Gumbel fitting are presented in Figure 6.
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Figure 6 Example plot of ACER and Gumbel method LC 2: 12m/s. Top-left: ACER Monopile Tower Mz
bending moment; Top-right: Gumbel Monopile Tower Mz bending moment; Centre-left: ACER Spar tower Mz
bending moment; Centre-right: Gumbel Spar tower Mz bending moment; Bottom left: ACER Semi-submersible
tower Mz bending moment; Bottom-right: Gumbel Semi-submersible tower Mz bending moment.

 
As illustrated by the significantly smaller confidence intervals, the ACER method can lead to more accurate
results as it does not assume a distribution. The ACER method does not assume any extreme value distribution.
Instead, it follows the exact shape of the data points as presented in Figure 6. On the other hand, it is observed
that the Gumbel distribution does fit the upper-end tail well. The data points tend to curve up towards the left for
increasing response values and are above the Gumbel line. This means the Gumbel distribution will tend to
overpredict the extreme value responses. This example shows the advantages of the ACER method.  
The extreme load responses and the 95 % CIs from both ACER and Gumbel methods are also plotted in Figure 6
for the example presented. The numerical values of all results are presented in Table 2 and Table 3 of the
Appendix for extreme values calculated by the ACER and Gumbel methods, respectively.
 
5.3.2. Results and discussions
The extreme values of the bending moments are presented in Figure 7 to Figure 9 for the blade My bending
moments and Figure 10 to Figure 11 for the tower bending moments. In general, the loads at below-rated wind
are the smallest, these increase to the maximum at the rated wind speed and taper off in the rated wind region.
Like the power values presented in Section 5.2, the extreme values for the spar wind turbine are larger than the
monopile and submersible wind turbines. Further, the extreme loads of all blades are similar.
 
Below-rated wind
The blade extreme values for the monopile wind turbine are larger than the floating wind turbines. In this region,
the pitch controller of the wind turbine is not active, and the rotor is allowed to adjust its speed freely to
maintain an optimal tip speed ratio. Since the monopile wind turbine is fixed to the ground, it will not experience
any platform pitch motion, and therefore it will extract the full potential from the aerodynamic power exerted by
the wind on it. On the other hand, platform pitch motions in the floating wind turbines lead to a slightly less
optimal aerodynamic extraction power. Consequently, the aerodynamic loads will be larger for the monopile
wind turbine, leading to larger blade extreme loads.
The tower bending moments My (fore-aft) are significantly higher in the floating wind turbines than the
monopile wind turbine. This is due to platform pitch responses in the floating wind turbines. The larger platform
pitch results in increased bending moment acting on the tower bottom due to nacelle tilt. The tower bending
moment Mz (side-side) for all three platforms are similar. This is because all three wind turbines experience
similar aerodynamic shear forces.
 
Rated wind



6/6/22, 11:36 AM https://mc.manuscriptcentral.com/theiet-rpg?DOWNLOAD=TRUE&PARAMS=xik_pRGARTftmoAjYtrvdxkk1N9B1QoN1iK6px8p48f…

https://mc.manuscriptcentral.com/theiet-rpg?DOWNLOAD=TRUE&PARAMS=xik_pRGARTftmoAjYtrvdxkk1N9B1QoN1iK6px8p48fabaPWSMJhYjY… 13/19

In this region, the wind turbine is operating half the time in the below-rated (blade pitch controller not active)
and the other half in the rated wind region (blade pitch controller active).
The blade pitch controller regulates the rotor speed when the above-rated wind speed. This reduces the wind
turbine aerodynamic loads and, in general, will also reduce loads at other parts of the wind turbine. In the case of
the monopile wind turbine, the effectiveness of the blade pitch controller is not affected by any platform pitch
motion (since the turbine is fixed to the ground), and therefore, almost all of the controller effort is used in
power regulation. This leads to lower blades and tower loads in the monopile wind turbine.
For the floating wind turbines, namely the spar and semisubmersible wind turbines, the effectiveness of the
blade pitch controller is hampered by the platform pitch motion. The spar wind turbine has more significant
platform pitch motions and is more affected. This leads to larger extreme loads for the spar wind turbine than the
semisubmersible wind turbine for both blades and tower loads.
 
