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Abstract

The aim of this thesis is to study the dynamics of spar-type Floating Offshore Wind
Turbines (FOWTs) and investigate the performance of the individual blade pitch con-
trol strategies proposed to improve dynamic response of the turbine. The improvement
in response is obtained in the form of reduced structural vibrations and improved power
production. Wind loads are the largest source of dynamic loads on the wind turbines
and it is well known that it is possible to reduce this aerodynamic loads by actively
pitching the blades to the inflowing wind. The power output of the wind turbines are
also regulated by active pitch control above the rated wind speed. Therefore, it an
open problem to design intelligent controller capable of optimizing the performance
by reducing the aerodynamic loads and/or improving the power production. In this
thesis, three different individual blade pitch control strategies have been proposed and
their performance has been evaluated using a high fidelity FOWT model.

First, a dynamic model of the spar-type FOWT is derived using Kane’s method.
Kane’s method of deriving equations of motion of dynamic systems has emerged re-
cently and presents certain advantages over the traditional Euler-Lagrangian energy
formulation. Using Kane’s method the equations of motion are derived from the kine-
matics of the system and solved directly by a computer without the need for human
intervention. The derived dynamic model is verified again state-of-the-art simulator
FAST (Jonkman and Buhl Jr, 2005). This derived model of the wind turbine is then
used to investigate the performance of the proposed control strategies.

The first individual blade pitch control strategy proposed in this thesis is designed
based on the wavelet-LQR control strategy. The wavelet-LQR control strategy pro-
vides a framework for a time-varying controller by assigning frequency band dependent
gain suitable for wind turbine applications. In this chapter, the effect of wave-current
interaction is also investigated. It has been shown that wave-current interaction does
not have a significant effect on the dynamics of the FOWTs. The proposed wavelet-
LQR individual pitch controller was excellent in mitigating aerodynamic loads on the
turbine and reducing the vibrations of the turbine and the floating platform. Since the
design objective of the controller was vibration control, the excellent vibration control
was accompanied by small increase in power variability. However, it has been argued

that the individual wind turbine power variability will be less important as an offshore
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wind turbine will almost certainly be situated in a large wind farm and the total output
of the farm will be predominantly dictated by the spatial and temporal variations of the
farm rather than the variability of a single turbine. Hence, this increase in individual
wind turbine power variability is judged to be acceptable considering the promising
reduction in structural loads.

The second individual blade pitch controller proposed in this thesis is a dual ob-
jective controller. It is well known from literature that reducing aerodynamic loads
and power variability are two competitive objectives and improving one has a dete-
riorating effect on the other. To address this issue, the control strategy proposed in
this chapter intelligently combines a simple PI (proportional-integral) controller with a
low-authority LQ (Linear Quadratic) regulator. The results presented in this chapter
show that the proposed controller is better than the existing controller in literature in
both vibration control and power regulation. However, the benefits obtained by the
above controllers comes at a cost of increased pitch actuation.

While vibration control and improved power tracking was achieved with increased
pitch actuation, it is also known that one of the largest contributors to turbine down-
time is failure of pitch systems. As future turbines are continuously being up-scaled,
controllers that increase pitch actuation will only compound this problem, unless, im-
proved and reliable pitch systems are developed. To this end, the final individual pitch
control strategy proposed in this thesis is developed under the optimal framework of
Non-linear Model Predictive Control (NMPC). The preview of the inflow wind field
required by the controller is assumed to be available from LIDAR measurements. The
aim of the controller is to minimize blade pitch actuation while maintaining/improving
tracking of rated rotor speed and mitigating structural vibrations of the FOWT. The
existing baseline controller is designed solely to maintain rated rotor speed and hence
pitch actuation is low and scope of further reduction is limited. However, the NMPC
offers and optimal control framework and accounts for the future disturbance. This
opens up the possibility of further reduction in blade pitch actuation without deterio-

rating the performance of the FOW'T which is investigated in this chapter.
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“If you don’t go after what you want, you’ll never have it. If you
don’t ask, the answer is always no. If you don’t step forward, you’re
always in the same place.”

—Nora Roberts
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Chapter 1

Introduction

Development of offshore wind energy presents great scientific and engineering chal-
lenges. It is a broadly multi-disciplinary field that requires expertise of structural,
mechanical, electrical, control and environmental engineers for its development and
growth. A plethora of aspects such as met-ocean conditions, foundations, structural
design, electro-mechanical components, spatial planning, environmental impacts etc.,
must be considered for the successful growth of this industry. In this chapter, a brief
introduction on the development of offshore wind energy is presented followed by a
discussion on optimization of offshore wind technology based on the Levelized Cost
Of Energy (LCOE). The chapter is concluded with the aims and organisation of the

thesis.

1.1 Development of offshore wind energy

The driving force for the development of wind energy is to reduce the emission of
greenhouse gases such as CO, and provide a cleaner source of energy and hence battle
climate change. Offshore wind can provide long term security in the energy sector as
it is an sustainable source of energy unlike the depleting resources of fossil fuels. It
also has the potential of boosting industrial activities of construction and operations
by opening up a new dimension in the energy sector. Many large cities of the world
are located close to the sea and offshore wind farms can be build in proximity to them.
This can be attractive as the requirement for transmission over long distances can
be avoided. Also, building land based power plants close to the cities can be very
expensive due to high property value. Offshore wind can provide a cheaper alternative.
Offshore wind has greater potential than onshore wind with relatively less negative
environmental impacts.

Evidently, there is a need for the development of the offshore wind industry. The

market and technology must be mature enough to be able to carry out offshore wind
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Figure 1.1: Installed offshore wind capacity at the end of 2015. (Source:
Anaya-Lara et al., 2018)

farm projects with minimum risk and deliver energy at a competitive cost. A 220 kW
turbine was the first offshore wind turbine installed about 250 m from the coast of
Nogersund in southern Sweden in 1990 at a water depth of 6 m. In the following year,
1991, the first offshore wind farm was build 1 km from the shore of Lolland in Denmark.
The farm consisted of eleven 450 kW turbines installed at a water depth of 2-4 m.

Although these developments might seem small compared to the state of the off-
shore wind industry today these were mighty steps during this time and pushed the
technology further. They showed that offshore wind energy is a viable option and
the challenges regarding installation and operation can be overcome. The growth of
offshore wind has been slow until the turn of this century when in a period of fifteen
years (2000-2015) the size of offshore wind farms grew from a few tens of megawatts
to hundreds of megawatts (Anaya-Lara et al., 2018). By the end of 2015, the global
offshore wind capacity was 12.1 GW with UK leading the list with 5.1 GW followed by
Germany (3.3 GW), Denmark (1.3 GW) and China (1.0 GW). Figure 1.1 summarizes
the installed offshore wind capacities of various countries at the end of 2015. Most of
these wind farms consisted of bottom fixed offshore wind turbines.

Among the first offshore wind farms projects to deploy floating wind turbines to
harness energy from deep offshore were Hywind (Norway, 2.3 MW, 2009), WindFloat
(Portugal, 2 MW, 2011) and Fukushima (Japan, 2 MW, 2013). Following these projects
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Figure 1.2: The London Array 630 MW offshore wind farm in operation
in the outer Thames estuary. (Source: London Array, 2016)

there are tens of new projects on the way to take this technology forward. The
Fukushima project was expanded by installing a 5 MW and a 7 MW wind turbine.
The Hywind project was expanded by installing six 5 MW turbines in the Scottish
waters making it a 30 MW offshore wind farm.

As of September 2018, the 659 MW Walney Extension in the United Kingdom is the
largest offshore wind farm in the world. The Hornsea wind farm under construction
in the United Kingdom will become the largest when completed at 1,200 MW. The
London Array completed in 2013 comprised of 175 3.6 MW turbines resulting in a total
capacity of 630 MW. It is located 20 km from the Thames estuary covering an area
of 100 km? with water depths upto 25 m (see Figure 1.2). In 2015 the farm produced
2.5 TWh which corresponds to a capacity factor of 45%. It is known (Taylor, Ralon,
and Ilas, 2016), that offshore wind farms experience more favourable wind conditions
than onshore wind farms. For example the global capacity factor for onshore wind
farms was 27% in 2015 (Taylor, Ralon, and Ilas, 2016).

Offshore wind farms can reduce CO, emissions in the range of 300 to 700 gm
per kWh compared to energy produced from natural gas and fossil fuels respectively.
However, the actual savings will depend on the operation of the power system along
with the wind farm. According to London Array, 2016, the annual average saving is
925,000 tones of CO, based on 420 g/kWh and a capacity factor of 39%. This number

can be put into perspective by comparing it to the emission of 289,000 passenger cars.
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1.2 Offshore wind technology

Offshore wind technology has a few significant elements such as a) the wind turbines
themselves, b) the substructure or foundation, c) internal connection grid, d) substa-
tion, e) farm layout and design, and, f) transmission to shore (Figure 1.3). Offshore
wind turbines are similar to onshore wind turbines but are typically of higher rating.
The largest offshore wind turbine till date is the MHI Vestas 9.5 MW turbine with a
rated power of 9.5 MW and rotor diameter of 164 m.

Offshore wind turbines can have different types of substructure or foundation (Fig-
ure 1.4). For shallow depths, typically up to 40-60 m monopiles or bottom fixed
jacket type foundations are used. As we delve deeper, tension leg platforms or semi-
submersible foundations are used. At depths >120 m spar type floating wind tur-
bines are used. This thesis focuses on the spar-type floating wind turbines. Located
far-shore, these turbines have the advantage of being located in an energy rich deep
offshore region but they also must survive the harsh marine conditions. These turbines
are typically of higher rating (5-10 MW). Modern turbines are equipped with sophisti-
cated control systems aimed to optimize energy output at all times while ensuring safe
operations. Individual turbines have their independent control systems though they
might be constrained by the wind farm Supervisory Control And Data Acquisition
(SCADA) system.

The transmission of energy from the turbine to shore goes through the internal grid
and substation before being delivered to the shore. Typically, a group of turbines are
connected to a substation through the internal grid. Depending on the size of the farm
there may be one of more substations that are connected to the transmission network.
The layout can have different arrangements depending on the size of the farm and the
distance to the shore. Internal grids are commonly operated with alternating current at
about 33 kV, though, 66 kV solutions are emerging for larger wind farms. The design of
the internal grid and substation should be assessed carefully to account for switching
transience and high frequency resonance. As an alternative to alternating current
internal grids, direct current internal grids have been proposed but not yet implemented
in any commercial wind farm. The substation normally has a transformer that brings
the voltage up to the transmission level, for example 150 kV. Over short distances and
smaller wind farms high voltage alternating current (HVAC) is the normal choice for
transmission. For wind farms more than 100 km from shore and above 200 MW in
capacity high voltage direct current (HVDC) is the suggested option due to lower losses
in transmission. However, this requires HVDC converters to be installed offshore and

on land which can considerably increase the cost of the farm. Hence, the industry has
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Figure 1.4: Different types of substructure for offshore wind turbines.
(Source: (Arapogianni et al., 2013))

also shown interest in using HVAC for long distance transmission.

Operation and maintenance (O&M) of offshore wind farms is significantly more
complicated and expensive compared its onshore counterparts. Performing mainte-
nance tasks mean bringing service personnel, equipment and spare parts on the tur-
bines which is not trivial and often expensive. Various cost effective methods have been
proposed to secure efficient O&M but it is not straightforward to select one. Ideally,
one would want the turbine to fulfil its design life with minimum maintenance. This
includes safe operation of its structural, mechanical and electro-magnetic components

in the harsh marine conditions which is the main challenge of offshore wind energy.

1.3 Levelized cost of energy

The offshore wind farms must be capable of providing high energy output while en-
suring safe and reliable operations and complying with the grid and environmental
requirements. The design of an offshore wind farm is optimized by minimizing the cost
of energy production per kWh over its entire design life. Therefore it is important to
understand the basics of how cost of energy is calculated. As an example, lets assume
that it was found that the energy output of a wind farm can be increased by increasing

the space between the turbines. But this means more cost in the form of longer cables
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Figure 1.5: Metrics in calculation of LCOE. (Source: Taylor, Ralon, and
Ilas, 2016)

between the turbines. So is the idea good or not? The answer can be obtained in
economic terms by comparing the cost of energy in the two situations.

Levelized cost of energy (LCOE) is the most common metric used to calculate the
cost of energy of power plants. It is the cost of per unit energy (kWh) averaged over its
lifetime. The LCOE is obtained as the ratio of the discounted total cost of production
and the discounted energy output. The cost of production and energy output are
discounted to the start of the operation by choosing a proper discount rate. According
to (Taylor, Ralon, and Ilas, 2016) the LCOE can be given as

It+Mt
LCOE = 2 et Sl (1.1)

Yo T

where, I; is the investment in the year ¢, M, is the operation and maintenance expen-
diture in the year ¢, r is the rate of discount and n is the design lifetime of the offshore
wind farm. By definition, the LCOE of a project is equal to the average lifetime sell-
ing price of electricity from the project. A higher electricity price means higher profit
whereas electricity prices lower than LCOE means acquiring a loss on the investment.
The different steps in estimation of LCOE is shown in Figure 1.5.

