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Abstract

Reducing the cost of constructing wind turbines, as well as extending their design life, are two ways of
reducing the cost of energy from wind. To achieve this, this project tested two innovative tuned-mass
damper systems, which reduce resonance of the tower, and do so minimizing additional mass needed
on the nacelle. These TMD systems allow the generator and full drive-train to oscillate with respect to
the tower top. MATLAB was used to model these turbine-damper assemblies as simple 2-degree-of-
freedom systems excited by thrust signals extracted from the FAST aeroelastic simulator. Furthermore,
it was found that both tuned mass damper configurations have a net positive effect on the tower
behaviour, both achieving double digit fatigue percentage reductions. It was also found that neither
of these systems put significant burdens on acceleration-sensitive components, such as the generator
and gear box. Two issues to constructing these devices may reside in their need for additional space
for oscillations, as well as aggravated tip deflections in the case of the oscillating rotor-drive-train.
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1
Introduction

The Working Group II of the United Nation’s Intergovernmental Panel on Climate Change (IPCC), de-
scribe in their 2014 report on impacts, adaptation and vulnerability, how human and natural systems
are experiencing disruptions due to changing weather conditions [8]. The report provides clear obser-
vations that can be attributed with high confidence (9/10 chance) to changing climate systems. These
observations include shifting animal activity, melting of regions long covered by permafrost, and net
negative effects on worldwide crop yields. The report also reveals the ”significant” vulnerability of nat-
ural and human systems, mentioning that although a relatively low number of species extinctions can
be confidently attributed to climate change, ”natural global climate change at rates slower than current
anthropogenic climate change caused significant ecosystem shifts and species extinctions during the
past millions of years” [8]. Poor and marginalized human populations are especially at risk. To prevent
catastrophic climate change it is essential to limit greenhouse gas emissions.

Energy consumption is increasing worldwide, as shown in Figure 1.1 by the US Energy Information
Administration. Developing countries are becoming richer and the consumption of energy and material
goods is growing. People’s quality of life is improving because of this. But, almost all human activities
requires energy, which is currently predominantly delivered through carbon intensive fossil fuels. Thus,
higher consumption exacerbates the load society applies on the biosphere, as well as increasing pollu-
tion that causes health risks and climate change. To prevent irreparable climate change it is essential
to curb greenhouse gas emissions by de-carbonizing the economy. This requires a rapid transition to
renewable energies.

Figure 1.1: World energy use by source. Source: EIA [1].

Renewable energy sources can dependably and cheaply power the world. Wind, solar, biomass
and hydro sources are growing in installed capacity, and their prices are dropping at rates faster than

1



2 1. Introduction

expected. The International Energy Agency (IEA) had to overhaul its forecast of PV installed capacity
growth for the next five years [9]. Figure 1.2 shows that bid prices per MWh for onshore wind and solar
photovoltaics are projected to continue their downwards path. Furthermore, new and old methods for
energy storage are being improved in order to ensure electricity supply needs are met even during
low production periods, and provide grid stability usually provided by the rotating mass of generators.
A very recent example of this is the Hornsdale Power Reserve at the Hornsdale Wind Farm in South
Australia, a battery bank which has a capacity of 129 megawatt-hours. The Hornsdale Power Reserve
has been hailed a success since its operations started on December 2017, having effectively smoothed
out grid disruptions that have occurred since [10].

Figure 1.2: Average auction prices for solar PV and onshore wind. Source: IEA [2].

Wind energy is consistently proving itself as a reliable, affordable and sustainable source of elec-
tricity. In their 2017 Global Wind Statistics report, the Global Wind Energy Council reveal that in 2014,
2015 and 2016, more wind capacity had been installed than in any year before. According to the
same document the world wind capacity is now a remarkable 486GW [11]. Assuming a 20% capacity
factor, 486GW of installed capacity equals about 4% of the worlds total electricity consumption, which
is 2.3𝑇𝑊, according to the IEA [12].

Wind power’s affordability is also increasing, with projects awarded at prices as low as 5 Euro cents
per kWh, which occurred when Vattenfall won a tender to build the Danish Kriegers Flak offshore
project [13].

Despite these advancements, in the interest of continued sustainable development it is imperative
to continue developing the industry’s know-how, and thus reducing the cost of wind energy. Falling
costs will ensure long term competitiveness of wind energy and motivate countries to support the
technology, as well as private companies to invest in it.

Two options for reducing the cost of wind energy from a design standpoint, are to reduce the
construction expenses for new wind turbines, and to extend the design life of the project by virtue of
the fatigue life of the support structure. Both of these can be accomplished by reducing loads on the
turbine’s support structure.

Reducing loads on support structures can effectively be accomplished by reducing resonance of the
structure’s vibrations. In civil engineering, this is often accomplished with dampers. Using dampers of
various kinds has been attempted many times in the past. However, in most cases, their use raises
concerns of the additional mass and space requirements they entail, and how these affect the design
[5]. This thesis aims to study the performances of two tuned-mass damper systems that make use of
masses already in the turbine to reduce oscillations. These two dampers use the turbine’s generator
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mass and drive train mass as absorbers, respectively.
The next chapters describe in detail research objectives and questions, the methodology employed

and results of the project. The report closes with concluding remarks on the effectiveness of the
designs and recommendations for future research.





2
Objectives and research questions

This project aims to investigate fatigue loading on wind turbine towers. In particular, this thesis studied
the reduction of fatigue loading through the used of tuned mass dampers (TMD’s). Turbines with two
innovative TMD systems were tested against a non-TMD turbine.

The two main objectives of the project are:

1. To establish a reference level for the fatigue loading

2. To find out how much fatigue loads may be reduced by using tuned-mass dampers

The objectives of the project lead to the following research questions:

1. In the interest of performing quick calculations, can a wind turbine with a tuned mass damper
be modeled accurately enough as a two degree of freedom system?

2. Baseline fatigue of a wind turbine

• What is the baseline unavoidable fatigue damage on a turbine tower base, assuming a
constant dynamic amplification factor of 1 and only thrust forces acting on the rotor?

• What is the lifetime fatigue on the turbine assuming instantaneous control response?

• What is the increase in fatigue when the same turbine is modeled accounting for dynamic
behavior of the tower?

3. What is the dynamic behavior of a wind turbine that uses its generator as a passive tuned mass
damper?

• What are the parametric values that will give the best possible dynamic behavior?

• Is it feasible and practical to create a turbine with such a configuration?

• What is the change in fatigue of this system compared to a turbine without a damper?

4. What is the dynamic behavior of a wind turbine that uses its entire drive train, namely its rotor,
low and high-speed shafts, gearbox and generator as a single passive tuned mass damper?

• What are the parametric values that will give the best possible dynamic behavior?

• What is the effect of having an excited damper on the overall dynamic behaviour?

• Is it feasible and practical to create a turbine with such a configuration?

• What is the change in fatigue of this system compared to a turbine without a damper?

5





3
Methodology

This chapter provides a general explanation of the steps taken to answer the questions presented in
the previous chapter. It introduces the assumptions that define the ”baseline” or super-stiff fatigue,
and provides a visual description of the tuned mass damper configurations tested to reduce fatigue on
wind turbines.

3.1. Baseline fatigue
A horizontal axis wind turbine cannot operate without wind creating forces on the rotor. The forces
acting on the blades of a wind turbine make the rotor turn, but also result in a thrust that pushes the
turbine in the direction of wind flow. Varying wind speeds inherently mean that the forces on the rotor
will vary. This variation in the thrust load leads to the emergence of fatigue damage.

The first aim of the project is to find to what extent the inevitable variation in the rotor thrust
force during operation translates to fatigue damage of the support structure. This ”baseline” fatigue
calculation is a valuable tool that establishes the ultimate objective that turbine designers can work
toward. Much like the Betz limit, which defines the single maximum percentage of energy that can
be extracted from a moving fluid at 59.3%, this baseline fatigue is technically unattainable within the
limits of cost-effective turbines. Still, it is a fundamental, unchanging property of each turbine model
that can be very valuable for manufacturers.

Variations in the excitation force mean that the wind turbine is excited dynamically, as opposed to
statically, and in practice this leads to larger displacements of the turbine. However, under the assump-
tion that the turbine is always excited with a slowly varying force, with constant dynamic excitation of
one, the resulting fatigue damage becomes baseline for a structure that is very stiff. This thesis aimed
to find what this ”super-stiff” fatigue is.

To obtain this limit, the assumption was made that the overall thrust variations on the turbine rotor
can be emulated using a single wind signal that produces a single thrust signal on the hub. This thrust
follows the turbine’s thrust curve, explained in Section 5.3.3. The thrust signal calculated from the
curve at each point in time of a given load case was then used to find the stress at the tower base,
which is the location we are interested in.

3.2. Fatigue reduction using dampers
The second part of the thesis tested new methods of reducing fatigue damage of the turbine’s support
structure. The idea is to simulate turbines with tuned mass dampers, which have been investigated in
the past, but in system configurations that do not require a significant addition of mass to the tower
top. The systems use a wind turbine’s generator and the drive train as absorbers, respectively. These
systems are henceforth called Configuration 1 and 2.

The question then is whether or not these systems are an effective method of reducing fatigue
damage in the support structure of the turbine. To answer the question, the turbine is modeled as
mentioned in the previous section, with an additional mass attached to the main mass, that represents
the tuned mass damper. The dynamic behavior is tested under simulated wind conditions to assess
their performance.

7
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3.2.1. Configuration 1
Configuration 1 proposes a drive train with a telescoping high speed shaft, that can transfer torque
whilst varying its length. Such a shaft allows the generator to slide back and forth on rails. This motion
of the generator then allows it to absorb and dissipate vibrations of the nacelle in line with the wind.

Figure 3.1: Drawing of Configuration 1: the generator oscillates with respect to the nacelle [3].

3.2.2. Configuration 2
The system that this report refers to as Configuration 2 describes a wind turbine in which all or part of
the drive train can oscillate in translation with respect to the tower top. This configuration is interesting
in that it separates the tower motions from most of the top mass, with the rotor itself acting as a TMD.
If we include the rotor in the TMD, the strongest excitation forces are acting on the absorber itself,
not on the tower main mass, which is the one we are attempting to protect. A diagram of the system
can be seen in Figure 3.2. The motions of the damper in Configuration 2 are limited to the fore-aft
direction for practical reasons.

Figure 3.2: Drawing of Configuration 2: the drive train oscillates with respect to the nacelle
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Both configurations are tested in the frequency and time domains, and their ultimate effectiveness
is assessed based on the fatigue damage over a series of select load cases, specified in section 3.3.

3.3. Calculating fatigue
The ultimate goal of this project is to test whether the systems explained earlier in this chapter can
extend the design life of wind turbine support structures. The operational life of a mechanical or
structural component is defined by the number of cycles it can sustain until failure. The phenomenon
that defines this number of cycles is called fatigue. This makes fatigue damage the key variable which
the tuned mass damper configurations studied here aim to reduce.

To calculate a representative fatigue for wind turbine towers, the stresses at the tower base are used.
These stresses are calculated from the moment that is either taken directly from FAST simulations, or
calculated from the displacements of the models developed in MATLAB. To calculate the stress from
the moment at the tower base we use the formula in Equation 3.1.

𝜎 =
𝑀፲ ∗ 𝑅፨
𝐼

(3.1)

Where 𝜎 is the stress at the tower base, which can be tensile or compressive. 𝑀፲ is the moment
and 𝑅፨ is the outer radius at the tower base. I is the area moment of inertia, which is a geometric
property given by:

𝐼 =
𝜋
4
(𝑅ኾ፨ − 𝑅ኾ። ) (3.2)

In the MATLAB models used to model turbine motions, moments are not involved in the calculations.
For this reason, an alternative way to calculate the moments is used. The assumption is made that
there is a linear relationship between the displacement and the moment at the tower base. To find
this relationship, the moments were plotted against the displacements at every time step for two
FAST simulations, one at 6፦

፬
and one at 12፦

፬
. The from this the relationship was established as

𝑀𝑦 = 𝑥[𝑚] ∗ 1.57𝑒5[𝑘𝑁𝑚/𝑚]. This relationship is clear in Figure 3.3.

Figure 3.3: Plot of the moment at the tower base as function of displacement from two FAST simulations.

As can be seen in Figure 3.3, there is a seemingly linear relationship. The moment, however,
deviates significantly from the dashed line, deviating up to 7% above or below. Because of the amount
of load cycles over which these deviations occur, they are not negligible. Then, because we take this
multiplication factor to be constant when in fact it is not, this procedure will introduce a discrepancy
between the moment signals of FAST and MATLAB. Given the time limitations of the project, this
discrepancy is unavoidable. However, as will be shown in the following chapters, the discrepancy does
not render results invalid.
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3.3.1. Rainflow counting
Rainflow counting is a well known method of characterizing and quantifying complex load cycle series
into well defined load ranges and an amount of cycles for each load range. This characterization is
necessary in order to identify fatigue damage to the structure using fatigue damage equivalent loads,
which are explained later in this Chapter.

In an example, in Figure 3.4 a strain signal is given. These data are processed through a rainflow
algorithm that identifies turning points in the signal and literally keeps count the range of every cycle.