Above-rated wind
In this region, the blade pitch controller is constantly active. Therefore the combined effect of the blade pitch
controller and the platform pitch motions on wind turbine loads will be even more prominent compared to in the
rated-wind region.
The extreme loads on the monopile wind turbine are slightly lower than the loads in the rated-wind region. This
is obvious as the blade pitch controller is acting to reduce aerodynamic loads all the time in this region. Note that
even though there are larger waves (due to higher wind speeds) in this region, the wave loads on the monopile
wind turbine are smaller than the wind loads.
The combined effect of the blade pitch controller and the platform pitch motions on the extreme loads is
significant, particularly for the spar wind turbine. It is observed that the loads in the spar wind turbine are
significantly larger for both the blade and tower.
 
ACER vs Gumbel
The extreme values presented using the ACER method are higher than the Gumbel method. However, 95 % CIs
of the values predicted from the ACER method are significantly narrower than the 95 % CIs of the values
predicted from the Gumbel method. This means that the ACER method is more accurate and highlights the
benefits of the ACER in not assuming a distribution in the extrapolation of extreme values. Further, this
indicates that the Gumbel distribution does not fit the extreme value responses very well. In addition, the 1, 2,
and 5-year extreme values calculated using the Gumbel method are similar. This is due to the inaccurate fit of
the probability distribution at the upper tail end. The fitted Gumbel probability density distribution slope is too
steep at the upper tail end. This leads to minimal changes in the response values for a unit change in probability.
The 1, 2 and 5-year extreme values are generally 1.1-1.3 times larger than the maximums of single 1-hour
realisations. The relatively large range of values (about 20 %) indicates the importance of using accurate
extrapolation methods to predict extreme values that can be used to define appropriate design values utilised in
deterministic engineering design.
 
 

Blade 1 My bending moment, Vhub = 8m/s

Blade 1 My bending moment, Vhub = 12m/s
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Blade 1 My bending moment, Vhub = 16m/s

Figure 7 Extreme value responses of Blade 1 My bending moment



 

Blade 2 My bending moment, Vhub = 8m/s

Blade 2 My bending moment, Vhub = 12m/s
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Blade 2 My bending moment, Vhub = 16m/s

Figure 8 Extreme value responses of Blade 2 My bending moment



Blade 3 My bending moment, Vhub = 8m/s

Blade 3 My bending moment, Vhub = 12m/s

Blade 3 My bending moment, Vhub = 16m/s

Figure 9 Extreme value responses of Blade 3 My bending moment
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Tower My bending moment, Vhub = 8m/s

Tower My bending moment, Vhub = 12m/s

Tower My bending moment, Vhub = 16m/s

Figure 10 Extreme value responses of Tower My bending moment

Tower Mz bending moment, Vhub = 8m/s

Tower Mz bending moment, Vhub = 12m/s
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Tower Mz bending moment, Vhub = 16m/s

Figure 11 Extreme value responses of Tower Mz bending moment
6. Conclusions
This paper investigated the extreme responses for a 10 MW semisubmersible type FWT using ACER and
Gumbel methods. The responses are based on fully coupled nonlinear numerical analysis, including structural
flexibility, aero, hydrodynamics, control dynamics, interaction with combined turbulent wind and stochastic
waves.
In general, the extreme loads of the spar wind turbine are larger than the monopile and submersible wind turbine,
particularly for the rated and above-rated wind conditions. The extreme blade loads are similar in the below-
rated and rated wind regions. In the above-rated region, the extreme blades loads for the spar wind turbine are
significantly larger than the monopile and semisubmersible. The extreme blade loads of the submersible wind
turbine are slightly larger than the monopile wind turbine. The extreme tower bending loads of the spar is the
largest in all operating regions, followed by the semisubmersible wind turbine and the monopile wind turbine.
The 1, 2 and 5-year responses of the FWT were, in general, 1.1-1.3 times larger than the maximums of single 1-
hour realisations. This reinforces the importance of using extrapolation methods to determine extreme loads to
be used as ULS loads. The ACER results have a smaller 95 % CI than the Gumbel results. This means the
ACER method is more accurate than the Gumbel method. The Gumbel method's 1, 2 and 5-year responses are
quite similar. This is due to poor Gumbel fitting of the data at the upper tail. On the other hand, the ACER does
not assume any distributions and therefore does not have the same poor fit issue at the tail end. The better
performance of the ACER method is because, in contrast to Gumbel, it does not assume that the extreme
responses follow a designated probability distribution.
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Appendix
 