Depending on the scope of the analysis there can be different level of details in
describing the energy production E;, the investment [; and the maintenance cost M;.
Typically the design lifetime of an offshore wind farm is 25 years. However, a shorter
lifetime is often considered to make financial decisions. The rate of discount r depends
on the cost of capital, perceived risk of the project and normally varies from market to
market and over time. A discount rate of 5-10% is typically used in LCOE studies. The
LCOE of different wind farms installed between 2010 to 2015 is shown in Figure 1.6
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which also shows a projection until the year 2025. The numbers reproduced in this
thesis is largely taken from IRENA 2016 report (Taylor, Ralon, and Ilas, 2016). It can
be observed that there is a big spread in the LCOE of different projects. This is usual
for a technology in its early stages. However, the projections also show that by 2025
the LCOE can be brought down to grid parity.
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Figure 1.6: Historical LCOE of offshore wind farms and projection.
(Source: Taylor, Ralon, and Ilas, 2016)

1.4 Reducing cost of energy

This section discusses the various technological innovations that can be implemented
to reduce the LCOE by 2025. There is an incremental opportunity to reduce cost of
energy by 2025. Through technological innovations, experience and economy of scales
the the total installed cost of an offshore wind farm can reduced by about 15%. The
largest opportunity of cost reduction lies with construction and installation costs that
accounts for 60% of the total installed cost reduction potential of 15%. Other than
that, the incremental cost reduction potential in the turbine rotor is 15% and the tower
accounts for 7%. There is also a possibility of streamlining the project development
phase and reducing the project development cost.

There is a range of trade-offs in identifying the greatest LCOE cost reduction po-
tentials for offshore wind farms. Meaning, sometimes higher installed costs for some
components can reduce the LCOE. For example, include higher quality and more ex-
pensive prefabricated components may reduce installation times and costs. Addition-
ally, more expensive turbine components that deliver higher reliability will cut O&M

costs and increase energy production. Larger turbine blades that are more costly, can
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Figure 1.7: Distribution of investment expenditures for a representative
offshore wind farm. (Source: Taylor, Ralon, and Ilas, 2016)

increase energy production, thus reduce LCOE. It is therefore important not to take
the installed cost reductions at face value. This is particularly true for optimization
between installed costs and electricity output. For example a 10% increase in capacity
factor will reduce the LCOE by around 9% whereas a 10% reduction in capital costs
would reduce LCOE by around 7.6% For offshore wind turbines, the main areas for in-
novation are improvements that focus on reducing installed costs; improving reliability,
which will reduce O&M costs and improve electricity yields; and improving efficiency

to increase capacity factors.

1.4.1 Construction and installation costs

Due to the high rates of offshore installation vessels and personnel the key opportunity
to reduced construction costs comes from reducing the installation time. Other than
this there is a range of innovations that are also expected to help reduce the installation

costs.

e Increasing the maximum wind speed at which installations can be completed
would provided a longer installation window, reduce number of disruptions and

time spend on installation.
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e Larger jack-up vessels with optimized designed could be used to install more than

one frame foundation at a time thus accelerating the installation process.

e Next generation turbines should be designed so that maximum of the commis-
sioning is done onshore. This will allow the assembly of the rotor and tower

onshore in a single operation.

e Underwater noise during the piling process has an adverse effect on marine life.
This can be reduced by the use of bubble curtain or sleeve. The noise reduction

can lead to extended construction seasons.

Some of these innovations have already been commercially implemented. Not all of
these innovations will be applicable in all situations, and commercialisation may prove
more or less difficult. However, they represent significant cost reduction opportunities.

Offshore wind turbines have rapidly grown in size to large 6-8 MW turbines and are
specially made for offshore installation. Continuous growth in innovations in drive-train
design, blade design and innovative concepts offer opportunities to reduce installed

costs. Some turbine innovations that can reduce cost of energy are:

e Modest cost reduction can be obtained by increasing the blade tip-speed ratio as
it will reduce the drive-train torque. Increasing tip-speed ratio can be a problem
for onshore wind turbines as it increases noise, but, this is a possibility for offshore

wind turbines.

e Blade designs and manufacturing improvement can lead to cost reduction. This
includes innovations and use of new materials to produce stiffer, lighter, lower
cost high quality blades. Improvement in the aerodynamic design of the blades

are also included in this.

e Innovations in drive-train design include direct drive drive trains, mid-speed drive
trains, continuously varying drive trains and superconducting generators. These

developments can lower installation costs.

e New developments in the power take-off unit can reduce installation costs and
improve electricity yields. New AC (alternating current) power take-off units use
advanced materials like silicon carbide or diamond to achieve greater reliability
in smaller, more efficient and faster switching power conditioning units. DC
(direct current) power take-off units can eliminate the need for an converter that
converts the DC current from the generator to grid frequency AC current. This

would save capital costs and improve reliability.
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e Improvement in turbine reliability and reduction in unplanned maintenance cost
can be acheived through the use of improved bearing concepts and lubrication,
hydraulics and electrical systems in the hub. Back up energy source for emergency

response and grid fault ride-through can help prevent unplanned outrage.

Due to the ongoing trend towards larger wind turbine the commercialization of 10 MW
wind turbines is likely to take place in the early 2020s. This is will help the introduction
of many of the above concepts, however, it may also necessitate the need for new
innovations.

Other than the construction and installation cost of the turbines, reductions in cost
of production can also be achieved through innovations in wind farm development,
foundations, electrical array and onshore transmission connections. Innovations and
development in offshore wind farm design can be achieved through improved identifica-
tion of wind resource characteristics, improved identification sea bed characteristics and
improved wind farm design software. Reduction in the cost of cables can be achieved
by choosing the most suitable (smaller) cable core thickness, insulation thickness and
mechanical protection. However, developers tends to demand for cables higher than
industrial standards. Transmission of power over distances greater than 80 km would
typically require an expensive high-voltage direct current (HVDC) system to reduce
transmission losses. However, long distance HVAC systems are now being developed
and proposed to avoid these incremental costs and the HVAC systems is expected to

be commercialized soon.

1.4.2 Operations and maintenance costs

The potential total reduction in O&M costs is estimated to be around 44% falling from
USD 141/kW per year in 2015 to USD 79/kW per year in 2025 (Taylor, Ralon, and Ilas,
2016). 57% of that is dedicated to improvements in turbine reliability and improved
ease of maintenance. Reduction in O&M cost related to the electrical array accounts
for another 15% of that, improved O&M systems and procedures for another 13% and
other factors for 12%. Scheduled and unscheduled maintenance costs are expected to
decline by 34% and 50% compared to the the costs in 2015. Some main opportunities

for O&M cost reduction are:

e Improved weather forecasting and analysis methods are required to maximize
energy production during the good weather period. This requires advances in the
accuracy and granularity of the forecast. Heavy offshore works require reasonable
predictions up to 21 days whereas present technology is accurate only up to 5

days.
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e Introduction of turbine condition-based maintenance strategies can maximize
energy production while minimizing unnecessary scheduled maintenance inter-
ventions. New and improved prognosis and diagnostics systems are required to
reflect the risk of failure according to operating experience. The reduction in
maintenance cost from this approach should more than offset the slight increase

in capital cost required for data collection and analysis.

e Improvements in O&M strategies for far-from-shore wind farms include optimiza-
tion of service operation vessels (SOVSs) to offer better office space, workshops and
welfare services to the technicians. The large SOVs should also be able to support
a number of daughter vessels. Remote O&M strategies like drone based inspection
and automated maintenance can replace expensive onsite maintenance. Economy
of scales will also reduce O&M costs as a number of wind farms could share the
same equipment and infrastructure. With further development of still larger and
reliable turbines along with improved remote monitoring and automated main-

tenance strategies the cost of O&M is expected to reduce.

1.4.3 Improved capacity factor

Technological innovations can help to improve the overall capacity factor of offshore
wind in the future. These include improved blade control and drive-train improvements.
One possibility of improved blade control is to use LiIDAR measurements of the inflow
wind speed and orient and blades accordingly to maximize energy capture. Another
possibility is to introduce active aero control on individual sectors of the blades to
locally optimize the aerodynamic performance of the blades. This technology includes
active flaps, activated surfaces, plasma fields and air jet boundary level control etc.
These technologies can improve the energy output of individual turbines thus improving
capacity factor of the entire farm.

Improvements are also possible in the drive-train, for example mid-speed drive
trains and direct drive drive trains has the potential to decrease the number of critical
components and reducing planned and unplanned maintenance. This will result in
higher availability and therefore higher output. The ultimate result of developments
in offshore wind technology and operations is to increase energy yield by around 4%

between now and 2025.
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1.5 Aim and organisation of the thesis

This thesis deals with the dynamics and control of spar-type floating offshore wind
turbines. The motivation for the work arises from the need to improve turbine reliability
and energy capture (capacity factor). In the previous section various aspects of reducing
levelized cost of energy has been discussed. Two significant aspects are innovations in
improving turbine reliability and energy production. Improving the reliability of the
turbine means the structural and mechanical components should be able to fulfil their
design life with minimum planned or unplanned maintenance. In other words, the
reliability of the different components can be improved by reducing the loads on them.
Energy capture (capacity factor) can be improved by innovations in active blade control
strategies of passive aerodynamic optimization. This thesis deals with these two aspects
of improving reliability by reducing aerodynamic loads and improving energy capture
by proposing new active blade control strategies.

It must be pointed out at the beginning that this thesis proposes various control
strategies that reduce structural loads and improve power production of the turbines.
Estimation of the improved LCOE from the use of the proposed controllers is not in
the scope of this thesis. A very wide range of information is required to estimate the
LCOE of a wind farm which is not available with the author. Moreover, estimation
of the LCOE of a site is a substantial task by itself. The cost benefits arising from
improved fatigue life and power production is a consideration for future research.

The primary aim of the thesis is development of individual blade pitch control
strategies for floating offshore wind turbines to extend their performance beyond the
current state-of-the-art. The work has been divided into categories and the different

aims at every level summarized below.

e Development of a high-fidelity floating offshore wind turbine model which is then
used to test the proposed individual blade pitch control algorithms.

e Development of individual blade pitch control strategies to reduced structural

loads and platform motion.

e Development of dual objective individual blade pitch control strategies to simul-

taneously reduced structural loads and regulate power production.

e Development of LIDAR based model predictive control strategy to reduce pitch

actuation to reduce the long term damage equivalent loads on the pitch actuators.

The different aims of the thesis are addressed in the different chapters of this thesis

and the organisation is discussed in the following paragraphs.
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In Chapter 2 past works on dynamic modelling of wind turbines, active and pas-
sive structural control of wind turbines, blade pitch control strategies etc., has been
reviewed. From the review of past works various gap areas are identified and discussed
in details.

Floating offshore wind turbines (FOWTS) have profound dynamic characteristics.
Thus it is necessary to capture this dynamic behaviour with a high degree of fidelity.
Therefore a detailed model of the turbine is required. Chapter 3 is dedicated to dynamic
modelling of the spar-type FOWTs. The procedure of deriving the dynamic equations of
motion using Kane’s method, that emerged recently as the preferred choice, is described
in details. The equations of motion are derived in a systematic manner while focusing
on the advantages that Kane’s method brings over traditional methods like the Euler-
Lagrangian energy formulation. The derived model is the verified against state-of-the-
art simulator FAST (Jonkman and Buhl Jr, 2005). Often a high fidelity model brings
with it a very complicated set of equations of motion, and simpler reduced order models
are desired for the control systems. An investigation has been carried out to evaluate
the loss of dynamics arising from this model order reduction and conclusions have been
drawn based on the findings.

In Chapter 4 an novel multi-resolution wavelet individual blade pitch controller has
been proposed. The primary aim of the controller is to reduce structural loads on
the wind turbine components like the blades, tower and the platform. Impressive load
reduction capabilities has been reported. It has been shown that this impressive load
reduction comes at a cost of slightly increased wind turbine power variability. However,
as past studies have reported, this slight increase in variability is negligible when an
entire wind farm is considered and hence the controller has promising applications.
Wave-current interactions and its effect on the dynamics and control of FOWTs has
also been investigated in this chapter.

Chapter 5 proposes another individual pitch control strategy with a dual objective
of structural load reduction and power regulation. The proposed controller intelligently
combines an PI (proportional-integral) controller with an LQR (linear quadratic reg-
ulator) to determine the individual pitch angles. The reported reduction in structural
responses and power variability is higher than any other controller available in liter-
ature. Also, unlike the existing individual pitch control strategies in literature the
proposed strategy is capable of mitigating platform motion.

In Chapter 6 a non-linear model predictive individual blade pitch control strategy
has been proposed and investigated. The prediction of the upstream wind field is
assumed to be obtained from LIDAR measurements. The controller is designed under

the optimal NMPC framework to strike a balance between the use of pitch actuation
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and aerodynamic load reduction/rated power tracking. It is well known that overuse
of blade pitch actuators may lead to increased downtime of the the turbines. Based
on this understanding, the controller is designed to reduce blade pitch actuation while
maintaining or even improving power production and reducing structural vibrations
compared to the baseline level.

The thesis is concluded with Chapter 7 which summarizes the work presented in this
thesis and draws conclusions based on the findings. This also discusses the potential

extensions to the current research in offshore wind dynamics and control.
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Chapter 2

Literature review

2.1 Introduction

The literature reviewed in this thesis can be divided into three main categories. The
thesis first discusses the multi-body modelling of floating floating offshore wind turbines
(FOWTs). Kane’s method is used in this work to derive the equations of motion. In
the first part, literature available on multi-body modelling of wind turbines is reviewed.
The derived multi-body model of the FOW'T is then used to evaluate the performance of
the different control strategies proposed in the thesis. The second part of the literature
review covers the different blade pitch controllers proposed in literature. Wind turbine
blades come with pitch actuators installed in them to regulate the power production.
These pitch actuators can also be used to reduce aerodynamic loads on the turbine.
The major contribution of thesis is the development of novel pitch control strategies
that improve the dynamic characteristics of the turbine compared to the current state-
of-the-art. With this in view, the second section summarizes the various blade pitch
control strategies proposed in literature to date. Although active pitch control of the
turbine blades can considerably reduce aerodynamic loads and hence mitigate turbine
vibrations, traditionally, auxiliary dampers are used for structural vibration control of
wind turbine blades and tower. Some of these investigations are reviewed in the final

section.