Figure 3.4: Rainflow counting on a strain signal.

The rainflow counting algorithm used in this project was taken from Mathworks File Exchange [14].
A more detailed explanation on how rainflow algorithms are used can be found in Downing & Socie,
[15]

3.3.2. Miner’s rule
A structural or mechanical component under long-term cyclic loading can fail under a stress load sig-
nificantly inferior to its ultimate strength due to fatigue.

The method of calculating fatigue used in this project is simple. It is based on Miner’s rule, which
introduces the idea of partial damage and cumulative fatigue. This rule stipulates that for every load
cycle experienced under the ultimate strength of the material concerned, a component receives a partial
damage 𝑑፣,

𝑑፣ =
𝑛፣
𝑁፣

(3.3)

where 𝑛፣ is the number of cycles endured at a given load range, compared to the maximum number
of cycles that can be endured at this load range, 𝑁፣. Individual damages can be simply added up over
separate simulations to accumulate fatigue damage. By Miner’s rule, as long as the total damage
remains under 1, the component will not fail.

3.3.3. FDEL
In this project, we use the fatigue damage equivalent load (FDEL) to calculate and compare the fatigue
inflicted on the support structure of a turbine during each 10-minute simulation that both the FAST and
MATLAB models are subjected to.

Fatigue damage equivalent loads are useful to easily compare the fatigue damage caused by com-
plex loading cycles over long periods of time and large amounts of cycling. For a given 10 minute load
simulation, this technique yields the stress magnitude that would cause the same amount of fatigue
damage to the structure that the load case causes, if the structure were subjected to this equivalent
load at a frequency of 1𝐻𝑧 over the length of the load case, which equals 𝑁ፄፐ = 600 times.
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For a given load case, a time-domain stress signal is produced. Then, for that load case the resulting
FDEL is:

Δ𝐹ፄፐ,፣ = (
1
𝑁ፄፐ

∑
፣዆ኻ

𝑛፣Δ𝐹፦፣ )

Ꮃ
ᑞ

(3.4)

Where m is the slope of the SN curve that defines the fatigue behavior of the material. 𝐹፣ and 𝑛፣
are respectively, each of the load ranges present in the given stress signal, and the number of cycles
counted for each identified load range. To calculate the FDEL we assume a slope 𝑚 = 3, which is
appropriate for welds such as those found at the base flanges of wind turbine towers. In Equation 3.4,
the range characterization and counting of load cycles is done with the rainflow counting algorithm
explained above.

Finally, to calculate the 20-year lifetime fatigue equivalent load at the wind turbine’s tower base,
we must make a choice of wind climate. Doing this we can compare the fatigue on different turbine
designs under the exact same long term conditions. Making a choice of modeling under International
Electrotechnical Commision Class II wind conditions [16], with a Weibull shape and scale factors of 2
and 8, respectively, using Equation 3.5 we end with the Weibull in Figure 3.5.

𝑃𝑤(𝑈) =
𝑘
𝑎
(
𝑈
𝑎
)
(፤ዅኻ)

· 𝑒𝑥𝑝( − (
𝑈
𝑎
)
፤

) (3.5)

Figure 3.5: Weibull curve with k=2 and a=8.

We can then use this probability distribution to establish what percentage of turbine’s lifetime the
wind speed will be within specific limits, i.e. between 7.5 and 8.5 meters per second. The probability
distribution found is shown in Table 3.1

Table 3.1: Weibull probability distribution for the curve shown in Figure 3.5

𝑈[𝑚/𝑠] 𝑃፰
3.5-4.5 0.0974
4.5-5.5 0.1057
5.5-6.5 0.1068
6.5-7.5 0.1017
7.5-8.5 0.092
8.5-9.5 0.0793
9.5-10.5 0.0655
10.5-11.5 0.0519
11.5-12.5 0.0395
12.5-13.5 0.029
13.5-14.5 0.0205

𝑈[𝑚/𝑠] 𝑃፰
14.5-15.5 0.0139
15.5-16.5 0.0092
16.5-17.5 0.0058
17.5-18.5 0.0036
18.5-19.5 0.0021
19.5-20.5 0.0012
20.5-21.5 0.0007
21.5-22.5 0.0004
22.5-23.5 0.0002
23.5-24.5 0.0001
24.5-25.5 0

Once these probabilities are established, the full, 20-year lifetime fatigue equivalent load can be
calculated. This simple calculation involves using a modified version of Equation 3.4, shown below,
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where 𝑝ፋፂ, is the Weibull probability that defines what percentage of the time each load case will occur
over 20 years. This factor multiplies the fatigue equivalent load range found for each load case by the
times that load case occurs in the turbine’s lifetime. The lifetime factor calculation is shown in Section
7.2.2. This FDEL will be used to compare the effectiveness of the tuned-mass dampers studied in this
project.

Δ𝐹ፋፄፐ = (
ኼ኿

∑
ፋፂ዆ኾ

𝑝ፋፂΔ𝐹፦ፋፂ)

Ꮃ
ᑞ

(3.6)

The damages done to the tower base are calculated using Equation 3.7, assuming a fatigue en-
durance limit of Δ𝐹ፃ = 90𝑀𝑝𝑎 at 𝑁ፃ = 2𝐸6 cycles. In this case, 𝑁ፄፐ is taken to be the 20-year lifetime
of the turbine in seconds.

𝐷 =
𝑁ፄፐ
𝑁ፃ

(
Δ𝐹ፄፐ
Δ𝐹ፃ

)
፦

(3.7)

It’s important to note that the fatigue damages calculated throughout the report with be somewhat
conservative given that wind rose distributions were neglected. This means that all maximum stresses
due to fore-aft tower motions are concentrated on a single location.
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Review of tuned mass dampers

High and slender structures, such as skyscrapers and telecommunications towers, are susceptible to
being excited by wind forces. Since the turbulence spectrum of wind contains all frequencies, the
movements of a structure subjected to turbulent wind may be dangerously amplified if they are insuf-
ficiently damped. This is especially the case if the structure is excited near its first eigenfrequency,
which for structural bodies is typically less than 1Hz. Figure 4.1 shows how the motions of a simple
system are amplified depending on the amount of damping.

Figure 4.1: Dynamic amplification of a 1 degree-of-freedom system with different damping levels

The maximum amplification of a system at its natural frequency is given by:

𝑅(𝑓 ) =
𝑢፝፲፧ፚ፦።፜(𝑓 )
𝑢፬፭ፚ፭።፜

(4.1)

where 𝑢 is the displacement, dynamic or static, and 𝑓 is the forcing frequency.
Damping is defined by the logarithmic decrement 𝛿. For example, if the structure is made of

concrete, which is typically assumed to have a viscous damping of 𝛿 = 0.126 [17] (damping ratio of
2%), the amplification will be 𝑅 = 25. But, in a system with a higher logarithmic decrement, such as
𝛿 = 0.2, the amplification will peak at 𝑅 = 15.7. In wind turbines, the vast majority of damping comes
from thrust changes wind varying wind speed. Comparatively, structural damping in wind turbines is
insignificant. This means that it is important to have a system with as high a logarithmic decrement as
feasible. It is possible to achieve this by coupling an auxiliary mass to the main system.

13
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4.1. Introduction to Tuned Mass Dampers
Dampers are widely used to reduce vibrations of fatigue-sensitive structures. They are also used in
structures meant to be used by humans to reduce unpleasant accelerations. Notable examples include
the London Millennium bridge over the Thames, and the Taipei 101 in Taiwan’s capital. Dampers are
also used in long power lines and sometimes in automobiles and motorbikes. In recent decades, tuned-
mass dampers (as well as other types of dampers) have gained interest in the field of wind energy to
dampen vibrations of both the tower and the blades.

Tuned-mass dampers approach the problem of vibration based on the principle that a moving aux-
iliary mass, attached to a larger mass, can absorb and dissipate its kinetic energy. This effectively
increases the logarithmic decrement of the large, main mass.

Tuned mass dampers work because with a relatively small mass the amplitude of motions of a
structure can be significantly reduced, and their decay hastened. They can also be used to cheaply
move the 1st mode of structures away from a dangerous frequency, that may be particularly excited
by the environment or the operation of the component that the structure itself supports.

A diagram of a typical tuned mass damper can be seen in Figure 4.2. This system with two masses,
each of which can move in a single direction is said to have two degrees of freedom (DOF), and can
be modeled as a set of differential equations. This modeling is explained in the following section.

Figure 4.2: Diagram of a system with a TMD, as a 2 degree of freedom system

4.2. Modeling systems of 1 and 2 degrees of freedom
Any moving system, simple or complex, can be simplified or represented in an equivalent model of
masses, springs and dampers. This is very useful for studying the dynamics of structures, vehicles, etc,
since mass spring damper systems can be mathematically represented with relative ease. These math-
ematical representations can then be studied under specified initial conditions and excitation forces.

An obvious example of this is a wind turbine’s nacelle, whose degrees of freedom can be simplified
into a mere 1DOF system of a mass atop a mass-less spring, such as in Figure 4.3. This model is a
useful representation if we assume that the first mode of the system accounts for most of the motions
and consequent structural damage, which is the case for wind turbines. In such a model, the equivalent
swinging mass of the tower is added to the point mass at the end of the spring. Similarly, all the masses
atop the tower are accounted for in the point mass.

The forces that act on the turbine are represented as a force on the mass. These forces are thrust,
which is a result of the lift and drag forces acting on the blades, and drag, which acts on the tower and
the nacelle. Damping on the motions of the nacelle come from structural damping, mainly of the tower,
and from aerodynamic damping caused by thrust force changes on the operating rotor that oppose its
motion. The definition of these forces, stiffness and damping for our simulations is further explained
in Chapter 5.

Given the model comprised of masses, springs and dampers, a mathematical expression can model
the excitation forces and subsequent motions of the masses. In this case, for a single mass system,
the mathematical expression takes the form of a single differential equation:

𝑚ኻ ̈𝑥ኻ + 𝑐ኻ ̇𝑥ኻ + 𝑘ኻ𝑥ኻ = 𝐹ኻ (4.2)



4.2. Modeling systems of 1 and 2 degrees of freedom 15

Figure 4.3: Thrust curves for several reference turbines

where 𝑥̈ and 𝑥̇ are, respectively, the double and single time derivatives of the position, x, of mass
m with respect to the origin. c and k are the damping coefficient and the spring stiffness, respectively.
Each x variable, multiplied by its respective coefficient, equals a force, and these forces added are
equal to the excitation force on the mass.

The mathematical expression for a more complex system requires a system of as many equations
of motion, as there are degrees of freedom in the system. For a turbine with a tuned mass damper, an
additional degree of freedom must be added to the system. So, for the 2 degree of freedom turbine-
damper system, the mathematical expression would have the form shown in the matrix equation 4.3.

(𝑚ኻ +𝑚ኼ 𝑚ኼ
𝑚ኼ 𝑚ኼ

)(
𝑥̈ኻ
𝑥̈ኼ
) + (𝑐ኻ 0

0 𝑐ኼ
) (
𝑥̇ኻ
𝑥̇ኼ
) + (𝑘ኻ 0

0 𝑘ኼ
) (
𝑥ኻ
𝑥ኼ
) = (

𝐹ኻ
𝐹ኼ
) (4.3)

This system of equations can be rewritten as:

M𝑥̈ +C𝑥̇ +K𝑥 = F (4.4)

where M, C and K represent the mass, damping and stiffness matrices, respectively. The use of
these equations in MATLAB is explained in greater detail in Chapter 5.3.

The effectiveness of a tuned mass damper relies on it absorbing kinetic energy from the main mass.
To model and asses a TMD two defining parameters are needed: the mass ratio, 𝜇, which is the ratio
between the absorber and main masses, and the damping ratio 𝜁 of the auxiliary mass, which identifies
how strongly its motions are damped. In Equation 4.6, 𝑐፜፫።፭።፜ፚ፥ is the damping for a given system that
brings the excited system to equilibrium with no oscillation, and 𝛿 is the logarithmic decrement.

𝜇 =
𝑚ፚ
𝑚፦

(4.5)

𝜁 =
𝑐

𝑐፜፫።፭።፜ፚ፥
≈
𝛿
2𝜋

(4.6)

Figure 4.4 shows how a tuned mass absorber connected to a main mass via a spring and damper,
as pictured in fig. 4.2, acts to reduce the vibrations of said main mass. In this figure, we can see the
motions of a main mass with an initial displacement of 1 meter. Each of the curves shows the same
main mass, but with a different size damper, so a different mass ratio µ. It is clearly visible that with an
increasing mass ratio, the main mass reaches equilibrium faster. The motions of the absorber masses
are hidden for clarity, but in all cases its initial position is also 1 meter from the origin.
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Figure 4.4: Displacements of a mass without and with TMD’s of increasing mass, with a damping ratio of ᎓ᑒ ዆ ኼ%

4.3. Dynamic Amplification Factor
The dynamic amplification factor defines the amplitude of the dynamic response of a system at a given
excitation frequency, compared to the static response. A typical amplification curve can be seen in
Figure 4.5. It shows the static and dynamic responses to the same magnitude excitation forces. The
amplification factor is then plotted at each excitation frequency from these values. The static response
has, of course, an excitation frequency of zero. For this reason, the dynamic responses at frequencies
close to zero are equal to the static response, giving the DAF curve a value of one at frequencies near
zero. At high frequencies, the dynamic response becomes smaller than the static response, and thus
it falls towards zero, as does the DAF.