Table 2 Extreme value responses using ACER method for various return periods; 95 % confidence interval in
paratheses.

Load Case
Return period 1 yr 2 yr 5 yr

Exceedance
probability, q 7.19×10-5 5.71×10-5 2.28×10-5

LC1
Vhub = 8 m/s

RootMyb (kNm)
30726

(29149, 31682)
31084

(29393, 32082)
32479

(30315, 33645)

LSSTipMys
(kNm)

9245
(8673, 9616)

9390
(8792, 9768)

9937
(9241, 10351)

TwrBsMyt 328555 332314 346662

https://www.dnv.com/services/marine-operations-and-mooring-analysis-software-sima-2324


6/6/22, 11:36 AM https://mc.manuscriptcentral.com/theiet-rpg?DOWNLOAD=TRUE&PARAMS=xik_pRGARTftmoAjYtrvdxkk1N9B1QoN1iK6px8p48f…

https://mc.manuscriptcentral.com/theiet-rpg?DOWNLOAD=TRUE&PARAMS=xik_pRGARTftmoAjYtrvdxkk1N9B1QoN1iK6px8p48fabaPWSMJhYjY… 19/19

(kNm) (318797, 336312) (322130, 340328) (334792, 355663)

LC2
Vhub = 12

m/s

RootMyb (kNm)
41445

(40752, 42073)
41662

(40934, 42338)
42485

(41615, 43372)

LSSTipMys
(kNm)

15061
(14140, 15677)

15327
(14349, 15973)

16357
(15136, 17122)

TwrBsMyt
(kNm)

437049
(428032, 444853)

439643
(429627, 446865)

449561
(436751, 457982)

LC3
Vhub = 16

m/s

RootMyb (kNm)
33406

(32141, 34231)

33790
(32440, 34657)

35293
(33587, 36335)

LSSTipMys
(kNm)

17054
(16567, 17449)

17282
(16780, 17688)

18144
(17584, 18591)

TwrBsMyt
(kNm)

359140
(343069, 367411)

364244
(347041, 372826)

384245
(362296, 394070)

 

Table 3 Extreme value responses using Gumbel method for various return periods; 95 % confidence interval in
paratheses.

Load Case
Return period 1 yr 2 yr 5 yr

Exceedance
probablity, q 7.19×10-5 5.71×10-5 2.28×10-5

LC1, Vhub =
8 m/s

RootMyb (kNm)
29772

(23844, 37194)

29772

(22344, 37194)

29772
(23844, 37195)

LSSTipMys
(kNm)

9061
(6870, 11953)

9061
(6870, 11953)

9061
(6870, 11953)

TwrBsMyt
(kNm)

314083
(229636, 429680)

314083
(229636, 429680)

314084
(229636, 429681)

LC2, Vhub =
12 m/s

RootMyb (kNm)
41593

(28380, 61026)
41593

(28380, 61026)
41593

(28380, 61026)

LSSTipMys
(kNm)

15321
(11801, 19903)

15321
(11801, 19904)

15321
(11801, 19904)

TwrBsMyt
(kNm)

491364
(368347, 655777)

491364
(368347, 655778)

491365
(368348, 655779)

LC3, Vhub =
16 m/s

RootMyb (kNm)
46542

(36896, 58215)
46542

(37218, 58215)
46542

(37218, 58215)

LSSTipMys
(kNm)

17168
(13676, 21530)

17168
(13676, 21530)

17168
(13676, 21530)

TwrBsMyt
(kNm)

466508
(384880, 566002)

466510
(384880, 566003)

466510
(384882, 566004)
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