2.2 Dynamic modelling of wind turbines

With increasing popularity of wind turbines, researchers over the world have worked
actively to study the dynamic behaviour of these large rotating structures. FAST
(Jonkman and Buhl Jr, 2005), an open source wind turbine simulation tool developed
by NREL is one of the most popular tools used to simulate the dynamic behaviour of

wind turbines subjected to wind and wave loads. FAST models the wind turbine as a
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multi-body system using Kane’s method similar to the works in (Lee, Hodges, and Patil,
2002; Lee and Hodges, 2003). Kane’s method offers a vector based approach to derive
the equations of motion of a dynamic system. Unlike the traditional Euler-Lagrangian
method, the analytical expressions of the kinetic and potential energy of the system are
not required. Using Kane’s method the equations of motion of a system can be derived
directly from the kinematics of the system. This eliminates the need to manually
derive the equations of motion. Parallely with FAST, Flex5 (Qye, 1996) and HAWC2
(Larsen and Hansen, 2007) was developed by DTU (Risg) to study the dynamics of
wind turbines in the time domain (refer (Sarkar, Fitzgerald, and Basu, 2018)). Other
than FAST, Flexb and HAWC?2, independent models of onshore and offshore wind
turbines have been derived by researchers (Dinh and Basu, 2013; Murtagh, Basu, and
Broderick, 2005) for specialized purposes. The effect of soil-structure interaction has
also been investigated (Fitzgerald and Basu, 2016; Harte, Basu, and Nielsen, 2012).
Both studies showed that there is significant impact of soil dynamics on the motion
of the wind turbine tower. Thus, soil-structure interaction must be considered in the
dynamic analysis of wind turbines.

Dynamics of offshore floating wind turbines were studied by (Jonkman, 2007; Karim-
irad and Moan, 2011, 2013; Wang, Moan, and Hansen, 2016; Waris and Ishihara, 2012).
Dynamics of spar type offshore wind turbines were studied in (Karimirad and Moan,
2011, 2013). Waris and Ishihara (2012) studied the dynamics of offshore wind turbines
with different kinds of heave plates and mooring systems. Stochastic dynamics of a
floating vertical axis wind turbine was investigated by Wang, Moan, and Hansen, 2016.
Offshore wind turbines on monopiles and the involved foundation dynamics was stud-
ied by (Achmus, Kuo, and Abdel-Rahman, 2009; Arshad and O’Kelly, 2016; Carswell
et al., 2015a; Carswell et al., 2015b; Damgaard, Andersen, and Ibsen, 2014; Damgaard
et al., 2015; Valamanesh, Myers, and Arwade, 2015; Zuo, Bi, and Hao, 2018). Simi-
lary to onshore wind turbines, soil-dynamics has a significant effect on the dynamics
of offshore wind turbines. Finite element methods to model the soil structure interac-
tion were proposed by Achmus, Kuo, and Abdel-Rahman (2009) and Carswell et al.
(2015a). Nonlinear springs based on Winkler foundation theory was used by Carswell
et al. (2015b) and Arshad and O’Kelly (2016) to model the soil dynamics. A consis-
tent lumped-parameter model obtained by the domain-transformation method and a
weighted least-squares technique was used by (Damgaard, Andersen, and Ibsen, 2014;
Damgaard et al., 2015) to model the foundation of a 5MW offshore wind turbine. It
can be observed that different approaches has been used by researchers for dynamic
modelling of flexible multi-body wind turbine and its foundation ranging from simple

lumped mass models to sophisticated finite element models. The level of details and
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accuracy of the models vary based on the intended purpose and its selection should be

made based on engineering judgement.

2.3 Pitch control of wind turbine blades

Most commercial wind turbines use proportional-integral (PI) collective blade-pitch
control to regulate rotor speed in the above-rated wind speed regime. A major draw-
back of this type of controller is that it assumes that the blades have identical structural
properties and are subject to similar aerodynamic loads which is seldom the case. Also,
these controllers are designed to regulate the rotor speed and are not designed for struc-
tural vibration/load reduction. However, it is well known that blade pitch control is
capable of reducing structural loads on the wind turbines. This opens up the pos-
sibility of designing controllers that use existing actuators and sensors like the blade
pitch actuators to reduce structural loads/vibrations while maintaining the required
rotor speed. Recently, researchers have proposed a number of pitch control strategies
for structural load reduction in blades/rotor (Stol, Zhao, and Wright, 2006; Zhao and
Stol, 2007), tower (Kristalny, Madjidian, and Knudsen, 2013; Nam, Kien, and La,
2013) and drive-train (De Battista, Mantz, and Christiansen, 2000; Fleming, Winger-
den, and Wright, 2012). Structural load mitigation in wind turbines has become an
important aspect of its design. The main focus has been on the reduction of 1P (once
per revolution) loads using Individual Pitch Controllers (IPCs) that contribute mainly
to the fatigue loads of the components.

Some of the earliest works on individual pitch control was presented by Bossanyi,
2003, 2005. The idea was to reduce the 1P aerodynamic loads by active pitch control.
The results showed that there is an emmense pontential in load reduction that can be
acheived from intelligent control algorithms. The developed individual pitch control
strategies were further verified by field experiments in (Bossanyi, Fleming, and Wright,
2013). Since then, numerous individual pitch control strategies have been proposed
by researchers with different control objectives. A discussion on various pitch control
strategies from basic PID (proportional-derivative-integral) controllers to complex mul-
tivariable controllers like H., neural network, adaptive control etc., has been presented
by Mughal and Guojie, 2015. The study also focused on variable-speed-variable-pitch-
control, an emerging trend in wind turbine technology and concluded that control of
this nature is complex due to the highly non-linear nature of the wind turbine. An

innovative f;-control scheme using two decoupled linear time-invariant models derived



24 Chapter 2. Literature review

using Colemen Transformation to design individual and collective pitch controllers in-
dependently was proposed by Schuler et al., 2013. The individual pitch controller was
designed to reduce blade root bending moments and the collective pitch controller was
designed to maintain rated rotor speed. The authors reported significant load reduction
without loss in energy production for onshore wind turbines. A quite similar work was
presented by Jafarnejadsani and Pieper, 2015 where a gain scheduled ¢;-optimal control
strategy for variable-speed-variable-pitch wind turbines was proposed. The controller
was developed using linear models of the wind turbine at different operating points
using genetic algorithm optimization. The controller was coupled to the wind turbine
simulator FAST (Jonkman and Buhl Jr, 2005) and compared against a well tuned PI
(proportional-integral) controller. The authors reported improved power quality and
decrease in generator torque and rotor speed fluctuations.

A disturbance accommodating controller (DAC) was proposed by Cheon, Kwon,
and Choi, 2014 with the aim to extend fatigue life by reducing mechanical loads on the
wind turbine while maintaining the rated rotor speed. FAST (Jonkman and Buhl Jr,
2005) was used as the simulation tool and the wind turbine was subjected to stochastic
wind loads. The controller was shown to perform better than the conventional collective
or individual pitch controller.

Model Predictive Control has gain popularity since 1980’s in industrial application
and the same has been proposed for wind turbine control. LIDAR measurements can
provide information about wind at various distances in-front of the wind turbine. This
information was used to design a nonlinear model predictive controller by Schlipf,
Schlipf, and Kiihn, 2013. The controller was compared against the baseline controller
and was shown to reduce extreme gust loads by 50% and lifetime fatigue loads by 30%.
A nonlinear model predictive controller for floating offshore wind turbines has been
proposed by Raach et al., 2014.

Petrovi¢, Jelavié¢, and Baoti¢, 2015 discussed the development of a control algorithm
to mitigate higher order dynamics arising from rotor asymmetries. The paper showed
that rotor asymmetries introduce additional oscillations of both structural loads and
rotor speed and standard control algorithms for reduction of structural loads cannot
reduce them. The existing control algorithm for reduction of structural loads was
augmented to enable reduction of structural loads caused by rotor asymmetries.

Gao and Gao, 2016 developed an optimal PI controller by optimizing the tuning
parameters using a direct search optimization algorithm. The authors investigated
the effect of time delay caused by the hydraulic pressure units and reported that the
proposed controller had desired performance against time delays without any need of

prior information about the induced delay. Ren et al., 2016 proposed a non-linear PI
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controller that eliminated the need of switching the controller gains in a gain scheduled
PI controller. Hence, it requires only one set of PI parameters for entire operational
region. Simulations showed that the proposed non-linear PI controller is better than
the conventional and gain scheduled PI controllers in regulating constant power and
reducing drive-train stresses.

Adaptive control was developed by Yuan and Tang, 2017 with disturbance rejection
and load mitigation capabilities for onshore wind turbines. It was shown that the adap-
tive controller was better in load mitigation than the baseline controller employed by
FAST (Jonkman and Buhl Jr, 2005) but, at a cost of degradation in power regulation.
Further, it was also shown that the GSPI (gain scheduled PI) was sensitive to model
uncertainties while the adaptive controller was capable of dealing with uncertainties.
A fault tolerant controller (FTC) was proposed by Lan, Patton, and Zhu, 2018, that
included a adaptive sliding mode observer and a baseline PI controller to estimate
parametric pitch actuator faults. It was shown that the proposed FTC is able to main-
tain stability of wind turbines in the presence of actuator faults. The objective of the
controller was to recover nominal baseline PI controller performance under actuator
faults. The controller was not developed to reduce structural loads. A wavelet-LQR
based individual blade pitch controller was proposed by Fitzgerald, Staino, and Basu,
2019 capable of reducing aerodynamic loads on onshore wind turbines. But again,
allowing for degradation in energy production.

Namik and Stol, 2010; Namik and Stol, 2011 proposed an individual pitch State
Feeback Controller (SFC) and Disturbance Accomodating Controller (DAC) for float-
ing offshore wind turbines. In Namik and Stol, 2014 the authors demonstrated the
performance of the above two controllers on a spar-buoy floating wind turbine. The
authors showed that while both controllers are capable of improving power regulation,
the DAC has a detrimental effect on the platform motion. The SFC was inferior com-
pared to the DAC in power regulation, but, the platform rolling and pitching rate was
similar to that of the baseline controller. The authors recommended the use of the SFC
since the platform motion was not amplified. To summarize, the controllers were not
capable of improving power regulation and reducing platform motion simultaneously.

The above review summaries some of the key individual pitch controllers proposed
in literature that utilize innovative technology and/or complex control algorithms to
optimize performance of wind turbines. The review shows that there is a wide range of
published work on individual blade pitch control which proves that there is considerable
interest in improving the available control strategies. The interest stems from the
fact that the current state-of-the-art pitch controller are far from being optimal and

there is scope of enhancement that can improve power production and simultaneously



26 Chapter 2. Literature review

reduce aerodynamic loads on the turbines. Amongst the different controller proposed
in literature perhaps the most relevant ones for this thesis are presented by Namik and
Stol, 2014 and Raach et al., 2014. Namik and Stol, 2014 reported 9% reduction in tower
fatigue DELs over the baseline controller. A massive 64% reduction in power error has
also been reported. And, Raach et al., 2014 proposed an IPC based on a non-linear
model predictive control strategy. The proposed controller was compared against the
baseline controller (Jonkman and Buhl Jr, 2005). They have reported around 18%
reduction in blade out-of-plane fatigue DELs and an impressive 77.6% reduction in
generated power error. The aim of this thesis is to developed IPCs that outperform

these state-of-the-art controllers.