Figure 4.5: Dynamic amplification of a 1DOF system with ᎓ ዆ ኼ%.

Figure 4.6 shows two dynamic amplification curves: for a single DOF system with no damper, and
for a system with an absorber. The undamped curve has a peak, which occurs at the natural frequency
of the system. If the system is undamped, the DAF will theoretically peak at infinity. For the system
with a main mass and an absorber mass, the dynamic amplification is visibly lower, and the system has
two peaks, at the natural frequencies of each degree of freedom. In this figure the frequencies are
normalized.

To find the DAF factor of a system with two degrees of freedom, we use Equations 4.7 to 4.11,
taken from Warburton and Ayorinde (1980). These equations reveal the dynamic amplification R of
systems, which is a value that can only be studied when a system reaches steady state. This means
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Figure 4.6: Dynamic amplification of a system without and with a TMD

that a complete study of the effectiveness of a tuned mass damper cannot be based solely looking
at the DAF curves. This is why we utilize the equations of motion in a MATLAB solver, to study the
dynamic amplification as well as the transient motions under irregular forces, such as wind.

𝑅 = [
𝐴 + 𝐵
𝐶 + 𝐷

] (4.7)

𝐴 = 𝑓ኼ − 𝑟ኼ (4.8)

𝐵 = 2𝜁ፚ𝑟𝑓 (4.9)

𝐶 = 𝑓ኼ(1 − 𝑟ኼ) − 𝜇𝑓ኼ𝑟ኼ − 𝑟ኼ(1 − 𝑟ኼ) − 4𝜁፦𝜁ፚ𝑓𝑟ኼ (4.10)

𝐷 = 2𝜁ፚ𝑟𝑓(1 − 𝑟ኼ − 𝜇𝑟ኼ) + 2𝜁፦𝑟(𝑓ኼ − 𝑟ኼ) (4.11)

Where R is the dynamic amplification factor, 𝑓 = 𝑓ፚ/𝑓፦ is the tuning ratio of undamped natural
frequencies of the absorber and main mass, 𝑟 = Ꭶᐽ

Ꭶᑞ
is the ratio between the forcing frequency and the

main mass natural frequency, and 𝜁፦ and 𝜁ፚ are the damping ratios of the main and absorber masses,
respectively.

4.4. Optimal Tuning
In 1980, G.B. Warburton and E.O. Ayorinde published their research on finding optimal parameters for
simple systems. Since then, it has been cited more than two hundred times. Based on equations 4.12
and 4.13, for a given mass ratio, Warburton and Ayorinde propose an optimal tuning ratio, 𝑓፨፩፭, which
defines the natural frequency and thus the stiffness of the absorber, and an optimal damping ratio,
𝜁፨፩፭, for the absorber. The curves for the optimal parameters based on Warburton and Ayorinde [4]
can be seen in Figures 4.7 a and b.

𝑓፨፩፭ = (
1

1 + 𝜇
) (4.12)

𝜁፨፩፭ = √
3𝜇

8(1 + 𝜇)
(4.13)

However, as we will see in the following section, these equations don’t provide optimal parameters
for the tuned mass damper when we consider a system in which the excitation force acts on the damper
itself. This condition is relevant to study the behavior of Configuration 2.
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(a) Optimal tuning ratio (b) Optimal damping ratio

Figure 4.7: Optimal absorber parameters [4]

4.5. Optimizing the TMD system
If we utilize the formulas from Warburton and Ayorinde [4] to calculate the best performing parameters
for a system in which 𝜇 < 1, and the force acts on the main mass, the resulting parameter values
produce a system with equal DAF peaks in the frequency spectrum. This is taken as the optimal
behavior. As can be seen in Figure 4.8, the peaks of the DAF curve of a system with a mass ratio of
0.01 are lowest with the optimal tuning ratio and absorber damping. If the values are changed, in this
case increasing and decreasing 𝑓 and 𝜁 by 1 percent, the heights of the peaks change, one rising and
one falling, meaning that the system response is sub-optimal.

Figure 4.8: DAF with Warburton optimal and sub-optimal absorber parameters. ᎙ ዆ ኺ.ኺኼኺኾ዁, ᑠ፟ᑡᑥ ዆ ኺ.ዃ዁ዃዃ ᎓ᑠᑡᑥ ዆ ኺ.ኺዂ዁ኻ

Figure 4.9 shows the same system as Figure 4.8, a system in which the excitation forces act on the
main mass. We can see the same blue curve of the DAF resulting from the optimal values as given
by Warburton [4]. An optimization procedure using MATLAB’s Fminsearch function, explained below,
yields the same amplification behaviour. This curve with two equal peaks is of course the optimum.

In Configuration 2, the drive train is allowed to oscillate as a TMD. In this scenario, in which the
excitation force is applied to the absorber mass (so, in equation 4.3 𝐹ኻ = 0 and 𝐹ኼ ≠ 0), we see in
Figure 4.10 in blue that the formulas 4.12 and 4.13 don’t give the most favorable behaviour. For this
TMD system, a built-in MATLAB function was used instead. Fminsearch allows the user to quickly find
the minimum of a multivariable function. Using this function, for a given, fixed mass ratio, MATLAB can
search the DAF at the natural excitation frequencies of each mass, varying the tuning ratio 𝑓 by virtue
of the absorber stiffness, and the damper coefficient 𝑐ፚ. The optimum is described as the minimum
height of the two peaks, which makes the function output values that will give equal peaks, as seen in
magenta in Figure 4.10.
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Figure 4.9: Dynamic amplification with ᎙ ዆ ኺ.ኺኼኺኾ዁, with Warburton optimal values and optimized values.

Figure 4.10: Dynamic amplification of a system with ᎙ ዆ ኺ.ኾዂዀኾ with Warburton optimal values and optimized values, as
calculated with the Brown method.

4.6. Additional method for finding steady state response
In a system in which the absorber mass is excited instead of the main mass, such as our drive train-
TMD, Warburton and Ayorinde’s formulas cannot find optimal parameters. Furthermore, they cannot
be used to find an accurate DAF as a function of excitation frequency. In this section, a second method
is presented. It is used for the comparison and validation of the previously explained calculations of
motion in the time and frequency domains for a 2DOF system. This method is taken from Brown
University instructional material [18].

First, it is assumed that the system is excited by a sinusoidal force, acting on either mass 1 or
2. This force takes the shape of 𝐹። = 𝑓።𝑐𝑜𝑠(𝜔𝑡). For MATLAB to handle the second order differential
equations needed to describe the 2DOF system, we introduce two new variables: 𝑣ኻ and 𝑣ኼ. With
these, we turn the two second order equations of the system into 4 first order equations, equations
4.14 through 4.17, which can easily be handled in MATLAB.

𝑚ኻ𝑣̇ኻ + (𝑘ኻ + 𝑘ኼ)𝑥ኻ − 𝑘ኼ𝑥ኼ + (𝑐ኻ + 𝑐ኼ)𝑣ኻ − 𝑐ኼ𝑣ኼ = 𝑓ኻ𝑐𝑜𝑠𝜔𝑡 (4.14)

𝑚ኼ𝑣̇ኼ − 𝑘ኼ𝑥ኻ − 𝑘ኼ𝑥ኼ − 𝑐ኼ𝑣ኻ + 𝑐ኼ𝑣ኼ = 𝑓ኼ𝑐𝑜𝑠𝜔𝑡 (4.15)

𝑥̇ኻ − 𝑣ኻ = 0 (4.16)

𝑥̇ኼ − 𝑣ኼ = 0 (4.17)

These equations come together in the matrix equation shown in 4.18,
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⎡
⎢
⎢
⎣

1 0 0 0
0 1 0 0
0 0 𝑚ኻ 0
0 0 0 𝑚ኼ

⎤
⎥
⎥
⎦

⎡
⎢
⎢
⎣

̇𝑥ኻ
̇𝑥ኼ
̇𝑣ኻ
̇𝑣ኼ

⎤
⎥
⎥
⎦

+
⎡
⎢
⎢
⎣

0 0 −1 0
0 1 0 −1

(𝑘ኻ + 𝑘ኼ) −𝑘ኼ (𝑐ኻ + 𝑐ኼ) −𝑐ኼ
−𝑘ኼ 𝑘ኼ −𝑐ኼ 𝑐ኼ

⎤
⎥
⎥
⎦

⎡
⎢
⎢
⎣

𝑥ኻ
𝑥ኼ
𝑣ኻ
𝑣ኼ

⎤
⎥
⎥
⎦

=
⎡
⎢
⎢
⎣

0
0
𝑓ኻ
𝑓ኼ

⎤
⎥
⎥
⎦

𝑐𝑜𝑠𝜔𝑡 (4.18)

Using Euler’s formula, shown in Equation 4.19, we convert the trigonometric cosine function to a
complex exponential function. Then shortening the matrix equation we get Eq. 4.20 :

𝑒።Ꭶ = 𝑐𝑜𝑠(𝜔) + 𝑖𝑠𝑖𝑛(𝜔) (4.19)

𝑀𝑦̇ + 𝐷𝑦 = 𝐹(𝑒𝑥𝑝(𝑖𝜔𝑡) + 𝑒𝑥𝑝(−𝑖𝜔𝑡))/2 (4.20)

We assume that the solutions to each of the force terms on the right hand of the equation have the
form 𝑦 = 𝑌ኺ𝑒𝑥𝑝(𝑖𝜔𝑡) and 𝑦 = 𝑐𝑜𝑛𝑗(𝑌ኺ)𝑒𝑥𝑝(−𝑖𝜔𝑡), respectively. Substituting these into their respective
parts of the main equation of motion, we get the equations we use to solve for 𝑌ኺ: [𝑖𝜔𝑀 + 𝐷]𝑌ኺ = 𝑓
and [−𝑖𝜔𝑀 + 𝐷]𝑐𝑜𝑛𝑗(𝑌ኺ) = 𝑓. We have then the equation:

𝑌ኺ =
𝑓

𝑖𝜔𝑀 + 𝐷
(4.21)

which we can solve for any given excitation frequency 𝜔. Finally, the amplitude 𝑋፣ of each mass is
given by :

𝑋፣ = √𝑌ኺ፣𝑐𝑜𝑛𝑗(𝑌ኺ፣) (4.22)

Having the steady state amplitudes for each mass, their respective DAF is found by comparing these
amplitudes to the static response of each mass, whose values are shown in Equations 4.23 through
4.25. This method is used in Chapter 6, where the validation is done.

For 𝐹ኻ ≠ 0 and 𝐹ኼ = 0:

𝑋ኻ,፬፭ፚ፭።፜ = 𝑋ኼ,፬፭ፚ፭።፜ =
𝐹ኻ
𝑘ኻ

(4.23)

For 𝐹ኻ = 0 and 𝐹ኼ ≠ 0:

𝑋ኻ,፬፭ፚ፭።፜ =
𝐹ኼ
𝑘ኻ

(4.24)

𝑋ኼ,፬፭ፚ፭።፜ =
𝐹ኼ
ኻ

( Ꮃ
ᑜᎳ
ዄ Ꮃ
ᑜᎴ
)

(4.25)

4.7. Concluding remarks on TMDs in relation to other damping
methods

In the efforts to reduce loads on wind turbines, scientists have studied several types of damping
methods using masses, including TMDS, which are the focus of this thesis. These dampers include
systems such as the pendulum damper, tuned mass damper, tuned sloshing damper, tuned liquid
column damper, etc. They have been researched for use to reduce the vibrations of both tower and
blades. Studying the effectiveness of all these systems is not within the scope of the project, and
they are shown here for reference. Rezaee and Aly [5] provide a comprehensive description of these
systems. Two of them can be seen in Figure 4.11.

In the past decade, methods of damping that use more creative mechanisms have emerged and
entered the market. These include aerodynamic damping and damping by controlling the torque on
the rotor. These methods only became available with the development of variable pitch and variable
speed wind turbines, and are currently the subject of growing interest [19].

Blade pitch damping has the advantage that it can reduce fatigue in both the blade roots and the
tower. This works by individually and collectively pitching blades depending on their azimuth, changing
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(a) Tuned sloshing damper (b) Tuned liquid column damper

Figure 4.11: Different damping systems can be used to protect structures. Source: Rezaee and Aly [5]

their aerodynamic characteristics to reduce load fluctuations. Liu et al. [6] show that pitch damping
can reduce loads on blades by up to 66.7%.

Damping using active torque control is widely used to reduce torsional fatigue damage in the drive
train itself [19]. Controlling the torque on a generator’s rotor has a reaction force on its stator, which is
fixed to the nacelle and tower. This reaction force can be used to counter the lateral load fluctuations
on the tower. Active torque control has been shown to reduce drive train loads by up to 64.3%, also by
Liu et al. [6]. The load reductions on the tower base of the systems they tested are shown in Figure
4.12. Both these methods have the advantage of being able to dampen vibrations without requiring
additional mass in a turbine, an attribute that this thesis also explores.