2.4 Structural control of wind turbines

Along with pitch control of wind turbines, structural control of wind turbines us-
ing external dampers has been another key area of research in the last two decades.
Wind turbine components, the blades and the tower are in general slender, hence, they
undergo large vibrations when sujected to a turbulent wind field. Mitigating these
excessive vibrations is critical for the safe operation of the turbines. In that regard,
external dampers can be designed to dissipate some of the energy from the primary
structure (blades and tower). Various external passive, semi-active and active dampers
have been proposed in literature and some of them are reviewed here in brief. Tuned
mass damper (TMD) was first proposed by Murtagh et al. (2008) for passive vibration
control of wind turbine tower. They were amongst the first to consider blade-tower
interaction of a rotating 3-bladed wind turbine. While rotationally sampled wind tur-
bulence was considered in this paper the assumption of only drag forces acting on
the blades was a drawback of this initial investigation. Multiple TMDs were used by
Dinh and Basu (2015) to mitigate vibrations of off-shore wind turbines. The authors
investigated the use of single and multiple TMDs at various levels along the spar to
mitigate edgewise vibrations of the tower/nacelle. Developing this concept further,
Arrigan et al. (2011) proposed an semi-active version of the TMD for flapwise vibra-
tion control of wind turbine blades. A variable stiffness TMD was tuned using Short
Time Fourier Transformation (STFT) based algorithm to track the natural frequency
of the blades-tower system to mitigate its flapwise vibrations. Huang et al. (2010) used
similar device with STFT algorithm for edgewise vibration control of floating wind
turbine blades. Colwell and Basu (2009) used passive Tuned Liquid Column Damper
(TLCD) for vibration control of offshore horizontal axis wind turbine (HAWT) tower.
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The authors were the first to use TLCD to mitigate tower vibrations of offshore wind
turbines. A probabilistic model of joint wind-wave loads was considered in this study
that correlates the sea states with wind parameters. The performance of the TLCDs
under moderate and strong wind and wave loads was investigated. Buckley et al. (2017)
also used TLCD for structural vibration control considering the effects of soil-structure
interaction. Equivalent linearisation was used to optimize the parameters of TLCD, to
minimize the variance of the along-wind response of tower. Passive and active vibration
control of offshore wind turbines were investigated by Lackner and Rotea (2011a,b).
The authors modified FAST (Jonkman and Buhl Jr, 2005) that incorporated two in-
dependent TMDs to offer more efficient structural control. Their study demonstrated
improvement in structural response of barge and monopile supported wind turbines
coupled with optimally tuned passive TMDs. Lackner and Rotea (2011b) also com-
pared the performance of active TMDs against optimal passive TMDs in fore-aft fatigue
load reduction. Their active controllers based on H,, control strategy showed improved
fatigue load reduction over passive TMDs at the expense of active power and larger
TMD strokes. Chen and Georgakis (2013) experimentally demonstrated the use of
rolling-ball dampers for vibration control of wind turbine tower. Stewart and Lackner
(2014) studied the impact of passive TMDs on offshore wind turbines subjected to
wind-wave misalignment. The misalignment can cause large loads on the tower in its
side-to-side direction. Optimally tuned passive TMDs in their proposal were capable
of reducing tower fore-aft and side-side fatigue loads by approximately 5% and 40%,
respectively. Semi-active TMDs were used by Dinh, Basu, and Nagarajaiah (2016)
for edgewise vibration control of blade, tower and spar of a spar type floating wind
turbines. They also used STFT based semi-active algorithm to tune the TMDs to the
natural frequencies of the blades/tower in real time. Their algorithm showed improved
performance compared to passive TMD when damage was simulated by a reduction
in stiffness. Caterino (2015) and Caterino and Spizzuoco (2017) proposed a combi-
nation of spring and MR dampers at the base of the tower to reduce bending stress.
Their strategy allowed a controlled increase in tower deflection to release/reduce bend-
ing stress at the base of the tower. The trade-off between the tower deflection and
base moment was optimized without affecting the generator performance. Broder-
sen, Bjgrke, and Hogsberg (2017) designed an active TMD for mitigation of fore-aft
vibrations of a fixed bottom offshore wind turbine. The paper presented optimal damp-
ing and tuning relations for a tower coupled with an ATMD at the top. Sarkar and
Chakraborty (2018, 2019) used semi-active MR-TLCD for along wind vibration control
of wind turbine tower. A clipped optimal control strategy based on Linear Quadratic
Regulator (LQR) was adopted in this study to control the damping of the MR-fluid.
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It produced the semi-active control force designed to mitigate the fore-aft vibration of
the tower. Semi-active TMD was developed by Sun (2018) to reduce the nacelle/tower
vibration of a damaged tower under combined wind and wave loads. Their semi-active
control algorithm was based on STFT to track the natural frequency of the tower con-
sidering soil-effects and damage. Simulations in this study showed better performance
compared to passive TMDs when the natural frequency was altered due to damage
or soil-structure interaction. Bi-directional vibration control of offshore wind turbine
tower using a 3D pendulum tuned mass damper was proposed by Sun and Jahangiri
(2018). They showed that the performance of tuned 3D pendulum mass damper could
offer better performance compared to multiple two linear TMDs. Performance of TMD
during installation of a single blade was investigated by Jiang (Jiang, 2018). Relative
motion between the blade root (i.e. nacelle) and the foundation due to wind and wave
loads was reduced by the external TMDs at the tower top. Active TMDs were used
by Fitzgerald, Sarkar, and Staino (2018) to improve the reliability of onshore wind
turbine towers. They demonstrated that the probability of the tower top displacement
exceeding a threshold displacement was reduced by the installation of active TMDs,
thus improving the reliability of the tower.

Besides vibration control of tower, control of blade vibration was also studied by
many researchers. Active Tuned Mass Dampers (ATMDs) were used by Fitzgerald,
Basu, and Nielsen (2013) to mitigate the in-plane vibration of rotating wind turbine
blades exposed to turbulent wind. An innovative proposal in the form of cable con-
nected active tuned mass dampers were used by Fitzgerald and Basu (2014) for in-plane
vibration control of blades which showed promising results. Staino, Basu, and Nielsen
(2012) and Tao, Basu, and Li (2018) used active tendons in the blades to control edge-
wise vibrations. In these studies, active tendons were installed inside the blades using
a truss structure. The forces in the tendons were tuned using linear control law in real
time to compensate the effects of aerodynamic loads. Semi-active control of edgewise
vibration of wind turbine blades under extreme conditions by MR dampers was pro-
posed by Chen et al. (2015). Their control strategy was based on fuzzy algorithm and
proved to be efficient even when the wind changed its direction. Zhang et al. (2014)
investigated the use of roller dampers in vibration mitigation of wind turbine blades.
The parameters of the roller dampers were optimized first using a decoupled reduced
order model and then coupled with the aeroelastic model of the wind turbine where
the controller offered promising capabilities. Non-linear tuned liquid dampers (TLDs)
were used by Zhang et al. (2015) for edgewise blade vibration control. The high cen-
trifugal acceleration at the tip of the blade enabled the use of TLD with relatively

small fluid mass. Two models (i.e. one sloshing mode and three sloshing modes) were
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studied using numerical simulation. The TLCD is optimized based on the one-mode
model, which has been shown to effectively improve the dynamic response of wind tur-
bine blades. Staino and Basu (2015) discussed the simultaneous use of active tendon
and pitch control for turbine blades. Circular Liquid Column Dampers (CLCDs) were
developed by Basu, Zhang, and Nielsen (2016) to mitigate edgewise vibration of the
blades. It is a variant of the regular TLCD attached to the blades to achieve optimal
reduction. Similar to TLDs, the CLCDs also utilized the centrifugal acceleration at the
tip of the blades to counteract the gravitational force. A state-of-the-art review was
presented by Njiri and Soffker (2016) which discussed various methods used for vibra-
tion control of wind turbine in the recent past. The paper reviewed various methods
ranging from classical Proportional-Integral (PI) independent blade pitch controller
(IPC) to robust Hy, H. and model predictive control used for structural load reduc-
tion in high wind speed regions and power optimization in low wind speed region.
The paper also discussed the need for control strategies to fulfill multiple objectives
for power optimization and structural load reduction. Controllable deformable trailing
edge flap (DTEF) were used by Zhang, Yang, and Xu (2017) for fatigue load reduction
of turbine blades. This smart rotor control approach was used to turn the in-phase
fluid-blade interaction into an anti-phase one at the 1P rotational frequency mode. In
comparison to collective blade pitch control approaches, this method helped to reduced
fatigue loads up to 30%. A new electromagnetic torsional damper was proposed by
Chen et al. (2018) to enhance flutter stability of wind turbine blades. It was shown
that the use of the torsional damper could increase the flutter critical rotational speed
by more than 100%.

Fatigue analysis of wind turbine is critical as these machines are subjected to con-
stant vibrations (Sutherland, 1999) and hence it is important to verify if they fulfil
their design life. Fatigue life estimates for wind turbine components were investigated
in (Berglind and Wisniewski, 2014; Berglind, Wisniewski, and Soltani, 2015; Kong
et al., 2006; Lee et al., 2012; Ragan and Manuel, 2007). Ragan and Manuel (2007)
compared rainflow cycle-counting technique with spectral techniques such as Dirlik’s
method to estimate wind turbine fatigue loads. Camblong et al. (2012) designed a dis-
crete Linear Quadratic Gaussian (LQG) controller reduce the drive-train fatigue loads
of a wind turbine. The most recognized approaches to estimate the damage caused by
fatigue are discussed and compared by Berglind and Wisniewski (2014), with a special
focus on their applicability for wind turbine control. Berglind, Wisniewski, and Soltani
(2015) addresses an on-line fatigue estimation method based on hysteresis operators,
and propose a model predictive control (MPC) strategy that incorporates the online

fatigue estimation through the objective function with the ultimate goal to reduce the
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fatigue load of the wind turbine. Effect of atmospheric and wake turbulence on fatigue
loads of wind turbines was studied by Lee et al. (2012). Fatigue damage of composite
wind turbine blades was studied by (Kong, Bang, and Sugiyama, 2005; Marin et al.,
2009; Shokrieh and Rafiee, 2006).
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Chapter 3

Flexible Multibody Dynamics of
Floating Offshore Wind Turbines

Modern day wind turbines are a combination of large number of flexible and rigid
components which undergo large deformations. The various parts of the wind turbine
come together to extract mechanical energy from the incoming wind. The blades of a
multi-mega watt wind turbine are mounted on the hub which is at the tip of the low
speed shaft. The shaft is often tilted up and the blades are conned to avoid tower strike
during operation. The conversion of mechanical torque to electrical power has quite
a few stages and involves many components. Modelling such a wind turbine requires
a detailed multi-body approach. This extension consists primarily of provisions made
to accommodate the fact that reference frames play a central role in connection with
many of the vectors of interest in dynamics of the wind turbine. Every component
of the wind turbine is thus required to be defined in its own coordinate system. The
inclusion of multiple coordinate systems to model various components of the system
makes the use of classical methods (like energy methods) in derivation of equations
of motion difficult to implement. A vector approach is hence required to replace the
classical scalar approaches. Kane’s method, which emerged recently, reduces the labour
needed to derive equations of motion and leads to equations that are simpler and more
readily solved by computer. In this study, Kane’s method is used to derive the dynamic
equations of a flexible wind turbine. Throughout the study bold upper case alphabets

are used for matrices and bold lower case alphabets are used for vectors.

3.1 Assumptions

Flexible multi-body dynamics has been used to model the floating offshore wind tur-
bine. The various components of importance are the tower, the nacelle, the generator,
the gear box, the low speed shaft, the hub and the blades. The tower, the blades and
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qDrTr T 4GeAx

Figure 3.1: Schematic diagram of the degrees of freedom

the low speed shaft are the flexible components of the wind turbine. Modal analysis
is often used to study the dynamics of flexible members. To model the tower the first
two modes in fore-aft and side-to-side directions are used. For the blades the first
modes in flapwise and the first mode in the edgewise direction is used. It is assumed
that since these members are highly flexible and hence the first few modes will capture
the dynamics with sufficient accuracy. The platform is assumed to be rigid is free to
undergo large rigid body motion about the three axes. Degrees of freedom that define
the motion of a full scale wind turbine are the platform motion, tower displacements,
the nacelle yaw, the torsional bending of the low speed shaft, the generator azimuth

angle and the elastic deformations of the three blades. The degrees of freedom used
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for the 3-bladed wind turbine can be written as

q:{ng dsw 9Hv 4r 4prp qy qrrA1 4qrssi qrrA2 41552 Qyaw Y9GeAz 4DrTr (3 1)

T
4dB1F1 4B1E1 4B1F2 4B2F1 (B2E1 ({B2F2 ({B3F1 ({B3E1 QB3F2}

A schematic diagram showing the degrees of freedom is provided in Figure 3.1. It is
important to note here that the figure shows the degrees of freedom in an approximate
manner in a global coordinate system whereas, in the detailed modelling of the wind
turbine every degree of freedom is described in its local coordinate system. A 22 degrees
of freedom model is derived to model the floating wind turbine. The degrees of freedom
are also denoted by numbers 1 to 22 in the same sequence as presented in equation 3.1.
Throughout the study the name of the DOF and its corresponding number will be
used alternatively. Kinematic description of the system involves assigning coordinate
systems to each component and describing its motion in the the global reference frame.
In the following sections, the co-ordinate systems required for the wind turbine will be
defined, followed by the kinematics of the system and finally the kinetics of the system
which will also see the derivations of the equations of motion. The basic description of
the kinematic and kinetics are provided in the following sections while the details are

provided in Appendix A.

3.2 Coordinate Systems

As mentioned earlier different components of the wind turbine are modelled in their
local reference frames. Transformation relations are to be established which relates
a coordinate system to another. A combination of small angle approximation (small
angle rotation) and euler angles (euler rotation) are used to link the coordinate sys-
tems. Three consecutive rotations 6y, #; and #3 about three mutually orthogonal axes
(X' 1 X9, X 3) results in a set of orthogonal axes (&1, &2, £3). This transformation with

small angle approximation can be defined as

&1 1 65 —6,] (X
g2 |~ -0 1 6 ||X2 (3.2)
&g 0, —0, 1 X,

y >

The small angle approximation makes the transformation independent of the sequence
of rotation. Here, the approximation sign is used since the transformation matrix T is

not orthonormal and hence the resulting set of axes are not orthogonal to each other.
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Figure 3.2: Spar-type floating offshore wind turbine and coordinate sys-
tems
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The nearest orthonormal matrix can be obtained from Singular Value Decomposition

(SVD) of T'. The nearest orthonormal matrix in Frobenius norm sense Tp is given as
To=UV’ (3.3)

where, the columns of U contains the eigenvectors of T'T” and the columns of V'

contains eigenvectors of T'T'. This follows from the result of SVD of T obtained as
T=UXV' (3.4)

where, X is a diagonal matrix containing the singular values of T'. 3 can be obtained

as

¥ = \/eigenvalues of TT’ = +/cigenvalues of T'T (3.5)

The matrix T will be used to define transformations where small angle approximation
is employed. The different coordinate system used are defined as follows. The different
coordinate systems used in this thesis are shown in Figure 3.2 and their corresponding

transformation relations are provided in Appendix A.

3.3 Kinematics

This section describes the kinematics of the wind turbine. The includes describing the
position, velocity and acceleration of the each flexible and rigid component of the wind
turbine. For that purpose the important points that describe the motion are as follows:
Z (tower-base), Y (platform center of gravity), T (tower node), O (tower-top/base-
plate/yaw bearing mass center), U (nacelle center of mass),  (apex of conning angle),
C (hub center of mass), S1 (blade nodes for blade 1), S2 (blade nodes for blade 2) and
S3 (blade nodes for blade 3). The various reference frames are denoted as follows: E
(earth/inertial), X (tower base), F (tower body element), B (tower-top/base-plate), N
(nacelle), L (low speed shaft on rotor end), M1 (blade 1 element body), M2 (blade 2
element body), M3 (blade 3 element body) and G (high speed shaft/generator).

Two important relations provided next are used in this section to obtain the velocity

and accelerations of the important points on the wind turbines.
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Two points fixed on a rigid body
If P and @ are two points fixed on a rigid body B having an angular velocity 4w?

in A, then the velocity of Q in A, 4v?, can be obtained from the velocity of P in A,

ApPand the position vector of Q to P, r, can be obtained as

ApP =49 + ALB x r (3.6)

The acceleration of the point () in A can be obtained as
AaP =2a% + 408 x (AwB xr)+4a® x r (3.7)

where AP is the angular acceleration of B in A.

One point moving on a rigid body

If a point P is moving on a rigid body B while B is moving in a reference frame A,

the velocity AvF of P in A can be obtained as

AP _ A,B + ByP (3.8)

where Ao is the velocity in A of the point B of B that coincides with P at the instant

under consideration. The acceleration of the point P in A can be obtained as
AgP = A4gB 1 BgP 4+ 2408 x ByP (3.9)

where, Aa® is the acceleration of B in A, Ba® is the acceleration of P in B and 4w

is the angular velocity of B in A. The last term 24w® x BuP is referred as the Coriolis

B

acceleration.

Using these relations the position, velocity and acceleration vectors of every impor-
tant point on the wind turbine is described, the partial linear velocities, the partial
angular velocities and the partial linear and angular accelerations are estimated as per

(Kane and Levinson, 1985). The details of these quantities are provided in Appendix A.

3.4 Kinetics

In this section the equations of motion of a 3-bladed floating offshore wind turbine
will be derived. By a direct result of Newton’s laws of motion, Kane’s equations of

motion for a simple holonomic system with 22 DOFs can be stated as follows (Kane
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and Levinson, 1985)
F.+F'=0 forr=1to22 (3.10)

Where, F, and F; are the generalized active ad inertia forces respectively. In a set
of n rigid bodies characterized by reference frame N; and center of mass point X; the

generalized active and inertial forces are given as

F,. = ZEvf -Fi+wa,V" -MNe forr=1to 22
izln (3.11)
Ff = —ZE’U:Q . (mNiEaX*‘) — wa,vi ERN for r =1 to 22
i=1

where it is assumed that for each rigid body N;, the active forces are applied at the
center of mass point X;. The time derivative of the angular momentum of rigid body N;
about its center of mass X; in the inertial frame can be found as (Kane and Levinson,
1985)

EFfN: _ TNi \EqQNi | E ,Ni o TNi  E,N; (3.12)

For the wind turbine model the mass of the tower, yaw bearing, nacelle, hub, blades,
generator contribute to the total generalized inertia forces as follows

Fr=F:

s T

(3.13)

+F
X

+F
T

+F
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+F
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+ F
3 G
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Generalized active forces are the forces applied directly on the wind turbine system,
forces that ensure constraint relationships between the various rigid bodies and internal
forces within flexible members. Forces applied directly on the wind turbine system
include aerodynamic forces acting on the blades and tower; gravitational forces acting
on the tower, yaw bearing, nacelle, hub, blades; generator torque, high speed shaft
brake. Here it must be noted that gear box friction forces are neglected. Yaw springs
and damper contribute to forces that enforce constraint relationship between rigid

bodies. Internal forces within flexible members include elasticity and damping in tower,
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blades and drive-train. Thus generalized active forces can be given as

Fr:Fr +Fr +Fr +Fr +Fr r +Fr
HydroX AeroT AeroB1 AeroB2 AeroB3 GravX GravT
+F| 4Rl +F +F, +F, + F,
GravlN GravH GravB1 GravB2 GravB3 YawSprng
+F, +F| +F|  +R +F, +F,
Y awDamp Gen Brake FElasticT FElasticB1 FElasticB2
+F +F +F +F +F +F
FElasticB3 DampT DampB1 DampB2 DampB3 FElasticDrive
+F,
DampDrive
(3.14)
Kane’s equations of motion can be written in matrix form as
M(q, )4 +f(q,q,t) = 0 = M(q,t)q = —f(q, q,t) (3.15)

The above equation can be readily solved by a computer using any numerical time
integration scheme. This study recommends the use of Runga-Kutta 4th order method
or the Adams-Bashforth-Moulton 4-th order predictor-corrector method. The kinetic

description of each individual component is provided in Appendix A.

3.5 Dynamic loads

The sources of dynamic loads on a floating offshore wind turbine are aerodynamic and
hydrodynamic loads. Aerodynamic loads are the largest source of dynamic load on a
FOWT, however, due to the large dimension of the floating spar it also attracts signif-
icant hydrodynamic loads. In this thesis, the aerodynamic loads are estimated using
the classical Blade Element Momentum (BEM) method solved with a new approach.
The hydrodynamic loads are estimated using Morison’s equations which sufficiently ac-
curate for rigid structures which undergo small motion (compared to the wavelength).

The two theories are briefly described in the following.

3.5.1 Aerodynamic loads

Aerodynamic loads on the wind turbine are estimated using steady Blade Element
Momentum (BEM) theory. 3D wind fields are generated using the TurbSim (Jonkman,
2009) package distributed by National Renewable Energy Laboratory (NREL), USA.

The wind fields generated by the TurbSim account for vertical and horizontal wind
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shear and spatial coherence of the turbulent wind field. The package can be used
to generate complete wind field with varying turbulence intensity levels, power-law
coefficients for wind shear and the characteristic wind speeds. In this thesis, the spectral
model and coherence model presented in IEC 61400-1 3'4 ed. (Commission et al., 2005)
are used as inputs in TurbSim to generate the turbulent wind fields. The IEC Kaimal

spectrum is used for the three wind speed components (u,v and w).

402Lk/uhub
(1 -+ 6ka/uhub)5/3

Sk(f) = for k = u,v,w (3.16)
This model assumes neutral atmospheric stability (i.e., Richardson Number) and is
slightly different from the original spectra defined by Kaimal. In the above equation
f is the cyclic frequency, Lj is the integral scale parameter and uy,, is the hub height
wind speed. The IEC 61400-1 3'¢ defines the scale parameter as

8.100, k=u
Ly=1{ 270, k=v (3.17)
0.66T, k=uw

where the turbulence scale parameter, I, is
I, = 0.7 X minimum(60m, HubHt) (3.18)

where, HubHt is the height hub from the mean sea level of the wind turbine. The
relationship between the standard deviations between the three wind components is

given as

o, = 0.80,,
(3.19)

0w = 0.50,

The velocity spectra is assumed to the invariant across the grid, however, small varia-
tions will occur due to the spatial coherence model.

The spatial coherence model for the u component of wind speed defined by IEC
61400-1 3" ed. is given as

Coh;; = exp [a\/(uhi:/r) + (0.12%6)] (3.20)

Where, r is the distance between points ¢ and j on the grid. a is the coherence

decrement parameter and L, is the coherence scale parameter. From IEC 61400-1 3¢
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ed., the parameters a and L, are obtained as

a=12

(3.21)
L, = 5.67 x minimum(60m, HubHt)

The IEC 61400-1 3" ed. standard doest not specify the coherence model for the v or
w component of the wind speed. Therefore, TurbSim uses the following model for v
and w components.

.
Oohm:{ . Z%] (3.22)
i#]

The steady BEM theory used in this thesis interpolates the wind speed at the
blade nodes from the TurbSim generated 3D wind field to estimate aerodynamic loads
based on the quasi-static aerodynamic properties (i.e., lift and drag) of the blades. This
theory is widely available in the literature (Burton et al., 2011; Hansen, 2015; Moriarty
and Hansen, 2005) and hence, it is not described in this thesis. The BEM equations are
solved using an approach proposed by (Ning, 2014). The major change introduced by
this approach is to solve for the unknown inflow angle instead of solving for the axial
and the tangential induction factors. For this purpose, different equations are used
in different solution regions (e.g. momentum, empirical or propeller brake region).
Furthermore, the empirical region is estimated using Glauert’s correction with Buhl’s
modification. Adjusting different equations for each region circumvents the traditional
two-point iterative procedure of solving the BEM equations as described in Ning, 2014.
Prandtl’s hub and tip loss correction factors are also included to account for the vortices
generated by the blade tips and the hub. The model is also capable of accounting for
skewed inflow using a correction on the axial induction factor proposed by Pitt and
Peters as obtained from (Ning et al., 2015). The solution of the BEM equations at
each section gives the elemental lift and drag forces. The elemental out-of-plane force
(thrust) and in-plane force (torque) on the blade sections can be estimated from the
elemental lift and drag forces. For details on the procedure please refer (Ning et al.,
2015).

An overview of the BEM algorithm is presented here. The steps of the algorithm

are as follows.
1. Guess and initial value for the local inflow angles.

2. Compute the local angle of attack.



3.5. Dynamic loads 41

3. Estimate the local lift and drag coefficients.

4. In the rotor plane, compute the normal and tangential force coefficients.
5. Compute the induction factors.

6. Check the error in the residue in the governing equation.

7. Try the next value of inflow angle until the residue approaches zero. MATLAB’s
fzero function, which employs Brent’s root finding method is used here to search

for the solution.

Steps 1 to 4 are straight forward. In step 5, the induction factors must be calculated.
This is typically done by equating the thrust and torque coefficients from the blade
element /sectional theory and momentum theory. The local thrust coefficient of an

annulus of the rotor from the sectional theory is given as

Cr = (1 — “)2 o (3.23)

sin ¢

where, the normal force coefficient is given as
Cn = €1 COS P + Cgq8in ¢ (3.24)

The local thrust coefficient predicted by the momentum theory (including hub and tip

loss) is given as
Cr=4a(l —a)F (3.25)

where, F is the hub/tip loss correction. Prandtl’s correction is given as

B[ R—r
ftip:?(rlsincb!)

2
Fiip = - arccos(exp(— frip))

B[ r— R (3.26)
fhub N 2 <Rhub| sin gb|)

2
Frup = - arccos(exp(— frup))

F = Eithub
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Equating the two equation 3.23 and equation 3.25 the axial induction factor is obtained

as
__K(9)
a(¢) = T+ (@) (3.27)
where, the dimensionless quantity « is obtained as
_acu(9)
K(9) = 4F(¢)sin® ¢ (3.28)

Of course, the momentum theory is not valid for the entire range of induction factors.
If we consider the maximum value of induction factor for which the momentum theory
is valid to be a,, equation 3.25 is valid for —1 < k < a, /(1 — a,). For axial induction

factors between a, and 1.0 the thrust coefficient is obtained from Buhl’s theory as
50 40 8
C’T:(E—4F)a2—(§—4F>a+§ (3.29)

According to Buhl’s derivation the assumed value of a,, = 0.4. Similar to the momen-
tum region, the thrust coefficient in 3.23 is equated to equation 3.29 to obtain the axial

induction coefficient as

(¢) = %_7—3‘/% (3.30)

a

10 4 25

This form is valid for 0.4 < a < 1.0. Singularities arise when 3 = 0 or k = 25/(18F —1).
To avoid this singularity a small number (e.q., 1E-5) can be added or subtracted from
k and a(¢) will remain finite and introduce negligible error.

Finally, for the region where a > 1.0, the propeller brake region, the thrust coeffi-

cient from the momentum theory is obtained from a change of sign as

Cr =4a(a—1)F (3.32)
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and the axial induction factor can be obtained obtained by equating the above equation

to equation 3.23 as

(3.33)

valid for k > 1.
Similarly, the tangential induction factor a’ can be obtained by equating the torque
coefficient from the sectional theory to the torque coefficient from the momentum

theory. After some simplification, the tangential induction factor is obtained as

, K' (@)
“@‘1—mw (3.34)
where,
, . OC
w(e) = 4F sin ¢ cos ¢ (3:35)
and
¢ = ¢ sin ¢ — ¢qgcos ¢ (3.36)

Once the induction factors are obtained, the variables can be related to each other

using the geometric relationship shown in Figure 3.3.

1—a

tan¢ = (1 + a,))\r

(3.37)
This equation can be arranged in various ways to obtain a residue function. But as
pointed out by (Ning, 2014), it is advantageous to arrange the equation in a way that
the terms (1 — a) and (1 + ') appear at the denominator. This way the singularities
occur at predefined locations such as at ¢ = 0, £x. It is also the location where the
regions separate. Therefore an bracketing approach may be adapted where the residue
function can be modified to suit the region under consideration. The choice residue

function proposed by (Ning, 2014) is given as

(6) = sin ¢ cos ¢

T 1-a MN(1+44d) (3:38)

The solution of the BEM equations has been be reduced from a two-dimensional fixed-

point algorithm to a one dimensional root finding algorithm. The solution algorithm
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T

plane of rotation

Figure 3.3: Local blade section with velocity and inflow parameters look-
ing towards the root from the tip.