Figure 4.12: Damping effects of pitch and torque damping on tower fore-aft and side-side motions by Liu et al. [6]

By studying mass dampers, this thesis decided to take an arguably beaten path, given that tuned
mass dampers have been studied numerous times. Despite all the research efforts invested, most
methods of load reduction have been found unfeasible for different reasons, and they are still not
widely used. This thesis, however, takes an approach that to this day remains un-investigated. Thus,
whatever the outcome of this project’s attempt, valuable knowledge will be produced.

One factor of concern in this project is the sensitivity to acceleration of certain components of wind
turbines. Dueñas-Osorio and Basu [20] write about acceleration making sensitive components more
prone to failure. These components include inverters, break systems and, of course, gearboxes and
generators, the focus of this study. Specifically, for generators they predicted that they may become
damaged if subjected to accelerations of more than 5፦

፬Ꮄ
. A major consideration in this thesis is that if

the accelerations required for effective damping are above this threshold, this may well be take away
the whole purpose of the generator TMD.





5
Definition and modeling of the NREL

5MW turbine

In order to test the effectiveness of configurations 1 and 2, as well as to approximate the fatigue on
the turbine under the assumption of an ideal super-stiff structure, we need to model a wind turbine as
an equivalent mass-spring damper system with one degree of freedom, as shown in Figure 4.3. Then,
onto this equivalent system we can attach the tuned mass dampers, and assess their behavior.

To create a simple system that is equivalent to a wind turbine in terms of its motions and responses
to excitation, the complex mass and stiffness distributions of the wind turbine must be consolidated.
Also, the different sources of damping must be reproduced. The mass consists of the rotor, nacelle and
part of the tower. The stiffness, modeled by a massless spring, is the result of the tower acting as a
displaced cantilever beam under loading, that tries to return to its original position. The damping of the
turbine’s fore-aft motions comes from different sources. Structural damping of the tower is present and
equal in all directions of nacelle displacement and constant for all wind speeds. Aerodynamic damping
results from the changes in thrust force on the rotor at the different wind speeds. These force changes
oppose the motions of the rotor in the upwind and downwind directions

To validate the model a real turbine must be simulated. The 5MW reference turbine developed by
the United State’s National Renewable Energy Laboratory (NREL) fills this role. This reference turbine,
shown in Figure 5.1, has been used widely in research and educational environments. It has been
referenced and modified in scores of investigations, and much information is available on it. This
makes it perfectly suitable to model and compare the possible benefits of the generator and drive-train
tuned mass dampers.

Figure 5.1: Rendering of the NREL 5MW reference turbine
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The following sections in this chapter take the reader through the derivation of the equivalent values
for mass, stiffness and damping of the MATLAB model, as well as the representation of wind to generate
excitation forces.

5.1. Definition and Relevant Parameters

Table 5.1: Relevant turbine parameters

Parameter Value [unit]
Rated Power 5 [MW]
Hub height 90 [m]
Hub mass 56780 [kg]
Blade mass 17740 [kg]
Rotor mass 110000 [kg]
Generator mass 7500[kg]
Gearbox mass (assumed) 8000[kg]
Low speed shaft mass (assumed) 5000[kg]
Nacelle mass 240000[kg]
Tower mass 347460[kg]
Cut-in/out wind speeds 3/ 25 [m/s]
Rated wind speed 11.4 [m/s]

5.2. FAST
FAST is an open source software developed by the United States’ National Renewable Energy Labo-
ratory. It is an aeroelastic computer aided engineering tool that can be used to model wind turbines
under many conditions ranging from onshore to offshore to freezing. FAST can design wind turbines,
and it can be used to certify them by performing simulations in all necessary operational conditions,
such as start-up, shut-down, extreme gusts or turbulence, etc.

This project made use of the graphical user interface for FAST developed by the TU Delft.

5.3. Modeling the turbine in MATLAB
As mentioned in Chapter 4, the project requires simulating the turbine as a model with one and two
degrees of freedom, in a system of one or two second order differential equations, to test the effec-
tiveness of the tuned mass damper configurations. This is done using the built-in MATLAB function
ODE45.

To recreate the 5MW turbine as a simple system with a moving mass, in order to test its motions
when using damper systems, we need to first establish the equivalent values for the mass, stiffness
and damping of the system. We also need to insert an excitation force representative of the wind.

5.3.1. Deriving the general stiffness
The stiffness of the turbine was initially estimated by the formulas shown in this section and sub-
sequently tuned during validation. We make the assumption that the turbine tower behaves like a
cantilever beam. For a cantilever beam under a point load F at it’s free end, the deflection x at that
location is given by:

𝑘 =
𝐹
𝑥
=
3𝐸𝐼
𝑙ኽ

(5.1)

Where E is the beam material’s modulus of elasticity, and l is the length of the beam. I is the
beam’s area moment of inertia, a geometric property given by Equation 3.2 in Chapter 3. Given that
the diameter and thickness of the tower changes linearly along its length, we take the values at the
height of 45𝑚 as an average to calculate 𝐼. At this height the outer radius 𝑟፨ = 2.4465𝑚 with thickness
𝑡 = 0.3𝑚 give an 𝐼 = 1.3549𝑚ኾ. We take the steel’s modulus of elasticity to be 𝐸 = 2.1𝑒11[ ፍ

፦Ꮄ
]

Then, the stiffness for deflections at the tower top becomes:
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𝑘 =
3(2.1𝑒11)(1.3549)

90ኽ
[
𝑁
𝑚
] = 1.171𝑒5[

𝑁
𝑚
] (5.2)

However, as will be shown in Section 6.2, the stiffness calculated here is underestimated. During
validation, the stiffness is shown to lead to too large displacements. Consequently the deflections
under the same thrust of the FAST turbine and MATLAB model are used to equalize the stiffness. The
generalized mass for the entire turbine is found following beam theory. For the rotor and nacelle
the mass is taken to be 347300𝑘𝑔, plus the oscillating mass of the tower at 52900𝑘𝑔, rendering
𝑀𝑚 = 400200𝑘𝑔.

5.3.2. Modeling Wind
For stochastic wind simulations, wind is created from data in the shape of spectra that define the energy
levels at different wind variation frequencies. A typical spectrum can be seen in Figure 5.2. To create
a wind signal from this, a reverse Fourier transform is performed, which takes the energy at different
frequencies in the spectrum to assign an amplitude to each frequency in the range. The sinusoidal
signals produced are added to produce an artificial turbulent wind. FAST used this method to create
wind signals.

Figure 5.2: Power spectral density of a typical wind signal

For this project, we simply extracted from FAST the wind created in the file turbsim.m, the same
wind file each load case simulation in FAST uses. The extraction produces a three-dimensional array
of wind points over the rotor area for every point in time.

FAST simulations average wind over the rotating blades of the rotor, but not all wind data are
sampled at all times. The rotors clearly only samples the wind velocities occurring at the locations
where the blades are, ignoring all others. However, the MATLAB model has a limitation, that at every
time time step, only one wind speed can be sampled. This means that in order to emulate the overall
thrust forces, a number of wind points over the rotor area must be chosen and averaged, such that
at every time step the thrust is defined and the MATLAB model excited in as similar a way to the real
turbine.

During validation it was found that using wind signals to excite the dynamics of the turbine does
not yield an sufficiently similar behavior compared to the FAST turbine. This is further explained in
Appendix B.

5.3.3. Modeling thrust force
To model the thrust as exactly as possible, a stepped wind simulation was carried out in FAST. The wind
signal, which in this case is uniform across the rotor, increases in steps from below the cut-in speed of
the turbine, to above cut-out. Figure 5.3 shows the signal over the simulation time.

The steps of this wind simulation are long enough that the turbine eventually comes to a semi-
stationary position, in which the thrust slightly oscillates around an average. This stationary thrust at
each speed was extracted and interpolated to create the thrust curve used in the MATLAB model. The
thrust curve extracted from this simulation is shown in blue in Figure 5.4.

If the reader looks at the blue curve below cut-in wind speed, it is strange to see that the value
of the thrust at 0፦

፬
wind speed is about 100kN. This force is caused by the upwards tilt of the rotor,

which adds a gravity effect to the thrust. This added force acts vertically, and is constant through all
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Figure 5.3: Stepped wind signal

Figure 5.4: Thrust curve extracted from a stepped wind FAST simulation

operational speeds of the turbine. Because this component of the thrust force has no effect in the
turbine’s fore-aft motions, we remove it from the thrust signal as an offset of 94.25𝑘𝑁. This leaves
us with the red curve, which is used in MATLAB. This curve is used as a MATLAB function handle
representing the force on the rotor, whether on mass 1 or 2, at each time step of the simulation. The
modification allows the MATLAB model to coincide with the FAST turbine in having a deflection of zero
at zero wind speed.

A thrust force signal is also extracted from each simulation of the real turbine in FAST. An adaptation
to the MATLAB model was written, so this signal could also be readily used to test it’s behavior and
compare it to the behavior of the real turbine. In the fatigue calculations of the turbine without and
with tuned-mass dampers, these thrust signals from FAST were used instead of wind signals.

5.3.4. Modeling aerodynamic damping
Damping of a wind turbine in the fore-aft direction changes depending on the speed of the wind, as
an effect of changing thrust, as well as the controller pitching the blades. In the MATLAB turbine
model, damping on the turbine can only be described by the variable c. This means that all damping
phenomena, structural and aerodynamic, must be condensed into this variable.

To do this, the same stepped wind simulation in FAST that was used in section 5.3.3 was used to
extract the damping on the turbine. The instant jump in wind speed provides an excitation similar to
a single strike on the system. A strike excites all modes of the turbine, and from the decay of the
displacements after the ”strike” we can calculate the overall damping on the turbine at the speed the
wind jumps to.

Calculating the damping from the decay of the motions after an excitation requires calculating the
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logarithmic decrement. The logarithmic decrement, denoted 𝛿, is defined as the natural logarithm of
the ratio between two consecutive peaks in the motion of a system. It’s formula is shown in Equation
5.3, where x(t), the displacement at time t, is divided by the displacement after exactly one period, T.

𝛿 = ln (
𝑥(𝑡)

𝑥(𝑡 + 𝑇)
) (5.3)

Figure 5.5 shows the motions of the turbine in FAST after a jump in the wind speed. The stationary
position of the turbine at every wind speed is taken to be zero. Then, the peaks of the signal are
isolated, and an exponential curve is fitted on them. From this curve the logarithmic decrement is then
extracted. The transient signal here shown was flipped for visual clarity, but the damping data remains
unaffected.

Figure 5.5: Transient signal from which the damping at that wind speed is extracted by calculating the logarithmic decrement.

The turbines motions above rated wind speed, as seen in Figure 6.5 in the next Chapter, have a
moving average and thus a meaningful exponential curve cannot be easily fit though their peaks. In this
case the distances from peak to trough were calculated for consecutive oscillations. The logarithmic
decrement was then calculated from the decrease in these distances.

Because the excitation on the turbine below cut in wind speed is too small to create motions from
which damping can be extracted, the structural damping ratio is assumed to be 2 percent. This gives a
damping coefficient of 3.2842𝐸04 ፍ

፦/፬
. This value is introduced to the data gathered above for all wind

speeds below cut-in. However, motions below cut-in wind speed are not relevant for this project.
The resulting damping coefficients were then interpolated into a curve seen in Figure 5.6. The

curve was made into MATLAB function handle to be used in the time simulations, defined given the
wind speed at each time step. We see that the sharp fall in damping at 12፦

፬
indicates the pitch control

of the turbine switching on.

Figure 5.6: Original damping coefficient curve for the turbine FA motions at each wind speed. This curve was modified as
shown in Chapter 6.
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It was found during validation, that the damping values derived here do not result in good enough
correspondence between FAST and MATLAB. Improvements are discussed in chapter 6.

5.4. Modeling Loads on a Super-stiff Turbine
In this section the approach is explained to attempt and answer the research question of what is the
baseline fatigue in a turbine that has a constant dynamic amplification of 1, and whose control system
responds instantly to changes in wind speed. Given that we use MATLAB to calculate this, however,
this approximation is valid as a comparison to other calculations in the MATLAB model. In order to find
this baseline MATLAB fatigue, we do not need to construct and validate a model. The simple procedure
of calculating loads from wind signals on this turbine is explained in this section.

This modeling does not require any actual simulations, and is based on a simple calculation. In this
method, the wind signals of each load case are ran through the thrust transfer function, which was
calculated in Section 5.3.3 of this chapter. The moment on the tower base, is then found by simply
multiplying the thrust calculated at each time step by the height of the tower, 90 meters. This is finally
used to find the stress signals which are fed to the fatigue equivalent load MATLAB scripts to find the
lifetime fatigue damage.

This model uses the coherence given by averaging 18 wind signals over the turbine’s rotor. Given
that in the project’s time frame no better way to model wind sampling could be found, the fatigue
damage equivalent load calculated in this method cannot be compared to the FAST or MATLAB modelled
turbines. In fact, because of the 18 point averaged signal’s low relative turbulence, we expect that the
fatigue damage equivalent load will be lower than expected. Section B.2 shows the resulting fatigue
equivalent loads. Due to time limitations, this is the best approximation offered to a ”super-stiff”
turbine.
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Figure 6.1: Steady-state dynamic amplification of the MATLAB turbine model with a TMD (Configuration 1), calculated
according to Brown university formulas compared to the theoretical values by Ayorinde et al.