Algorithm 1 Solve for ¢* in the BEM equations

function fzero(f, b, ub)
return z* where f(2*) =0 for b <z < wband f(Ib)f(ub) <0
function a(¢)
if kK <2/3 then
a<+ k/(1+ k)
else if 2/3 < k < 1 then
a < (71— 72)/7
else
a+ k/(k—1)
end if
return a
end function
function f(¢)
return sin ¢/(1 — a(¢)) — cosp(1 — &'(¢)) /s
end function
function fpp(¢)
return sin ¢(1 — k(¢)) — cos ¢(1 — K'(9))/ A
end function
function SOLVE INFLOW ANGLE ¢*
e+ 1x107°
if f(7/2) > 0 then
¢ = fzero(f(),€,pi/2)
else if fpp(—m/4) <0 and fpp(e) > 0 then
P* fzero(fp3(¢), _7T/47 _6)
else
o frero(f(8), pij2,m)
end if
return a < a(¢*) and a’ < da’(¢*)
end function

of the BEM equation is given in Algorithm 1.
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3.5.2 Hydrodynamic loads

Morison’s representation is used to estimate hydrodynamic loads on the cylindrical spar
of the floating wind turbine. In conjunction with strip theory, Morison’s equations can
be used to compute linear wave inertia forces and non-linear viscous drag forces. The
total load on the platform is then obtained by integrating the elemental forces along
the depth of the platform. The forces associated with a strip dz of the platform in

surge and sway direction are given as

dﬂﬂzw:—am<“ﬁﬁ?@@¢mzHmm(ﬂﬁﬂwaﬁmmu

adde?lrmass fluid ine;gial force fori=S g Sw
1 Y
+§QmM@Qﬂzﬂ—ﬁ@ﬂwﬁ@w—ﬁ@ﬁMz
viscous ?i?ag force
(3.39)

Where, the superscript ‘P’ denotes the platform and dF} is the elemental force on the
platform for the i** degree of freedom. Sg and Sw are platform surge and sway degrees

of freedom respectively. The roll and pitch moments on the platform can be given as

—dF§ (z,t)z i=P

3.40
dFE (z,t)z i=R (3.40)

dMFP(z,t) = {
Where, dM7 is the elemental moment on the platform for the i*" degree of freedom.
The total forces and moments on the platform are obtained by integration of the
elemental forces and moments along the depth of the platform. Since, the spar is
symmetrical about its vertical axis, the yaw moment and heave force are assumed to
be zero. Morison’s representation assumes that viscous drag force dominates the total
drag force and radiation damping is negligible. This is valid only for rigid platforms
with small motion, which is true in this case. Equation 3.39 does not include the added

mass associated with the heave motion of the platform. Hence, added mass coefficient

for heave degree of freedom is included as per Dinh and Basu, 2013.

3.6 Mooring dynamics model

An open-source mooring system simulation program, named OpenMOOR (Chen, Basu,
and Nielsen, 2018), is used to compute the mooring force for given reference point

motion of the platform. The program is based on the model of submerged cables,
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as in Figure 3.4, developed by Gobat and Grosenbaugh, 2006; Tjavaras et al., 1998;
Tjavaras, 1996, where the cable is modelled as an Euler beam considering the bend-
ing and torsional stiffness effects. The hydrodynamic effect is considered using the
modified Morison’s equation. In the case that a part of the cable is grounded on the
seabed, the seabed is considered as a flat plane modelled as a visco-elastic mattress.
Using OpenMOOR, the fairlead motion is computed using the multi-body dynamics
and then the two-point boundary problem for each cable is solved in parallel using the
generalized-a method for both spatial and temporal discretization Gobat and Grosen-
baugh, 2006. The resulting non-linear algebraic equation is eventually solved using
a Newton-like method with dynamic relaxation. OpenMOOR also enables the con-
sideration of steady current with an arbitrary profile. In the present study, the wave
effect on the mooring cable is neglected since the fairleads of the spar-type FOWT are
deep below the mean water level. For implementation, OpenMOOR is compiled as a
dynamic linking library and then coupled with the model of the FOWT.

platform

anchor

Figure 3.4: Submerged cable subjected to wave and current

3.7 Model verification results

The offshore wind turbine model developed is benchmarked against state of the art
wind turbine simulator FAST (Jonkman and Buhl Jr, 2005). The spar-type offshore
wind turbine defined in (Jonkman, 2010) is used for analysis. The codes for the offshore
wind turbine are developed in MATLAB, 2018. The verification results are shown in
Figure 3.5 and Figure 3.6. The offshore wind turbine is simulated under steady rated

wind speed of 11.4 m/s in still water.
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Figure 3.5: Model verification: motion of the wind turbine tower, nacelle
and blades
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Figure 3.6: Model verification: motion of the wind turbine platform

An excellent similarity is observed for the wind turbine tower, nacelle and blade

motion in Figure 3.5; while some dissimilarities are observed in the platform motion
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from Figure 3.6. The main difference is a phase shift in the response time histories.
This is due to the fact that while FAST applies hydrodynamic damping from both
linear potential flow theory and viscous drag forces from Morison’s equation, the de-
rived model in this thesis uses only viscous drag forces from Morison’s equation. This
difference in hydrodynamic damping results in a phase shift in the response time his-
tories. Also, the degrees of freedom that experience less hydrodynamic damping like
platform surge, heave or reaches steady state quickly like platform pitch, yaw is less
affected by the phase shift. The platform sway and roll degrees of freedom experience
a noticeable phase shift due to the difference in hydrodynamic damping. However, the
mean and the frequency content of the responses remain the same which is important

from a dynamic analysis point of view.

3.8 Passive TMD on Nacelle

In this section a passive Tuned Mass Damper (TMD) is installed on the nacelle to
mitigate side-to-side vibrations of the tower of an onshore wind turbine. The purpose of
this section is to demonstrate the procedure of installing the TMD using Kane’s method
and it will emphasize on the relative ease of the procedure compared to traditional
energy methods.

Installing a TMD on the nacelle is simple because the kinematics of important points
of the wind turbine (without the TMD) are not dependent on the position of the TMD
mass. The position of the TMD mass is denote by a new generalized coordinate gryp
which is also denoted by the number 23. Therefore, the kinematics of the wind turbine
derived previously do not change. Only, the kinematics and kinetics of the TMD
needs to be derived. The system matrices of the TMD can be then superimposed
on to the overall wind turbine to obtain the system matrices of the coupled system.
Here it must be noted that the TMD mass is only allowed to translate (no rotation)
and hence it does not poses any angular velocity. The kinematics and kinetics are
derived in Appendix A.4. Generalized active and inertia forces are superimposed on
equations 3.14 and 3.13 respectively to obtain the equations of motion of the coupled

system.

3.8.1 Result

The TMD place on the nacelle has a mass of 1% of the tower mass and is tuned to the
natural frequency of the tower. The tower side-to-side motion with and without the

TMD is shown Figure 3.7. Both steady and turbulent cases are shown in the figure.



50

Chapter 3. Flexible Multibody Dynamics of Floating Offshore Wind Turbines

The results clearly show that additional damping is introduced by installation of the

damper and it is capable of dissipating energy from the tower.
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Figure 3.7: Tower side-to-side motion with and with out the TMD

This section showed the method installing a passive damper using Kane’s method.

The step are similar of any other kind of damper. The procedure is extremely simple

and again closed form expression of the equations of motion are not required. The

coupled system equation are readily solve by a computer using any numerical time

integration scheme.
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3.9 Model Reduction

The wind turbine model derived in the previous chapter is a highly coupled non-linear
system. The complexity of the model makes it impossible to look at the analytical
equations of motion. This is where the benefit of using Kane’s method was also uti-
lized. But, under certain circumstances an analytical model of the system is desirable
as it provides physical insight into the dynamics. Also, in other problems like that of
control theory a simple model is beneficial. Hence, in this section model order reduc-
tion is investigated from the point of view of an onshore wind turbine. The purpose is
to investigate the loss of dynamics arising from the assumptions that lead to this sim-
plification and to make a judgment whether a reduced order model is accurate enough
for dynamic analysis and subsequent investigations. Model order reduction includes
reduction in the number of degrees of freedom and other assumptions that helps in
reducing the complexity without loss any important information. The assumptions are

summarized next.

3.9.1 Assumptions

1. Only the first mode in fore-aft and side-to-side direction has been used for the
tower. Similarly, for the blades the first flapwise mode is considered to reduced

the total numbers of degrees of freedom.
2. Nacelle yaw, driveshaft torsion degrees of freedom are neglected.

3. Rotational speed of the generator is assumed to be constant and hence it is

removed from the list of degrees of freedom.
4. Elastic rotation of the tower and blades is neglected.

5. Axial deformation due to lateral deflection is neglected in all structural compo-

nents.
6. Only two sets of reference frames are used to define the wind turbine model.
7. Blades are assumed to be neither coned nor pitched.
8. Shaft tilt and skew is neglected.

9. It is assumed that the center of mass of the nacelle, hub and blades all lie along

the center line of the tower.
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10. Aerodynamic loads are estimated and returned in the blade’s global coordinate

system instead of blade’s local coordinate system.
11. Inertial effect of the generator is neglected.

12. Since the structural twist angle of the blades is small, especially towards the tip,
and the blades are not pitched, it is assumed that the shape of deflection in the
out-of-plane and in-plane directions of the blades can be described by the flapwise

and edgewise mode shapes respectively, with sufficient accuracy.

The assumptions led to a 8 DOF system whose generalized coordinates are given as

QZ[QTFAl qrssi 4BiF1 4B1E1 4B2F1 (4B2E1 {B3F1 QB3E1], (3.41)

Here it is very important to understand that the assumption that ggea. is not degree
of freedom /generalized coordinate is a forced assumption since we use it to determine
location of points of the system; and hence, by definition, it must a degree of freedom.
Therefore, it is necessary that we treat the qges. as a degree of freedom while defin-
ing the kinematics of the system. Hence, for description of kinematics of the system
9 DOFs (including ggea-) is used. Later in derivation of equations of motion we can
neglect the equation of motion corresponding to gge4. and end up with a system with
8 degrees of freedom. The wind turbine system is defined using a inertial coordinate
system attached to the base of the tower and a set of rotating coordinate system at-
tached to the blades. This reduction reduces a lot of complexity while incurring some
inaccuracies that can be tolerated in a simplified case. The coordinate systems, the
kinematic description and the kinetic description of the wind turbine, in other words
the derivation of the equations of motion are provided in Appendix B and following

subsection provides the key findings from the investigation.

3.9.2 Comparison with the 22-DOF Model

In this section the blade and tower motion obtained from the reduced order model is
compared with that of the full order model under steady wind at rated speed. It is
accepted from the beginning that there will be some basic difference in the responses
due to the assumptions made to reduce the complexity of the model. Therefore, the aim
of this section is not to look for small differences but rather to look for major anomalies
which may arise from deletion of important terms from the equations of motion during
model reduction. The blade out-of-plane, blade in-plane, tower fore-aft and tower

side-to-side motions are shown in Figure 3.8 to Figure 3.11 respectively. While there
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are small differences in the responses, major difference in obtained in tower side-to-

side to motion. The difference in the mean displacement of the tower fore-aft motion

arises from the fact that in the reduced order model the tower stiffness in higher since

gravitational softening effect is not considered. Also, the combined effect of the center

of gravity of the blades, hub and nacelle create a positive moment about @, axis. Other

minor differences in the figures also arise from the fact that rotational speed is constant

as opposed to the full order model which results in minor phase shifts in the responses.

However, the tower side-to-side displacement time histories differ considerably from

one another. This is due to the fact that the effect of rotational inertia of the rotor on

the tower side-to-side displacement is completely neglected. This leads to considerable

under prediction of the response.
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Although in engineering a certain level of approximation is acceptable, the error
in prediction of tower motion is cannot be overlooked. In this case any subsequent
analysis, for example estimation of fatigue life, will incur significant errors. Thus, it is
not advisable these kinds of reduced order models for analysis that require good quality

prediction of the dynamic behaviour of the structure.
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Chapter 4

Multi-resolution wavelet pitch
controller including wave-current

interactions

In this chapter a wavelet based individual pitch control strategy for spar-type Float-
ing Offshore Wind Turbines (FOW'Ts) has been proposed. Its performance has been
evaluated under joint wind-wave-current loads considering the effects of wave-current
interactions. A multi-resolution analysis (MRA) based wavelet controller that modifies
an optimal control problem cast in Linear Quadratic Regulator (LQR) form constrained
to a band of frequency has been used. The weighting matrices of the L.Q regulator are
varied in different frequency bands depending on the emphasis to be placed on the
response energy and control effort to minimize the cost functional of that frequency
band. This formulation results in frequency band dependent controller gains that
lead to a time-varying controller. Daubechies wavelet is used in the MRA based filter
that ensures perfect decomposition of the time signal over a finite interval and fast
numerical implementation for control application. The multi-resolution wavelet-LQR
individual blade pitch controller is used to control blade out-of-plane vibrations with
additional emphasis on the 1P frequency of the wind turbine. The emphasis on the
1P frequency along with the blade’s out-of-plane natural frequency is shown to reduce
aerodynamic loads corresponding to 1% rotational frequency of the wind turbine which
in turn reduces vibrations in other modes of the wind turbine. The proposed controller
is simulated using a 5-MW baseline spar-type floating offshore wind turbine with real-
istic operating conditions including wave-current interactions. The controller has been
proved to be effective in every analysed met-ocean condition.

Section 2.3 discusses the various pitch controllers proposed in literature. The con-

trol strategies vary from simple SISO PI controllers to sophisticated MIMO controllers
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using fuzzy logic or model predictive controllers. While these control strategies fo-
cus on improvement of power production and/or structural load reduction there is
always a trade-off between the two conflicting requirements. The use of wavelet-LQR
control strategy that is suitable for a time-varying system as described in (Basu and
Nagarajaiah, 2008, 2010) has not been employed for offshore wind turbines. Recently,
(Fitzgerald, Staino, and Basu, 2019) used a wavelet-LQR control strategy to minimize
blade out-of-plane displacement for onshore wind turbines. However, developing a con-
trol strategy for offshore wind turbines presents additional challenges since the stability
of the entire system (especially the platform roll and pitch degrees of freedom) must
be considered. Further, the wave-current interaction has only been recently incorpo-
rated in the analysis of FOWTs (Chen and Basu, 2018, 2019). Considerable effects on
the structural responses and fatigue loads have been observed thereof. However, the
interaction effects have not been included in previous studies on vibration control of
wind turbines. Besides, a simplified model for the FOW'T blades and tower was used
in (Chen and Basu, 2018, 2019) while the present study uses a more comprehensive
model with the same number of degrees-of-freedom as FAST (Jonkman and Buhl Jr,

2005). Based on these considerations the focus of this chapter can be listed as:

e Model the effect of wave-current interaction considering different current profiles
to estimate joint wave-current loads on the spar of the floating wind turbine.
Further, investigate whether an underlying current has an effect on controller

performance.

e Design a wavelet-LQR based individual pitch controller for the floating offshore
wind turbine with the primary target of minimizing blade out-of-plane vibrations.
Compare its performance against the standard baseline controller and a classical
LQR based individual blade pitch controller.

e Examine controller performance in the operational region 3 of the turbine.

In the following sections, the wave-current interaction model is explained first followed
by the proposed wavelet-LQR based individual pitch controller, then the performance
of the controller is evaluated and the chapter is finished with conclusions drawn from
this study.
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4.1 Wave-current interaction model

The wave-current interaction is modelled using the Airy wave theory considering the
effect of an underlying current (Huang et al., 1972; Tung and Huang, 1974). Two-
dimensional flow is considered, i.e., the waves are travelling on a favourable and adverse
current. For description of the flow field, a coordinate system is defined with the origin
placed on the mean water level (MWL) with x the horizontal axis and z the vertical
axis pointing upwards. Let the water depth be denoted by h, The coordinate system
defined in Figure 4.1 is used for the definition of the wave-current interaction model,
with the origin at the mean water level (MWL) and x-axis and z-axis pointing to the

horizontal direction and the vertical direction respectively.

2

= ~_ — > X

,Seabed

Figure 4.1: Coordinate system for wave-current interaction definition

4.1.1 Regular wave on current

Assuming small-amplitude waves travelling on a current, the flow velocity field is ex-
pressed as the summation of the flow due to surface wave and the current (Silva et al.,
2016; Thomas, 1981), as

ur(x, z,t) = U(z) + u(z) cos(kx — wt) (4.1)
wr(z, z,t) = w(z) sin(kx — wt) (4.2)

where U(z) is the current velocity varying with respect to z; and w and x denote the
angular frequency and the wavenumber respectively. Note that w is the apparent fre-
quency with the current effect considered (Ismail, 1984). In the preceding expressions,

ur(z, z,t) and wr(x, z,t) are the flow velocities in horizontal and vertical directions,
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while u(z, z,t) and w(x, z, t) are the wave velocities using the first-order term (Thomas,

1981). According to the Airy wave theory, the free surface elevation 7 is given as
n(z,t) = Acos(kx — wt) (4.3)

where A = the surface wave amplitude. Given the free surface function, the flow
velocity can be solved analytically for a uniform or linear current profile (d*U(z)/dz* =
0)(see Silva et al., 2016 for details), as

cosh [k(z + hy)]

ur(z, z,t) =U(z) + A(w — kU) cos(kz — wt) (4.4)

sinh(khy,)
inh
wr(z,2,t) =A(w — K o)smsir[g(é;:w};w)] sin(kz — wt) (4.5)
where Uy = the current velocity at z = 0. The corresponding dispersion relation
becomes
9 dU
(w—rUp)” = |gk — (w— KUO)E tanh(kh,,) (4.6)

which is valid for both uniform and linear shear currents. The solution of the preceding
equation gives the wave numbers and the flow field is then explicitly determined using
equations (4.4,4.5).

4.1.2 Irregular waves on current

To consider the current effect on irregular waves, the expressions in equations (4.4,4.5)
are combined with the spectral representation. The influence of the current on the

wave spectrum is considered by (Huang et al., 1972)

45 (w)

S(w,U) = 5
(1+ VT+4T7e) I+ 2U]s

(4.7)

where S(w, U) and S(w) denote the wave spectra with and without an underlying cur-
rent respectively. It is noted that when w — —g/4U, the wave components are unable
to propagate against the current and wave breaking occurs and hence the preceding

expression is only valid for 1+4wU/g > 0 if waves are travelling on an adverse current.
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To deal with the case when wave breaking happens, an “equilibrium limit” was defined
for deep water by (Hedges, 1981; Hedges, Anastasiou, and Gabriel, 1985) as

Arg? 1
(w—kU)14+2U(w—~rU)/g

Ser(w,U) = (4.8)
where the subscript ER refers to the equilibrium range and A* is a numerical constant
in the range of 0.008-0.015 (Phillips, 1977). Equation 4.8 is used instead for a given
wave frequency whenever S(w, U) is larger than Sgg(w,U).

For irregular waves, the water surface elevation can be expressed as
N
t) = Z A; cos(kjx — wjit + ¢;) (4.9)
j=1

where ¢; is introduced as a random phase angle uniformly distributed from 0 to 27
and N denotes the number of wave components. The amplitude of the jth wave
is A; = /2S(wj,U)Aw with Aw the frequency interval. Correspondingly, the flow

velocities are given by

N
cosh [k (z + hy)]
ur(z, z,t) =U(z) + ; Aj(wj — K;U) sinhj(/ijhw) cos(k;x — wjt + ¢;)
(4.10)
al sinh [k;(2z 4 hy)]
wr(z, 2,t) = jzl Aj(wj — K;U) sinhj(/ijhw)w sin(k;z — wjt + ¢;) (4.11)
The accelerations can be obtained from the preceding equations , as
cosh [k;(z + hy)] .
(x,z,1) Z Ajwj(w ;U) Sinb (7o) sin(k;z — wjt + ¢;) (4.12)
9 ZA )sinh [k (2 + hy)] (it —wit+6)  (4.13)
wr(z, 2, jwi(w; — KU sinh(k; ) cos(k;T — w; j :

where the wave-number x; is solved from equation (4.6) for each wave component. An
instance of the Pierson-Moskowitz spectrum with and without an underlying current
is shown in Figure 4.2. The parameters used are - significant wave height 10 m, peak

spectral period 6 s and surface current velocity 0.609 m/s (Azcona et al., 2017). It can



60 Chapter 4. Multi-resolution wavelet pitch controller including wave-current

interactions

be observed that the magnitude and the location of the energy peak in the spectrum

is altered by the underlying current.

= Without current
= = *With wave-current interaction |

[oe]
T

Wave spectrum (mzs/rad)
w N (6] [o)] ~

N
T

0 0.5 1 15 2 2.5 3 35
Wave frequency (rad/s)

Figure 4.2: Pierson-Moskowitz spectrum with and without an underlying
current

4.2 Multi-resolution wavelet-LQR pitch controller

The wavelet-LQR pitch controller is developed using a reduced order system with
primary focus on reduction of blade out-of-plane displacement. With this in view, a
reduced order system with four degrees of freedom (i.e., the three blade flapwise and

tower fore-aft) are used. A time-varying system can be represented as
x(t) = A(t)x(t) + B(t)u(t) + F(¢) (4.14)

with states x € R", control input u € R™ and external disturbance F € R". The
reduced order time-varying FOW'T can be represented in this form, however, for con-
troller design the closed form state-space equations are not required as will be shown

subsequently. The state vector and control input vector are given as

X = [q, Q]Ta q= [QTFAla dB1F1, 4B2F1, CIB3F1]

(4.15)
u= [517 Ba, 53]T
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Wavelet transformation and integration by parts of the 7" equation in 4.14 with respect

to a basis function ¢ with scale parameter a and translation parameter b leads to

m

a n
o Woi(a,b) = > WoAurr)(a,b)+> Wy (Biur)(a,b)+WyFi(a,b) Va € R (4.16)
k=1 k=1

Where, Wy (-)(a,b) is the wavelet transformation of the (-). For a particular value of a

the equation can be written as

Wi, @i(b) = > Wa (i) (0) + Y We, (Bisur) (b) + W, Fi(b) (4.17)

k=1
where prime denotes differentiation with respect to the translation parameter b. Look-
ing at an individual transformation

te t—b

Wy, (Aixzy) (D) A () (1)1 (

1
t,

It can be noted that, ¥[(t —b)/a] is a fast decaying function localized around ¢ = b and

a

Air(t) & By(t) are slowing varying functions as compared to ¥[(t — b)/a] and xx(t).
Therefore A;x(t) can be approximated by a constant value Ag;x in this time interval
and the wavelet transformation of the first two terms in the right hand side of equation

4.17 can be approximated as

Wwa (Azkl’k) ~ Ao,ikW%xk(b)

(4.19)
Wwa (szl’k) ~ BO,ik;WQﬁafEk(b)

where, Ay and By are the mean (nominal matrices) excluding the time varying com-

ponents. Therefore, equation 4.17 can be rewritten as
szax(b) = A()Wwax(b) + BOW%u(b) + W¢GF (420)

For the non-linear floating wind turbine system the linearised state matrix Ay and
linearised control influence matrix By can be obtained from a Taylor series expansion
till first order terms. The partial differentiations can be performed using the numerical
central difference technique. For details on the form of the equations refer to (Jonkman
and Buhl Jr, 2005). For the system defined in equation 4.20 in wavelet domain the

control input can be written in a state feedback form as

{W%u} = —Ga{WwaX} (421)
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where, G, is scale parameter dependent gain matrix, i.e., a frequency band dependent
gain matrix. With the control input of the above form a minimization cost functional

can be defined as

te

Ja= [ W) QuiWx) + (7,0} Ru(W,u) (122
to

The definition of the cost function leads to the classical LQR problem for wavelet

transformed states and control input. The weighting matrices Q,, R, are associated

to the scaling parameter a and are specified for every frequency band.

Control input in time domain The control input can be obtained in time domain
by inverse wavelet transformation of the control input. The control input at t = t.

using the states from the interval [to, t.] can be obtained as

it == G [7 [ Lo (7)o

L pte q _ (4.23)
- Z G;W,, / / —{Wx( )}w( )dbda
j=L+1
where, the scaling parameter is discretized into bands {0, a4, as,... , ar,..., ay,... }.

Where, ay, is the lower threshold of frequency bands, ay is the upper is the upper
threshold of frequency bands; and for higher bands a; > ay the control input is ignored.

Since continuous wavelet transform (CWT) is not suitable for synthesis of control
input from time histories of finite interval, discrete wavelet transform (DWT') based on
MRA is used for exact decomposition/reconstruction of the signal. The filtered signal

obtained from MRA is then used to obtain the control input in time domain as

U

u=-Gr{x},— Y Gy{x}; (4.24)
j=L+1
from frequency dependent control gains where, {x}r, {x}111, ..., {X}v are the filtered

signal corresponding to discretized frequency bands. The frequency band dependent
controller gains G; are estimated using different weighting matrices Q; and R; from
the solution of the Algebraic Riccati Equation (ARE) associated with the nominal
state and control influence matrices Ay and By. For j > U the gain matrices can be
assumed to be zero matrices (G = 0). The wavelet-LQR controller is compared against
the classical LQR controller where the control input is estimated from gain scheduling

of the unfiltered state and frequency band independent controller gain.
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For every wind turbine the blade pitch angles, used as the control input, is limited by
the pitching rate and maximum pitch angle that can be realized by the pitch actuators
of the blades. Hence, the commanded pitch angles obtained from equation 4.24 are
limited by maximum pitching rate of 8 degrees/sec and maximum pitch angle of 90

degrees for the reference wind turbine (Jonkman, 2010).

4.3 Controller performance evaluation

The non-linear aeroelastic offshore wind turbine model developed in Chapter 3 is used
to simulate the dynamic behaviour of the spar-type floating offshore wind turbine.
The different cases are simulated for a standard 600 sec and with a sampling rate of
40 Hz. Numerical Runga-Kutta method ‘ODE 4’ is used for time integration of the
non-linear system. The proposed controller is compared with a baseline PI collective
pitch controller and a classical LQR pitch controller to illustrate the effectiveness of the
proposed control strategy. The turbulent wind field is generated using the TurbSim
(Jonkman, 2009) package distributed by NREL. It has the capability of generating
turbulent 3-D wind field taking into account wind shear and spatial coherence. The
turbulence intensity in the wind has been assumed to be 10% in this section. Two
different wind cases are investigated here, i.e., 14 m/s and 25 m/s reference wind speed
at hub height. The two different wind speeds represent the bound of wind speeds where
the pitch control is active (above rated wind speed), in region 3. The stochastic sea
is modelled using the Pierson-Moskowitz spectrum (Pierson Jr and Moskowitz, 1964).
Significant wave height is assumed to be 10 m and peak spectral period is assumed to
be 6 s for all simulations. The depth-dependent wave velocity and accelerations are
obtained from equations 4.10,4.11,4.12 and 4.13 with underlying current. The offshore
wind turbine is simulated without current and with an underlying current of uniform
and linear profile. The surface current velocity is assumed to be 0.609 m/s (Azcona
et al., 2017) in the along wind direction, which is the same as the wave propagation
direction. The above sea-states represent a violent ocean. For illustration purpose, the
controller performance is also evaluated under moderate sea-states of H, = 2.25m and
T, = 6.25s and presented here.

The proposed pitch controller is employed in the FOWT and simulated under the
above mentioned met-ocean conditions. Its performance is compared against the base-
line pitch controller and the classical LQR controller. The three controllers used are

defined as follows:



64 Chapter 4. Multi-resolution wavelet pitch controller including wave-current
interactions

1. Baseline controller. The baseline controller is described in (Jonkman et al., 2009)
which also provides the FORTRAN source code for the control algorithm. The
same was rewritten in MATLAB (MATLAB, 2018) with changes prescribed in
(Jonkman, 2010).

2. LQR controller. The LQR pitch controller is designed using state weight matrix
Q = 5 x I and input weight matrix R = 15000 x I for 14 m/s wind speed and
Q =300 x I and R = 15000 x I for 25 m/s wind speed. The weights are chosen
a-priori after a few trial and errors to optimize the effort between the response

states and pitch angles.