To do this, the force is modeled as nonzero on mass 2, and simulations are run at different excitation
frequencies for enough time for the system to reach steady state. From these steady-state motions
we extract the maximum displacement at each excitation frequency. With these, the DAF is calculated
in the same way as in Section 4.6.

Figure 6.2: DAF of mass 1 in Configuration 2 as calculated with the Brown method and in the time domain.

6.2. Comparison of MATLAB and FAST
In this section, the behaviour of the MATLABmodel in the time domain is put to the test. As mentioned in
the introduction to this chapter, this was done by exporting wind and thrust data from FAST simulations.
The wind and thrust data from each FAST simulation were introduced into the MATLAB model to excite
the turbine. Then, the responses of the MATLAB model are put against those of the FAST model.

In addition to visually comparing the amplitudes of the motions in the time domain, to compare
between the real turbine and the MATLAB model the power spectral densities of their respective motions
were plotted. The PSDs are obtained by performing a Fourier transform on the motion signals. PSD
graphs show the amount of energy of the systems at each frequency, and are a fundamental tool to
expose the phenomena that dictate the complex motions of the models. Finally, as explained in Chapter
3, the FDELs of each 10 minute simulation are compared with those of FAST.

At this point in the project, the final decision had not been made to model the turbine in MATLAB
using thrust signals instead of wind. This will be elucidated in the following sections.

In the first time simulation, The MATLAB model is excited by a wind signal uniform through the
turbine’s rotor. The wind signal is a step function, the same signal seen in Figure 5.3. This simulation
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allows us to visualize and compare several aspects of the models at the same time. At each speed,
the constant thrust means the turbine will oscillate around a specific equilibrium point, which can be
used to test and confirm the stiffness of the turbine. Similarly, the shape of the decreasing oscillations
is used to ensure the logarithmic decrements are the same as those calculated in Section 5.3.4.

Figure 6.3: Displacements from FAST and MATLAB of the turbine and 1DOF model under a stepped wind signal, with several
aspects that need addressing.

We see in Figure 6.3 that there are several discrepancies that must be explained and addressed:

• Discrepancy in the equilibrium points that is largest at rated wind speed

• Clear difference in shape of transient motions above rated wind speed

• Discrepancy in the damping below cut-in wind speed

In the partial load region, amplitudes of the motions are larger for the MATLAB model, although
they appear to decay in the same way, which suggests the damping is approximately correct. The
other discrepancies mentioned above are addressed in the next sections.

6.2.1. Stiffness adaptation
The mismatch in the resting positions at each wind step seen in Figure 6.3 increases towards rated
wind speed. We know from Chapter 5 that the thrust on the rotor is maximum at 𝑈፫ፚ፭፞፝. We also
know the deflection of a spring with a stiffness 𝑘 under a force 𝐹 is given by Hooke’s Law:

𝑥 =
𝐹
𝑘

(6.1)

The discrepancy of the displacement of two springs subjected to the same force will increase linearly
with the magnitude of that force. This suggests that there is a mismatch in the stiffness of the models,
and thus that the generalized stiffness found in Chapter 5 is not representative of the real turbine.

To test and fix this discrepancy we calculate the ratio of the displacements at their highest points,
which is: ፱ᐽᐸᑊᑋ

፱ᑄᐸᑋᑃᐸᐹ
= 0.7995. Since the thrust force is the same on both systems, we know that:

𝐹፭፡፫፮፬፭ = 𝑥ፌፀፓፋፀፁ𝑘ፌፀፓፋፀፁ = 𝑥ፅፀፒፓ𝑘ፅፀፒፓ (6.2)

Then, the ratio between the displacement of the FAST model and the MATLAB model is the same
as the ratio of the stiffness of the MATLAB model and that of the FAST model. In other words,

𝑥ፅፀፒፓ
𝑥ፌፀፓፋፀፁ

=
𝑘ፌፀፓፋፀፁ
𝑘ፅፀፒፓ

= 0.7995 (6.3)

Thus,

𝑘ፅፀፒፓ = 𝑘ፌፀፓፋፀፁ · 1.2508 (6.4)
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Inserting this stiffness discrepancy factor into the MATLAB model results in the response seen in
Figure 6.4, which is a notable improvement from the response seen in Figure 6.3. The resting positions
at each wind step are all but equalized.

Figure 6.4: Simulations on FAST and MATLAB of the turbine and 1DOF model excited under a stepped wind signal.

Still, if we look closer at the motions beyond rated wind speed, as in Figure 6.5 we see clearly that
at 𝑡 = 660𝑠, when the wind speed rises from 11 to 12፦

፬
, although both systems come to rest at the

same location, the shape of the motions are very different.

Figure 6.5: Detail of Figure 6.4

6.2.2. Motions above rated wind speed
Up until now the MATLAB simulations have been based on the assumption that the model can be
accurate enough by using wind as a source of excitation. Here however, we see why this is not the
case. The source of the difference in the motions above rated becomes clear when we look at the thrust
signals from FAST and MATLAB. As can be seen in Figure 6.6, the MATLAB-generated thrust changes
in a step-wise fashion, simply following the changes in wind. The thrust from the FAST simulation,
however, oscillates and has large peaks at the beginning of each wind step above 𝑈፫ፚ፭፞፝.

The state of the turbine is subject to the speed of the control algorithms and mechanisms that are
designed to maintain constant power above rated wind speed. These controls have, of course, a lag
time. If we look at the rotor power, generator power, and blade pitch curves of the FAST simulation in
Figures 6.7 and 6.8, we see that the control system of the turbine cannot immediately act to adjust for
sudden changes in wind speed.

This lag causes spikes in the thrust when the wind increases, spikes that are not present in the
MATLAB thrust signal. This means that in MATLAB the turbine mass is merely released to a lower
thrust state, while the FAST turbine is ”struck” by wind at the same time as the controller kicks in to
adjust torque and pitch accordingly, causing the motions we see in Figure 6.5.
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Figure 6.6: Thrust signals from FAST and produced by MATLAB under the same stepped wind signal

Figure 6.7: Rotor and generator powers from FAST, as the turbine transitions from partial-load to full-load at ፭ ዆ ዀዀኺ፬.

If we run the MATLAB model with the FAST-generated thrust instead of the MATLAB-wind-generated
one, we get the response seen in Figure 6.9. Seen against the response of the FAST turbine, the
response follows very well the real turbine. We see that below rated speed the transient motions have
similar amplitudes, but the decay is slower for MATLAB. The motions above 𝑈፫ፚ፭፞፝ have similar decays,
and we see in the detail Figure 6.10 that the transient at 𝑡 = 660𝑠 follows better that of the real turbine,
although with higher amplitudes.

Figure 6.8: Blade pitch angle from FAST, as the turbine transitions from partial-load to full-load at ፭ ዆ ዀዀኺ፬.
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Figure 6.9: Motion signal of the 1DOF system excited by a thrust signal extracted from FAST, compared to the motions of the
FAST model under the same thrust signal.

Figure 6.10: Detail of Fig 6.9

Given the results of this section, it becomes clear at this point in the project that to give the
most accurate representation of the real turbine in MATLAB, without the implementation of artificial
control emulators, the model must be excited using thrust signals from FAST. From this point in the
report onward, all MATLAB simulations shown are performed using thrust signals from FAST, which the
exception of Figure 6.16.

6.2.3. Behaviour below cut-in wind speed
For the purposes of this project the turbine is not modeled below cut-in wind speed. Thus, achiev-
ing satisfactory behavior of the model below this speed is thus not necessary, but for the sake of
completeness this section offers an explanation of the MATLAB model’s behaviour.

It is clear from Figures 6.4 and 6.9 that below the cut-in wind speed, the damping of the MATLAB
model is not representative of the real turbine. If we look at Figure 6.4, the damping chosen in section
5.3.4 based on structural damping seems too high in the first 100 seconds, and not high enough when
the turbine starts up at around 150s.

However, when the thrust curve from FAST in Figure 6.6 is inspected, we see that around 𝑡 = 140𝑠,
while the MATLAB-generated thrust jumps as expected, the FAST thrust rises following an ”S” shape.
The instant change in thrust ”strikes” the MATLAB model, creating a transient motion similar to those
of the turbine at higher wind speeds. The FAST model’s thrust rises slowly enough that the motion
reflects quasi-static excitation, simply following Hooke’s law. That is why we see the MATLAB model
perform much better during start-up in Figure 6.9, when it is excited by the thrust signal from FAST.
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6.3. Behavior under FAST-given thrust excitation
Here the MATLAB model is tested by exciting it with the thrust signal exported from FAST, as done
for the stepped wind signal. It is clear from Figure 6.11 that this approach emulates the real turbine
well. This is especially the case in the full-load region, where the turbine’s speed control dominates
the shape of motions.

Figure 6.11: Displacement of MATLAB model with previously calculated damping, excited by the thrust signal from a 7mps
FAST simulation, compared to original motions from FAST

Looking at Figure 6.11 again we see that some of the time the amplitudes of the MATLAB model
largely exceed those of the real turbine. A similar behavior is visible in Figure 6.9. This suggests that
the damping found with the method in Section 5.3.4 may have been underestimated.

Figure 6.12: Original and improved damping curve fits for the MATLAB model

To solve this, an iterative method was used to visually ”tune” the damping to achieve similar decay
in motions at each wind speed of the stepped wind simulation. Constant factors increased the value
of the damping at each speed, and the power spectra of motions at each wind speed confirmed the
accuracy of the model. This procedure resulted in a damping curve fit that is higher than the original.
Both are shown in Figure 6.12.

The motions resulting from the new damping values under the stepped wind signal can be seen in
Figure 6.13. This curve has behaviour that is visibly better than any other mentioned up to this point,
as motions both below and above rated wind speed decay in almost exactly the same way.

With this adaptation in damping, the motions of the thrust-excited MATLAB model under the forces
of the same 7፦

፬
simulation become much more similar. This can be seen in Figure 6.14.

The power spectra of the motions under turbulent wind, as excited by respective thrust signals, are
shown in Figure 6.15 for wind speeds of 5, 10, 15 and 20 meters per second. We can observe in the
spectra the expected peaks at the first natural frequency of the turbine, as well as smaller peaks for
other excitations of the turbine, such as 3P around 1Hz.

Note that the spectra are plotted in decibels, which is a logarithmic unit. If we plot the spectra
linearly at any of these speeds, such as in Figure 6.16, it becomes clear that any peaks in power
at frequencies above 0.5Hz are negligible. Also, when comparing this spectrum to that of the same
simulation excited by a wind signal, the improvement is very apparent.

When we plot the motions in Figure 6.17 the improvement is easy to understand visually.
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Figure 6.13: Motions of the thrust-excite MATLAB model with improved damping. The wind speeds are displayed in vertical
lines.

Figure 6.14: Displacement of MATLAB model with new damping, excited by the thrust signal from a 7mps FAST simulation,
compared to original motions from FAST.

As a final point of comparison, the FDELs of each simulation are compared. As mentioned before,
these are the final points of comparison of behaviors between FAST and MATLAB. We see in Figure
6.18 that there is good correspondence.

We can see in Figure 6.18, that the fatigue damage equivalent loads are within the correct range
of those of FAST. The discrepancies that can be seen are caused by the imperfect relation between
motions and moment at the tower base, likely caused by excitations of the turbine’s second and higher
modes. This has been explained in Section 3.3. Given the scope and time limitations of the project
this issue is not addressed. As mentioned before, the comparison between the MATLAB model without
and with the TMD configurations remains valid. These comparisons will be shown in Chapter 7.

6.4. Simulating Behaviour with Wind Excitation
Deriving thrust from the wind signal was attempted. However, as mentioned in Chapter 3, it appeared
to be impossible to get realistic thrust time series with simple approximations. The failed validation
procedure for wind excitations is thus not included in the report, instead shown in Appendix B.
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Figure 6.15: PSD of the thrust excited MATLAB model at 5, 10, 15 and 20 [m/s], against those of FAST, plotted in dB.

Figure 6.16: PSDS of FAST and MATLAB thrust-excited signal compared to the 1-pt wind-excited signal, for a 10mps wind
simulation (same as above)

Figure 6.17: Fore-aft motions of FAST and MATLAB thrust-excited signal for a 10mps wind simulation (same as Figure 6.16)
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Figure 6.18: FDEL of FAST and MATLAB model before the addition of a TMD. The discrepancies are due to the deviating
relationship between displacement and moment at the tower base.

6.5. Summary of MATLAB validation
This Chapter shows that for the purpose of modeling the excitations and resulting dynamic behavior
to the best possible correspondence with the real turbine, the thrust signals extracted from FAST must
be utilized.

The MATLABmodel that gives the most suitable approximation has an equivalent mass of 3.99𝐸05𝐾𝑔.
The model has an adapted linear stiffness estimated at 1.69𝐸06 ፍ

፦
and an undamped first natural fre-

quency of 3.28𝐻𝑧. The NREL report defining the reference turbine [21] gives the first natural frequency
of the tower fore-aft motions as 3.24𝐻𝑧, which is very close to MATLAB approximation. The damping
on the MATLAB model is variable, as was explained in Section 5.3.4 with the modification shown in
Figure 6.12, which significantly increased the damping coefficient at most wind speeds.

The need to model the turbine’s control system was eliminated with the decision to use thrust signals
from FAST to excite the MATLAB model. This greatly simplifies the representation of wind forces on
the rotor, because it means that the control algorithms affecting forces are already included in the
signal. Furthermore, when exciting the MATLAB model with thrust, smaller but not insignificant load
signatures that are sampled by the rotor are also introduced, such as 1 and 3P excitations.

A consideration that must not be ignored when modeling in MATLAB with thrust excitations is that the
thrust is changing independently of the motions. This means that in some situations, if the direction of
thrust change aligns with the direction of motion, instabilities might arise. However, given the artificial
adjustments done to the damping, whatever instability is in fact present is mostly muffled. This may
explain the rather large increase in damping required from that calculated.

As will be discussed in Section B.1, wind excited models are deemed inadequate to draw meaningful
results and conclusions. For this reason, the only use given to wind signals seen in the Appendix is the
calculation of the lifetime fatigue equivalent load under the assumption of constant 𝐷𝐴𝐹 = 1.

Assessing the performance of the models modified and validated in this Chapter, the MATLAB thrust-
excited model can be judged to be equivalent in the respects that are relevant to this project. With
this, we can move on to use this model to implement and test the tuned-mass dampers, and, doing so
finally delve into the research questions.
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Experimental Results

7.1. Values for Optimal Behavior
The report showed in Chapter 4 and Section 6.1 that the optimal parameter values for Configuration
1 are given by the Warburton & Ayorinde equations. Similarly, these sections show how the optimal
values for Configuration 2 were found using a MATLAB optimizer. The values found with these methods
are shown in Table .

Table 7.1: Optimal damper values for Configurations 1 and 2. ∗Damping of the Conf. 2 absorber is subject to changes in
aerodynamic damping, and thus is not constant.

Configuration 1 - Optimal Values

Variable Unit Value

𝑓፨፩፭ - 0.9799
𝑐ፚ Ns/m 2.84E+03
𝑘ፚ N/m 3.32E+04

Configuration 2 - Optimal Values

Variable Unit Value

𝑓፨፩፭ - 0.3835
𝑐∗ፚ Ns/m 1.9E+05 to 2.5e+05
𝑘ፚ N/m 1.21E+05

Note that truly optimal values cannot be achieved in Configuration 2. Because the damper is itself
the drive train including rotor, its damping coefficient will be variable and dependent on the wind
speed and control system, following the values on Figure 6.12. Still, as shown later in this chapter,
implementing it results in good fatigue reduction.

7.2. Behavior and Fatigue with Tuned Mass Dampers
7.2.1. Effect on Tower-top Motions
Displacements
Looking at the motions of the tower top with and without tuned mass dampers, the difference is visible.
In Figure 7.1, the motions of the TMD-less MATLAB model, which we call Configuration 0, are shown
in red in both sub-figures. These displacements are for a 10 minute simulation at 𝑈ፚ፯፠ = 10

፦
፬
. Also

plotted in blue on top of both, we see the motions of the tower when Configurations 1 and 2 are
implemented, respectively. We see that the red peaks of Configuration 0 are more visible against the
smaller motions of Conf. 2.

Comparing instead motions of the turbine simulated at 𝑈ፚ፯፠ = 20
፦
፬
, shown in Figure 7.3, we see

that similar to the previous figure, the motions of the turbine with a drive-train-damper, Configuration 2,
has in general smaller oscillations than that with the oscillating generator. The motions of the TMD-less
turbine, shown in red, are clearly more visible.

These results we see in these displacement signals repeat themselves over the operational speed
range of the turbine. In all cases the displacements of Configuration 2, with the oscillating drive train,
show the smallest amplitudes and smoothest behavior. The displacements for all simulations of the
operational speed range are shown in Appendix A, for space.

39
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Figure 7.1: Displacement of the MATLAB model turbine without and with TMDs at 10mps.

Figure 7.2: Detail of Figure 7.1.

Power Spectral Densities
In Figure 7.4, we see that although the motions are not so visibly reduced with the generator-TMD,
the power at the first natural frequency is, in fact, significantly reduced. With the implementation
of Configuration 2, which allows for the rotor to oscillate minimizing energy transfer to the support
structure, the power reduction is even more marked.

For the PSDs of simulations at 𝑈ፚ፯፠ = 20
፦
፬
, shown in Figure 7.5, we see a similar change.

Similar to the previous section, the power spectral densities at all other wind speeds are shown in
Appendix A for space.

7.2.2. Effect on Tower Fatigue Life
FDEL of Each Speed Load Case
Here, we plot the FDELs of the TMD-less Configuration 0 MATLAB model, as we did in the previous
chapter, against the equivalent loads from the same simulations on the models of our two TMD systems.
These can be seen in Figure 7.6.

The reduction in the equivalent load is evident. In Table 7.2, the average load reduction over the
entire operational range of the turbine is −2% for the generator-TMD, and −13% for the drive train-
TMD. It may seem the effect of using the turbines 8 ton generator is not as positive as was expected,
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Figure 7.3: Displacement of the MATLAB model turbine without and with TMDs at 20mps.

Figure 7.4: Power spectral densities of the MATLAB model turbine without and with TMDs at 10mps.

but this average assumes equal probability for all wind speeds, which is not the case.

Lifetime FDEL
If we take, as an example a location with a wind climate characterized by a Weibull curve with a scale
factor k = 2 and shape factor a = 8, shown in Figure 7.7, we can estimate the overall effect these
systems have, in the reduction of FDEL, over the lifetime of a turbine. In Figure 7.7 we calculate the
probability for each load case, or the probability that the average wind speed is within the bin 0.5፦

፬
below or above every velocity integer. These bins are of course 1፦

፬
wide, making the area under the

curve of each bin equal to its height.
Given the probability distribution in Figure 7.7, we can find the total amount of time in seconds that

the wind will be within a specific bin. With this amounts of time, a factor is calculated for each bin by
dividing each quantity, which are in seconds, by 600s or 10m: the length of each simulation performed.
Table 3.1 shows these factors. They will be used to multiply the number of load cycles at each load
range for each 10-minute simulation. This total number of load ranges and cycles is be added up to a
final, 20-year lifetime fatigue damage equivalent load for comparison between systems.

Using these data, we simply introduce the lifetime factor into our FDEL calculation MATLAB script.
When the stress signals for each load case are produced and rainflow-counted, 𝑛፣ is multiplied by this
factor in Equation 3.4 for each load range in each load case. Thus the total number of cycles at each
stress range for each wind speed load case is accounted.
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Figure 7.5: Power spectral densities of the MATLAB model turbine without and with TMDs at 20mps.

Figure 7.6: Fatigue equivalent loads for 20yr lifetime of the MATLAB model without and with TMDs.

As explained in Section 3.3, the fatigue equivalent load ranges counted in all load cases must be
added inside the summation sign, before being elevated to the power of 1 over the SN slope, 𝑚 = 3,
ss Equation 3.6 shows. In the end the final FDELs and their decrease using Configurations 1 and 2 are
shown in Table 7.3.

In Table 7.3 it becomes clear that the tuned mass damper configurations are very effective in
reducing fatigue damage over a turbine’s operational range. The fatigue equivalent load for the FAST
displacement-calculated stresses, and Configuration 0, the MATLAB turbine model without an absorber,
are shown for comparison to the FAST moment signal-calculated fatigue. Configuration 1, with its
oscillating 8 ton generator is able to reduce the overall fatigue by 12%. Fatigue equivalent load is even
more reduced when implementing Configuration 2 with its the oscillating rotor and drive train, with an
overall reduction of over twenty percent.

The actual damage done to the turbine’s tower at each load case and over it’s lifetime is shown in
Table 7.4 and Figure 7.8. The percentages shown are compared to the total damage of the MATLAB
model with no TMD. We can see that although the damage is greater for the TMD configurations in
some load cases, Configuration 1 provides noticeable improvement while Configuration 2 shows even
more promise.

Figure 7.7: Weibull distribution curve.
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Table 7.2: 1Hz FDEL of tower base fatigue for Configurations 1 and 2, as compared to the TMD-less MATLAB model.

1 Hz Equivalent Load Range [Pa] Rel. damage [%]
Uavg[m/s] Pw Conf. 0 Conf. 1 Conf. 2 Conf. 1 Conf. 2

4 0.0974 1.4E+05 1.6E+05 1.1E+05 10 -24
5 0.1057 4.2E+05 3.4E+05 2.1E+05 -19 -49
6 0.1068 5.1E+05 4.1E+05 2.9E+05 -19 -44
7 0.1017 3.5E+05 3.9E+05 2.7E+05 13 -21
8 0.092 4.0E+05 3.0E+05 3.2E+05 -24 -19
9 0.0793 2.6E+05 3.0E+05 2.4E+05 15 -7
10 0.0655 4.5E+05 3.0E+05 2.2E+05 -33 -50
11 0.0519 3.9E+05 4.5E+05 3.6E+05 15 -9
12 0.0395 3.1E+05 3.5E+05 4.6E+05 12 49
13 0.029 5.6E+05 4.0E+05 5.1E+05 -29 -9
14 0.0205 4.3E+05 3.3E+05 4.2E+05 -22 -1
15 0.0139 3.5E+05 3.9E+05 3.8E+05 12 6
16 0.0092 3.7E+05 4.0E+05 4.0E+05 8 10
17 0.0058 4.0E+05 3.3E+05 3.5E+05 -17 -11
18 0.0036 3.7E+05 3.7E+05 3.6E+05 0 -4
19 0.0021 4.2E+05 4.2E+05 4.3E+05 0 0
20 0.0012 4.7E+05 4.2E+05 3.8E+05 -10 -19
21 0.0007 4.8E+05 4.9E+05 4.1E+05 1 -16
22 0.0004 4.7E+05 4.4E+05 3.6E+05 -6 -22
23 0.0002 4.6E+05 5.7E+05 3.8E+05 24 -18
24 0.0001 4.8E+05 5.5E+05 3.6E+05 15 -25
25 0 5.1E+05 6.0E+05 5.2E+05 18 2

Figure 7.8: Damage according to Miner’s rule for each load case with the TMD-less Configuration 1, and TMD Configurations 1
and 2.

Table 7.3: Calculation of the 20-year lifetime FDELs for FAST (from moments and motions signals) and for each of the MATLAB
configurations

Lifetime Fatigue Equivalent Loads - No TMD

Source 20yr FDEL [Pa] Diff. wrt FAST My [%]
FAST My 3.988E+05 -
FAST Disp 3.874E+05 -3
MAT Conf. 0 3.743E+05 -6

Lifetime Fatigue Equivalent Loads - With TMD

Source 20yr FDEL [Pa] Diff. wrt Conf.0 [%]
MAT Conf. 1 3.299E+05 -12
MAT Conf. 2 2.896E+05 -23
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Table 7.4: Fatigue damage for each load case, and their percentage in relation to the total lifetime fatigue damage D of
MATLAB Configuration 0.

Fatigue damage
Configuraton 0 Configuraton 1 Configuraton 2

𝑈ፚ፯፠ 𝑑፣ % of D 𝑑፣ % of D 𝑑፣ % of D
4 1.29E-06 0.00 1.71E-06 0.00 5.55E-07 0.00
5 3.13E-05 0.04 1.69E-05 0.02 4.05E-06 0.01
6 5.71E-05 0.08 3.08E-05 0.04 1.00E-05 0.01
7 1.82E-05 0.02 2.64E-05 0.04 8.85E-06 0.01
8 2.75E-05 0.04 1.20E-05 0.02 1.45E-05 0.02
9 7.26E-06 0.01 1.11E-05 0.02 5.79E-06 0.01
10 3.89E-05 0.05 1.16E-05 0.02 4.86E-06 0.01
11 2.61E-05 0.04 3.96E-05 0.05 1.98E-05 0.03
12 1.31E-05 0.02 1.82E-05 0.02 4.33E-05 0.06
13 7.61E-05 0.10 2.75E-05 0.04 5.65E-05 0.08
14 3.37E-05 0.05 1.59E-05 0.02 3.25E-05 0.04
15 1.90E-05 0.03 2.64E-05 0.04 2.29E-05 0.03
16 2.10E-05 0.03 2.67E-05 0.04 2.83E-05 0.04
17 2.72E-05 0.04 1.53E-05 0.02 1.89E-05 0.03
18 2.27E-05 0.03 2.28E-05 0.03 2.00E-05 0.03
19 3.28E-05 0.04 3.24E-05 0.04 3.32E-05 0.05
20 4.42E-05 0.06 3.19E-05 0.04 2.31E-05 0.03
21 4.92E-05 0.07 5.03E-05 0.07 2.89E-05 0.04
22 4.38E-05 0.06 3.60E-05 0.05 2.07E-05 0.03
23 4.14E-05 0.06 7.83E-05 0.11 2.28E-05 0.03
24 4.78E-05 0.06 7.21E-05 0.10 2.01E-05 0.03
25 5.75E-05 0.08 9.34E-05 0.13 6.08E-05 0.08
D 7.37E-04 1.00 0.95 0.68

The reader must remember that these numbers are comparative. Given that the slope and fatigue
strength steel are not part of these calculations, and given that non-operational states of the turbine
were not taken into account, this project cannot offer the exact fatigue damage at the end of a 20-year
life.

7.2.3. Motions of the Dampers
Configuration 1
The motions of the generator with respect to the main mass are quite important. They determine how
much space must be kept free in the nacelle to allow for unobstructed oscillations. This in turn will
drive the design of the nacelle, or, if the motions are too large, nullify the feasibility of the system.

In Figure 7.9 we plot the motions of Configuration 1 under wind at 25፦
፬
. The speed is shown in

Section 7.2.2 to have the highest fatigue, and thus oscillations.

Figure 7.9: Displacements of the tower top and generator in Configuration, 1 under 25[m/s] winds.
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The most important distances, however, are those between the generator and its center of equilib-
rium within the nacelle. Because the displacements in Figure 7.9 are shown with respect to an origin
irrespective of the motions, it is difficult to see the distance between the generator and its equilibrium
point. As shown in Figure 3.2, the origins of each mass in the MATLAB model are independent of
each other. Then, to show the distance between the masses with respect to time, we subtract the
displacement of the TMD by that of the tower top. This way, when the TMD is further downwind than
the tower-top, the difference is positive. These displacements are shown in Figure 7.10 for the same
load case. The generator’s largest displacement from its equilibrium point is slightly higher than 0.47m,
in both directions.

Figure 7.10: Displacements of the generator against the tower top in Configuration 1, under 25[m/s] winds.

Configuration 2
An important consideration for a turbine’s nacelle and rotor design is the blade’s maximum tip deflection.
If the rotor fore-aft displacements with respect to the tower exceed this clearance, blade-tip collision
may cause catastrophic failure of the turbine and its tower.

The displacements of the tower top and drive train are shown with respect to a single origin in
Figure 7.11. We see that given the high stiffness of the tower and relatively lower, ideal stiffness of the
drive train, the two components are separated by more than 2 meters most of the time.

Figure 7.11: Displacements of the tower-top and drive-train-damper of Configuration 2, under 25[m/s] winds.

Just as in Section 7.2.3, we plot the distance between displacements of the tower and TMD, shown
in Figure 7.12. In this case, it is clear that the distances are much larger, reaching as much as 3.5
meters.

7.3. Discussion
7.3.1. Fatigue reduction with TMDs
Configuration 1 was able to reduce fatigue by 12%, while Config. 2 boasted a remarkable 23% reduction
as compared to the FAST turbine. Particularly for Configuration 2, the results are compelling. Having
the drive train, rotor included, be able to oscillate with respect to the tower allowed to prevent the vast
majority of kinetic energy from being transferred to the support structure. This remarkable reduction
in fatigue damage equivalent load achieved using Configuration 2 begs the question: why is it is
so effective? It seems this system can be seen as analogous to the suspension system on a motor
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Figure 7.12: Displacements of the rotor and drive train damper against the tower top in Configuration 2, under 25[m/s] winds.

vehicle, that can effectively reduce the impacts felt by the driver from excitations caused my the road
on, incidentally, the drivetrain of the vehicle.

Figures 7.13 and 7.14 compare the displacements of the tower top when Configuration 1 is imple-
mented (blue) as well as Configuration 2 (in black, dashed). In Figure 7.14 we can clearly see that the
amplitudes of the tower top in Configuration 2 are comparatively smaller.

Figure 7.13: Tower top displacements of Configurations 1 and 2, under 25[m/s] winds.

Figure 7.14: Close-up of Figure7.13

The smaller amplitudes of Configuration 2 become even more clear to see when the power spectral
densities of the signals are plotted together. In addition to the lower peak for Configuration 2 at the
natural frequency of the system of 0.3Hz, we see other, much smaller peaks for excitations such as the
3P excitation, which occur at 0.6Hz at rated rotor speed. These PSDs are shown in Figure 7.15.

It must be reiterated that these results are not meant to give an exact percentage of fatigue re-
duction or the possible extension of structural design life, but instead to prove that these systems in
fact work.

7.3.2. Comments on the Motions of the Absorbers
Configuration 1 - Nacelle spatial limitations and generator accelerations
If the systems we have thus studied are to be deemed effective in reducing fatigue damage on the
support structure, we must study their effect on the tower-top motions. However, an equally important
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Figure 7.15: Power spectral densities of the signals on Figure 7.13

aspect to proving the feasibility of these tuned-mass dampers depends on whether the motions of the
dampers themselves are within an acceptable range.

For example, the generator-TMD in Configuration 1 will, clearly, move with respect to the rest of
the nacelle to dampen tower motions. We saw the in Chapter 7, Figure 7.10, that the motions of the
generator have amplitudes of up to 0.5 meters in both up and down-wind directions. This additional
space requirement would mean turbine nacelles would have to be made at least 1 meter longer.

This does not seems like an unfeasible design change, but space in nacelles are at a premium, and
this design change would incur a non-insignificant cost surge in the production of the turbines.

Another concern if this system is to be implemented, is the increased vulnerability to damage and
failure of the generator. Given that it is constantly oscillating, it will be subjected larger accelerations.
As explained in Section 4.7, Dueñas-Osorio and Basu [20] mention that accelerations higher than 5፦

፬Ꮄ
can be detrimental to the life of components such as generators, inverters and other electrical and
mechanical controls.

Using simple Newtonian physics in Equation 7.1, we can analytically calculate the maximum accel-
erations of the generator-TMD. The equation says that,

𝑎ኼ = (2𝜋𝑓ኼ)ኼ · 𝑥፦ፚ፱ = (2𝜋 · 0.3244𝐻𝑧)ኼ · 0.5𝑚 = 2.1[
𝑚
𝑠ኼ
] (7.1)

where 𝑎ኼ, 𝑓ኼ are the acceleration and natural frequency in Hz of the TMD mass, and 𝑥፦ፚ፱ is its
maximum displacement from a point of equilibrium, which is taken from Figure 4.4.

In Figure 7.16 we see the tower top accelerations, as simulated in MATLAB, of the turbine without a
tuned mass damper, plotted against the accelerations of the generator-TMD. It is clear from the figure
that the accelerations of the generator increase up to three-fold in amplitude, as compared to those of
the entire rotor-nacelle assembly in in the original TMD-less MATLAB model. Nonetheless, they remain
below the analytically calculated 2፦

፬Ꮄ
, and they remain far below the danger threshold of 5፦

፬Ꮄ
.
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Figure 7.16: Accelerations of the TMD-less tower top compared to the accelerations of the generator-absorber in Configuration
1. under 12[m/s] winds

Configuration 2 - Tip clearance
Identifying the blade tip clearance at almost exactly 8 meters during idling, we can assess if there exists
danger of tip collision during operation of the rotor, both rotating and performing fore-aft oscillations
to dampen tower motions.

From our FAST simulations, the tip deflection at each point in time can be found. At rated wind
speed, when the thrust on the blades is at it’s highest, we expect to see the highest tip deflections.
These are shown in Figure 7.17. At this speed, the downwind displacements of the nacelle often reach
more than 5 and even 6 meters with respect to the displacements of the tower top. We can be certain
that the fore-aft displacements of the rotor in addition to tip deflections, which max at about 7 meters,
will cause a collision to occur.

Figure 7.17: Out of plane blade tip deflections at 12 [m/s].

At 25፦
፬
, when the rotor damper presents very high amplitudes as seen in Chapter 7, the tip deflec-

tions are not as high as in Figure 7.17. As shown in Figure 7.12, at this speed the fore-aft displacements
of the rotor reach up to 3.5 meters with respect to its equilibrium point at the center of the tower. With
the tips oscillating with maximum deflections reaching up to 4 meters, shown in Figure 7.18, collisions
are not guaranteed to occur.

Figure 7.18: Out of plane blade tip deflections at 25 [m/s].

However, the tip deflections must be combined with the IEC 61400-1 standard [16] required safety
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factors for tip deflection, which are 𝛾 = 1.25 as load factor, and a material factor of 𝛾፦ = 1.1. With
these included the final deflection of the tips is an unacceptable 10.3 meters. Increasing the overhang,
pre-bending, coning or shaft tilt to increase clearance by a few meters will incur an increased cost, but
it is not an unreasonable modification to such a large turbine.

Another possible solution to this would be to have a variable center of equilibrium. This would mean
that during idling, the turbine’s drive train rests with its center of mass closer to the center of the tower.
Then, during operation while the drive-train damper is being pushed downwind, its equilibrium point,
defined by the TMD spring’s anchor point, could move matching the average thrust forces on the rotor.
This is a very complicated system, however, and it could potentially be prohibitively costly to design
and test.

7.3.3. Construction
In both configurations the dashpots and springs can be attached on one end to either the front or back
of the nacelle frame. The other end would attach to the TMD, being either the generator or the entire
drive train, onto clamps that are used to attach the generator or gear box to the frame on which they
rest.

Figure 7.19: Isolated drive train of a turbine. Shows likely attachment points for springs and dampers in red. The opposite
ends of spring and dampers would attach to the nacelle frame [7].

As shown in Figure 7.20, the tuned mass damper configuration 2 has a platform on which the entire
drive train oscillates. The springs and dashpots are attached to the gearbox clamps and the nacelle
frame on each end

In such mounting configurations the springs and dashpots would allow for elongations and con-
tractions of a few meters. These elongations are fundamental given the displacements seen in the
previous sections

Configuration 1
For a turbine to function correctly, it is necessary for the rotor to transfer torque to the generator at
all times during operation. Thus, allowing the generator in Configuration 1 to oscillate with respect to
the rest of the nacelle requires the shaft between the gearbox and generator, usually referred to as the
high-speed shaft (HSS), to extend and retract in length as the generator moves back and forth, while
transferring torque to actuate the generator.

From Section 7.3.2 we know that the motions of the generator would require 0.5 meters on each
side of the equilibrium point. The scope of this thesis does not include an economic feasibility analysis.
We can, however tentatively, suggest that if the 12% reduction in fatigue could reduce around 10% on
tower costs, this reduction could conceivably justify paying for the additional costs of the nacelle and
extensible shaft.

Configuration 2
The construction of a turbine with an oscillating drive train would require an additional frame to be
mounted on the main nacelle frame, on which the bearings, gears and generator are attached. It of
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Figure 7.20: Sketch of Configuration 2 with springs and dashpots attached to the nacelle frame on one end and the drivetrain
platform on the other.
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course would also require a longer, and thicker low speed shaft, given that it must protrude from the
nacelle with enough distance to retract when the rotor gets pushed. In addition, the large amplitudes of
displacement of the drive-train-damper present a difficult design issue. It is not impossible to construct
a nacelle that will allow for 3-meter amplitudes, but it may be prohibitively costly.

A possible solution for this is to de-optimize the system, by increasing the stiffness of the springs
attaching tower and drive train. It should be possible to find an optimal compromise between tower
fatigue reduction and rotor fore-aft oscillations. As was shown in Figure 4.8, by moving the stiffness
and damping of the tuned-mass damper away from the optimal, the dynamic amplification of the main
mass can be slightly increased, while that of the damper decreases. Given that configuration 2 offers
great fatigue reduction, this could conceivably lead to finding a larger ”optimal” DAF for the tower, that
would prevent construction costs of the damper becoming too costly.





8
Conclusions and Recommendations

for Future Work

8.1. Concluding Remarks
Answering the first research question, this project has shown that yes, within the scope of requirements
of this project, modeling of a wind turbine as a simple one or two degree-of-freedom system is perfectly
feasible and accurate enough. However, this is true only when the forces on the model are exactly
those experienced by the real turbine, as is the case when using the thrust excitations from FAST.
When using wind signals over the turbine’s blades averaged to a 1-point wind signal in order to excite
the simple model, the performance was comparable to the real turbine, but not similar enough to draw
conclusions about long-term fatigue.

To find the baseline fatigues as calculated on ”super stiff” and zero-control-lag models, and thus
answer the second set of research questions, wind had to be used in order to excite the turbine in FAST
and MATLAB. As explained in Section 5.3.2 and Appendix B, both of these attempts failed. Although in
all likelihood it is possible, within the time frame this project was not able to model an un-moving, super
stiff tower in FAST. Similarly, since in MATLAB modeling wind excitations failed, which was necessary
to bypass control lags above 𝑈፫, the ”super stiff” turbine calculations were deemed unfit for inclusion
in the report. The simulations for the MATLAB stiff turbine are shown in Appendix B.

The third research question involved testing the dynamic behavior of Configuration 1, which allows
the generator to oscillate in the fore-aft direction and act as a tuned-mass damper. The parameter val-
ues that resulted on optimal behavior for this configuration were found using formulas from Warburton
and Ayorinde [4], and are a tuning ratio of 𝑓፨፩፭ = 0.9799[−], and an absorber damping coefficient and
stiffness of 𝑐ፚ,፨፩፭ = 2.84𝐸03[𝑁𝑠/𝑚] and 𝑘ፚ,፨፩፭ = 3.32𝐸04[𝑁/𝑚], respectively. The practicality of this
system was assessed based on the displacements and accelerations it requires to perform optimally.
It was found that with maximum deflections of about 0.5 meters in both directions, the turbine’s na-
celle would require roughly 1 additional meter in length. In terms of accelerations, the generator-TMD
stayed well below the dangerous acceleration threshold of 5[𝑚/𝑠ኼ]. The last and most important sub-
question regarding Configuration 1 asked what is it’s effect in fatigue over a 20-year production period.
This system was compared to the original MATLAB turbine model and found to offer a 12% reduction
in fatigue damage equivalent load.

The last of the main research questions is similar to the previous but, but it is concerned with the
rotor-and-drive-train tuned mass damper, Configuration 2. The values that produced optimal behaviors
for this configuration were found using a MATLAB optimizer, and are a tuning ratio of 𝑓፨፩፭ = 0.3835[−],
and an absorber stiffness of 𝑘ፚ,፨፩፭ = 1.21𝐸05[𝑁/𝑚]. Because this TMD includes the rotor, the damping
coefficient is of course variable, dependent on the aerodynamic forces on the rotor. For this reason, it
cannot be optimized. It thus varies between 1.9𝑒 + 05 and 2.5𝐸05[𝑁𝑠/𝑚].

The second sub-question concerning Configuration 2 asked what the effect of having a system in
which the tuned-mass damper is excited instead of the main mass. What was shown in Chapter 7, in
Figure 7.14, is that with the optimal values shown above, once the tower reaches a quasi-static resting
position at each load case, perturbations from this position are smaller compared to Configuration 1.
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This makes sense, given that the tower itself is excited mostly by its own drag, whereas the rotor, no
longer anchored to the tower, receives the vast majority of forces on the turbine.

As discussed in Section 7.3.3, if Configuration 2 were to be implemented on a turbine, no shaft needs
to become extensible. However, the entire drive train would need to be mounted on a secondary frame
on top of the main nacelle frame. Furthermore, attention would have to be paid to the deflection of
the blade tips. To avoid tip collision, coning and pre-bending of the rotor would have to be increased.

Finally, the change in dynamic behavior for this configuration was shown to improve the fatigue
damage over the turbine’s design life. The reduction in fatigue equivalent load was calculated to be
23% as compared to the TMD-less MATLAB model.

Overall, the implementation of the dampers caused significant reductions in fatigue damage. These
reductions could lead to a reduction of safety factors and thus material costs for the turbine. Alterna-
tively, a more consequential outcome would be an extension of the design life of the support structure,
leading to welcome reductions in levelized production costs for new projects, which would continue
to make wind energy more competitive. It is the hope of the writer that research into wind turbines
will continue to increase the cost-effectiveness, reliability, and of course market penetration of wind
energy.

8.2. Recommendations for Future Work
This project made the decision to model a wind turbine in such a way that made it easy and quick
to run simulations. Modeling as a simple 1DOF system also made it very easy to vary parameters
and influence its behaviour. Furthermore, this approach offered unparalleled simplicity to incorporate
auxiliary masses to act as tuned-mass dampers, and study the effects these had on the model’s dynamic
behavior.

Perhaps not so unexpectedly, this simplification also introduced some unwanted difficulties in
achieving satisfactory correspondence between the developed model and a real turbine. In the end the
project concludes that simplifying complex systems for easy mathematical modeling incurs complica-
tions, and limitations to the models must be accepted and accounted for. Future projects that attempt
to perform complex or numerous simulations to investigate motions on a simplified model of a wind
turbine, must implement artificial ways to model control mechanisms such as pitching and torque.

An uncertainty remains in regards to modeling excitation forces on the turbine using a single force
signal. As explained in the discussion in Section 7.3, using averaged wind signals over the rotor area
result in behavior that matches the behavior of the FAST model. A future project investigating rotors
aerodynamics using computational fluid dynamics should be able identify whether forces over the rotor
can be turned into a single equivalent point force signal using only wind data for equivalent behavior.

This project did not delve into the economic aspects of possible implementations of the TMDs
investigated. Calculating cost increases in terms of material and design required to implement these
systems are beyond the scope of this project, but could be investigated in a project with a larger focus
on economics of wind turbine design. These increases in cost should of course be compared to the
possible cost reductions in terms of support structure construction or possible extended design lives.
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A
Motions and PSDs at All Wind

Speeds

A.1. All motions for FAST and MATLAB thrust-excited simula-
tions

Figure A.1: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 at 4mps wind.

Figure A.2: Displacement of MATLAB Configuration 2 at 4mps wind.
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Figure A.3: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 at 5mps wind.

Figure A.4: Displacement of MATLAB Configuration 2 at 5mps wind.

Figure A.5: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 at 6mps wind.



A.1. All motions for FAST and MATLAB thrust-excited simulations 59

Figure A.6: Displacement of MATLAB Configuration 2 at 6mps wind.

Figure A.7: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 at 7mps wind.

Figure A.8: Displacement of MATLAB Configuration 2 at 7mps wind.
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Figure A.9: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 at 8mps wind.

Figure A.10: Displacement of MATLAB Configuration 2 at 8mps wind.

Figure A.11: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 9mps wind.
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Figure A.12: Displacement of MATLAB Configuration 2 under 9mps wind.

Figure A.13: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 10mps wind.

Figure A.14: Displacement of MATLAB Configuration 2 under 10mps wind.
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Figure A.15: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 11mps wind.

Figure A.16: Displacement of MATLAB Configuration 2 under 11mps wind.

Figure A.17: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 12mps wind.
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Figure A.18: Displacement of MATLAB Configuration 2 under 12mps wind.

Figure A.19: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 13mps wind.

Figure A.20: Displacement of MATLAB Configuration 2 under 13mps wind.
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Figure A.21: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 14mps wind.

Figure A.22: Displacement of MATLAB Configuration 2 under 14mps wind.

Figure A.23: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 15mps wind.
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Figure A.24: Displacement of MATLAB Configuration 2 under 15mps wind.

Figure A.25: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 16mps wind.

Figure A.26: Displacement of MATLAB Configuration 2 under 16mps wind.
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Figure A.27: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 17mps wind.

Figure A.28: Displacement of MATLAB Configuration 2 under 17mps wind.

Figure A.29: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 18mps wind.
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Figure A.30: Displacement of MATLAB Configuration 2 under 18mps wind.

Figure A.31: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 19mps wind.

Figure A.32: Displacement of MATLAB Configuration 2 under 19mps wind.
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Figure A.33: Displacements of FAST and MATLAB Configuration 0 and Configuration 1 under 20mps wind.

Figure A.34: Displacement of MATLAB Configuration 2 under 20mps wind.

A.2. All PSDs for FAST and MATLAB thrust-excited simulations
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B
Modeling Using Wind Excitations

B.1. Failure of Simulations with Wind Excitation
By using wind to excite the MATLAB model, the simulations bypass the effects of control lag explained
in Section 6.2.2, which are present in the thrust signals. The model having instantaneous control
response will evidently behave different to the FAST model in the full load region, given that the thrust
will follow exactly the given wind speed at each times step, as it does in Figure 6.6. However, in the
partial load region, the behaviours should be as similar as possible.

In Figure B.1 the wind signal output from a FAST simulation can be seen in blue. This signal is
taken from a single point in the rotor. The red curve is the signal of all data points over the rotor area,
averaged at each time step. The two signals are clearly quite different from each other: the averaged
signal is much less turbulent. This makes sense, since averaging turbulent signals always smooths out
differences.

Figure B.1: Normal turbulence model wind signal with ፔᑒᑧᑘ ዆ ዁
ᑞ
ᑤ

To test these, the MATLAB 1DOF model is excited with each of these wind signals, creating thrust
as a time dependent value using the function described in Section 5.3.3. Figure B.2 shows that exciting
the MATLAB model with the rotor-averaged wind signal results in a displacement curve very similar in
shape to the wind. This makes sense, since forces varying with low frequencies relative to the natural
frequency of the model will not cause dynamic excitation. Thus, with little dynamic excitation, the
turbine moves essentially following the displacement dictated by Hooke’s law, in Equation 6.1.

The displacements of the model excited by the 1-point wind signal, shown in black, resemble the real
turbine much more, but not nearly enough to consider them sufficiently accurate for fatigue calculation
purposes. Both signals seems to follow the same average, and the amplitudes are much more similar,
but in some moments the MATLAB amplitudes become smaller or larger than those from FAST.

The reader must notice, however, that the displacements of the 1-point simulation follow rather well
the wind signal that excites it (blue curve in Figure B.1). The high frequency displacement amplitudes
are larger, but this is expected since dynamic excitations amplify the response.

Neither of these wind excited simulations emulate the FAST model to a satisfactory extent. Using
one point assumes a highly turbulent fully coherent wind signal going through the entire rotor, a wind
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Figure B.2: Displacements of the MATLAB model with a 1-point and rotor-averaged wind signals, compared to original motions
from FAST

signal that doesn’t fully represent the wind felt by the FAST turbine. Using the full rotor-averaged signal
smooths out a lot of the energy in the wind, resulting in a quasi-static response on the MATLAB model.

B.1.1. Rotor point wind averaging
In order to test the similarity between FAST and MATLAB in partial load under turbulent wind conditions,
at each wind speed 8 points over the blade areas were chosen. The wind data from those points were
averaged at each time step to produce a single-point wind signal that dictates the amount of thrust on
the MATLAB model throughout the 660s simulation of a given wind speed.

The grid of wind data points experienced by the FAST turbine model, from which the aforementioned
wind data were taken, is shown in Figure B.3. The locations sampled by the turbine in FAST of course
change as the blades rotate, but choosing locations on the grid over the blades with Blade 1 at zero-
degree azimuth (meaning pointing upwards) was considered to be a good enough approximation. For
each blade, 6 points over the radius were chosen.

Figure B.3: Grid of wind data points that is sampled by the FAST turbine’s rotor.

The accuracy of the MATLAB simulations with the chosen number of wind data points was gauged
based on the power spectra of the motions of MATLAB compared to those of FAST. For example, the
motions of a FAST simulation are shown in Figure B.4 in red along with the motions of the MATLAB
model, in blue, that is excited by the 1-point wind signal output by FAST. By using 8 instead of 1 points
over the rotor area to create a new wind signal, and using that to excite the MATLAB model, we get
the signal shown in blue in Figure B.5, which behaves with much smaller amplitudes. This method is
not giving the correspondence seen on the thrust-excited simulations in the main report. The power
spectrum of each of these signals is shown on a linear vertical axis in Figure B.6. In it, we see that the
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energy at the first natural frequency of the MATLAB model excited by the 18-point-averaged signal is
much lower than the FAST signal.

Figure B.4: Displacement of MATLAB model excited by a 7mps 1-point signal compared to original motions from FAST

Figure B.5: Displacement of MATLAB model excited by a 7mps 18-point-averaged signal compared to original motions from
FAST

Figure B.6: Power spectral densities of the motion signals of Figure B.5

None of the MATLAB simulations using wind as a source of excitation are able to provide satisfactory
correspondence with the FAST turbine. In an attempt to increase similarity, a similar number of wind
points were used at different speeds to produce wind signals that would then produce motions in
MATLAB that are more similar to those in FAST. Still, none of the simulations provide the level of
correspondence seen from the thrust-excited simulations.

Moreover, at wind speeds above rated there is no method to establish what number of wind points
are required to properly model the turbine. Since the motions are expected to be different because of
instant ”control” response, there is no reference for comparison on which to validate the model.

Given the time limitations of the project, the use of wind as an excitation source is left out of the
main report text. The study of a super-stiff turbine, or a turbine model with instantaneous control
response cannot be completed. Thus, given that meaningful results cannot be drawn, this segment of
the project is left out of the Results Chapter.
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B.2. Loads on a Super-stiff Turbine
Plotting the thrust signal for the super-stiff turbine ”model” at 𝑈 = 12፦

፬
in Figure B.7, we can see

the distinctive shape given by the wind crossing over the maximum point in the thrust curve. In the
graph we see exactly where the thrust peaks, at 7.7𝑒5𝑁. For comparison, Figure B.8 shows the thrust
signal extracted from FAST for the same simulation. Both are shown on the same scale for ease of
comparison. They seem to both have the same cycle frequency, and although the real turbine has
larger low frequency amplitudes, its clear that the ”instant” thrust signal has on average larger cycle
amplitude. The lifetime fatigue equivalent load calculated for this turbine is 5.17𝑒05[𝑃𝑎], which is more
than a 25% increase as compared to the real turbine.

This method depended on the use of wind excitations to calculate loads on the tower. Unfortunately,
given that we cannot rely on the use of wind in the MATLAB model, no meaningful conclusions can be
drawn from these calculations. Thus, just as the previous section, this procedure is left out of the main
report.

Figure B.7: Thrust on the rotor of ”super-stiff” turbine, under 12[m/s] winds.

Figure B.8: Thrust on the rotor of the FAST turbine, under 12[m/s] winds.

B.3. Additional examples of wind-excited simulations
This section provides additional examples of the wind-excited MATLAB model. As is clear in the Figures,
at none of the speeds here shown does the MATLAB model provide satisfactory behavior.
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Figure B.9: Motions of the FAST turbine and 18 wind-point-excited MATLAB model.
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