3. Wavelet-LQR controller (W-LQR). The advantage of the wavelet-LQR controller
is that it is capable of applying different weights to different frequency bands. For
that purpose, the signal from a finite internal [tq t.| is filtered using ‘db6’ wavelet
from the Daubechies wavelets (Daubechies, 1992). The response is decomposed
into 5 levels, where for a response sampled at 40 Hz, the reconstructed approx-
imate signal at 5% level contains frequencies in the band [0 Hz 1.2 Hz|. This
band contains the frequencies that are required to be suppressed, i.e., the rota-
tional frequency of the wind turbine and the blade’s natural frequency. Hence,
the 5" band becomes the lower bound where additional emphasis is placed on
the response states by relaxing the control weight of this band to Ry = 3000 x I.
All other parameters remain same as the LQR controller. Also, reconstructed
detailed signals from levels 1 and 2 are disregarded in the estimation of control

input.

4.3.1 Reference wind speed 14 m/s without underlying current

The responses of the offshore wind turbine using the three different controllers and
without any underlying current is shown in Figure 4.3. It can be observed from Fig-
ure 4.3(a) that excellent vibration reduction is obtained using the proposed wavelet
controller for the blade out-of-plane motion. The LQR controller is capable of re-
ducing the amplitude of the response but the peaks of the response are similar to
that of the baseline controller. The corresponding Fourier spectrum of the response
in Figure 4.3(b) shows that the 1P rotational frequency i.e., 0.2 Hz has been effec-
tively suppressed by the proposed controller. It is also interesting to note that the two
visible peaks below 0.2 Hz in the blade out-of-plane response spectrum is the effect
of dynamic coupling between the blade-tower-platform. The response of the blade is

heavily affected by the pitching motion of the platform and the fore-aft motion of the
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Figure 4.3: Wind turbine motion at reference wind speed 14 m/s without
underlying current
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tower. However, the proposed controller is capable of suppressing these two peaks
very effectively. Although the LQR controller is capable of mitigating these response
frequencies, the wavelet-LQR controller performs better as is shown in the figures.

The tower fore-aft motion is shown in Figure 4.3(c) with its Fourier spectrum in
Figure 4.3(d). Again, the wavelet-LQR controller performs significantly better than
the baseline controller and LQR controller as can be observed from the time history.
While the wavelet-LQR is capable of suppressing the various frequency peaks, the LQR
controller is only capable of suppressing the lower frequency peak and higher peaks are
observed in the higher frequency range. The response time history shows that, with the
LQR controller, the response peaks are of greater amplitude than when the baseline
controller is used.

Finally, the platform pitching motion is shown in Figure 4.3(e) with its Fourier
spectrum in Figure 4.3(f). It can be observed that the pitching motion is dominated
by a single frequency and it is mitigated effectively by the LQR controllers. But, again
the wavelet-LQR controller performs better than the LQR controller as can be clearly

observed from the two figures.

4.3.2 Reference wind speed 14 m/s with underlying current of

uniform profile

The offshore wind turbine is simulated next with an underlying current of a uniform
profile at the same hub-height reference wind speed of 14 m/s and the performance
of the three different pitch controllers is compared in Figure 4.4. The response time
histories, Fourier spectrum and controller performance are almost identical to that
when the offshore wind turbine is simulated without the underlying current. The same
conclusion can be made about the controller performance and is therefore not repeated.
The only difference that can be observed is that the Fourier spectrum amplitudes are
fractionally reduced. This is due to the fact that the underlying current decreases the
wave turbulence as can be observed from the reduced peak of the wave spectrum in
Figure 4.2 in the presence of an underlying current. Although this underlying current
has negligible impact on the wind turbine degrees of freedom, the dynamic behaviour of
the platform surge motion is heavily affected as shown in Figure 4.6. The current, when
in the same direction as that of the wave, increases the platform surge motion. It can
be also observed from Figure 4.6 that the underlying current reduces that turbulence
in the surge motion of the platform. Since the dynamics of the surge motion much

slower than the other components, it behaves as a static offset in the position of the
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Figure 4.4: Wind turbine motion at reference wind speed 14 m/s with
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wind turbine without any significant effect on the dynamics of the wind turbine and

the performance of the controller.

4.3.3 Reference wind speed 25 m/s with underlying current of

linear profile

In this case, the performance of the three controllers is compared at a reference wind
speed of 25 m/s with an underlying current of a linear profile. The response time
histories for the along-wind components along with their Fourier spectrum is shown
in Figure 4.5. Again, a considerable reduction in blade out-of-plane using the pro-
posed controller can be observed in Figure 4.5(a) and the peak associated with the
1P frequency of the wind turbine is clearly seen to be suppressed in Figure 4.5(b). It
can be again observed that the proposed wavelet-LQR controller performs better than
the baseline controller and the LQR pitch controller. Further reduction in the tower
fore-aft motion and the platform pitching motion using the wavelet-LQR controller is
observed where the LQR pitch controller shows poor performance. The decrease in the
response spectrum amplitudes of the tower fore-aft motion in Figure 4.5(d) and plat-
form pitching motion in Figure 4.5(f) illustrates that the proposed controller is capable
of mitigating the tower and the platform pitching motions through load reduction.

Tables 4.1 and 4.2 show the peak and the standard deviation of the blade, tower
and platform motion associated with the baseline and the proposed Wavelet-LQR pitch
controllers at the various met-ocean conditions considered in this chapter. The per-
centage reduction over the baseline controller is also shown in the tables. The choice
of the two wind speeds is based on the fact that, it lies at the bounds of region 3 of
operational wind speeds. It has been shown that the response peaks and standard
deviations are reduced with the proposed wavelet-LQR controller in both cases. A
considerable reduction is obtained at 14 m/s wind speed with the different current
profiles. The results presented in Tables 4.1 and 4.2 show that at the cut-out wind
speed of 25 m/s the performance of the proposed controller in mitigating the standard
deviation of the responses drop slightly but promising reductions in response peaks are
still observed. No significant difference in the controller performance is observed under
different current profiles.

It has been shown the emphasis on 1P rotational frequency reduces the acrodynamic
load associated with it and results in reduced pitching motion of the platform. However,
this reduction of aerodynamic loads provides additional benefit in the form of reduced
in-plane motion of the wind turbine although it is not the objective of the controller.

The blade in-plane motion, tower side-to-side motion, rotor speed and platform roll of
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Figure 4.5: Wind turbine motion at reference wind speed 25 m/s with
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Table 4.1: Controller performance: peak response magnitudes
Wind | Blade OOP disp. (m) | Tower FA disp. (m) | Plat. pitch rot. (rads)
Current
S B W B W B W
ase- - ase- - ase- -
(m/s) . P.R . P.R . P.R
| LQR | LQR 1 LQR
ine Q (%) ine Q (%) ine Q (%)
W/0 14 6.864 4.491 35 0.807 0.755 6 0.100 0.083 17
Current | o5 3.902 1939 50 0.677  0.630 7 0.061 0.052 15
Uniform| 14 6.788  4.554 33 0.778  0.705 9 0.096 0.081 15
Current | o5 3.871 2530 35 0.634 0.601 5 0.058  0.053 8
Linear 14 6.786  4.456 34 0.782 0.703 10 | 0.097 0.082 16
Current | o5 3.873 2541 34 0.638  0.586 8 0.058 0.053 10
PR = (1= e ) 100%

the floating wind turbine for 14 m/s and 25 m/s are shown in Figure 4.7 and Figure 4.8

respectively. It can be observed that compared to the baseline
wavelet-LQR controller is capable of reducing the structural

the aerodynamic loads associated with 1P frequency. Further,

controller the proposed
vibrations by reducing

the platform roll is also

reduced thanks to the reduced load on the wind turbine. The reduction in platform

pitch and roll establishes the fact that the proposed control not only ensures stability

of the entire floating wind turbine but also reduces the rotation of the platform which

is beneficial for power production.

It can also be observed from Figure 4.7(c) and Figure 4.8(c

) that the variability in

the rotor speed has increased. Although there is an increase in variability in the rotor
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Table 4.2: Controller performance: response standard deviations

Wind | Blade OOP disp. (m) | Tower FA disp. (m) | Plat. pitch rot. (rads)

Current
specd B W B W B W
ase- - ase- - ase- -
(m/s) . P.R . PR| . P.R
1 L 1 L 1 L
ine QR (%) ine QR (%) ine QR (%)
W/0O 14 1.212 0320 74 0.161 0.124 23 | 0.023 0.011 54

Current| 95 | 1,009 0.404 63 | 0.140 0.126 10 | 0.011 0.008 25
Uniform| 14 | 1.176 0316 73 | 0.150 0.117 22 | 0.020 0.010 52
Current| o5 | 1002 0.392 64 | 0.130 0.119 8 | 0.009 0.008 15
Linear | 14 | 1.183 0316 73 | 0.151 0.117 23 | 0.021 0.010 52
Current| 95 | 1001 0.388 64 | 0.130 0.118 9 | 0.009 0.007 18

W-LQR

PR: <1— ;]Basm> 100%

speed it still tracks the rated speed of 12.1 rpm. While the baseline PI controller is
designed solely to maintain the rotor speed at 12.1 rpm, the Wavelet-LQR controller is
designed to reduce structural vibrations. The LQR gains are selected appropriately to
keep the rotor speed around the rated value while aiming for greater load reduction.
In this study, it has been found the standard deviation of the low-speed-shaft /rotor
speed from 12.1 rpm using the baseline PI controller is 1.21 rpm and 1.40 rmp for wind
speeds of 14 m/s and 25 m/s respectively. For the proposed Wavelet-LQR, controller
the standard deviations of the rotor speed for the respective wind speeds are 1.72 rpm
and 1.87 rmp. While there is an increase in the standard deviation, the coefficient of
variation in the worst scenario is still under 15 %. Also, as pointed out by (Fitzgerald,
Staino, and Basu, 2019; Lackner, 2013), individual wind turbine power variability will
be less important as an offshore wind turbine will almost certainly be situated in a
large wind farm and the total output of the farm will be predominantly dictated by
the spatial and temporal variations of the farm rather than the variability of a single
turbine. Hence, this increase in individual wind turbine power variability is judged to
be acceptable considering the promising reduction in structural loads. This trade-off
between structural response mitigation and rotor speed regulation can prove to be ben-
eficial in extending the design life of the wind turbine components. Another important
aspect of the controller design is the pitching rate of the blades which demonstrates
the rate of use of pitch actuators. It has been observed that the maximum pitch rate
for the baseline PI pitch controller is 1.63 deg/s and 0.42 deg/s for wind speeds of
14 m/s and 25 m/s respectively. However, with the Wavelet-LQR pitch controller the

maximum pitch rate is saturated at 8 deg/s which is the design specification. Hence,
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the improved structural response if obtained from at a cost of increased use of pitch

actuation.

Lastly, as it was mentioned before the proposed controller is compared against the

baseline controller at a hub height wind speed of 14 m/s, moderate sea-states and an
underlying current of linear profile and is shown in Figure 4.9 and Figure 4.10. A similar

observation can be made about the controller performance where a significant reduction

in structural responses is achieved at a cost of increased rotor speed variability. The

pitch and roll of the platform are reduced while the rotor speed still tracks the rated

value. As mentioned earlier this increase in variability is judged to be acceptable given

the significant amount of reduction in structural responses that is achieved.
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4.4 Conclusion

This chapter proposes the use of a wavelet-LQR based individual pitch controller for
response mitigation and load reduction in a spar-type floating offshore wind turbines
considering wave-current interactions. A reduced order model using the blade out-
of-plane and tower fore-aft degrees of freedom is used to develop the controller. The
proposed wavelet-LQR controller has the capability of assigning frequency band depen-
dent LQR gains. This capability has been used in this study to place emphasis on the
1P frequency of the wind turbine along with the blade out-of-plane natural frequency.
The controller is compared against the baseline controller and the classical LQR con-

troller. The numerical results presented in this chapter show that the wavelet-LQR
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controller perform better than the baseline controller and the LQR controller for dif-
ferent met-ocean conditions in reducing structural loads. The wind speeds are selected
so that they lie on the bound of region 3 of operational wind speeds. The performance
at the two different wind speeds shows that although excellent response mitigation is
obtained at lower wind speed as compared to higher wind speed, better performance
than the baseline controller is obtained in full range of wind speeds. The emphasis
on the 1P frequency of the wind turbine reduces the aerodynamic loads which in turn
reduces vibration in tower fore-aft and platform pitching motion of the wind turbine.
It has been shown that the pitching of the platform contributes significantly to the
dynamics of the blade and the tower. However, the proposed controller is capable of
minimizing the pitching motion of the platform together with the blade out-of-plane
motion and tower fore-aft motion. Additional benefit is achieved in the form of reduc-
tion of blade in-plane motion, tower side-to-side motion and platform roll that arises
from aerodynamic load reduction associated with the 1P frequency of the wind tur-
bine. The proposed controller not only ensures the stability of the entire wind turbine
but also reduces the platform pitch and roll. It has been observed that this improved
structural response is obtained at a cost of increased use of pitch actuation. It has also
been shown that the improved structural response of the offshore wind turbine results
in an increase in deviation from the rate rotor speed which leads to increased power
variability. However, as has been mentioned in the previous section the significance of

this individual wind turbine power variability will be further minimized when an entire
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wind farm is considered. This trade-off between vibration reduction and rotor speed
improvement can prove to be beneficial in increasing the design life of the wind turbine
components.

The investigation on wave-current interaction showed that the underlying current
has no significant effect on the performance of the controller. The results presented

also show the importance of wave-current interaction on offshore wind turbines.
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Chapter 5

Individual blade pitch control strategy
for combined load mitigation and

power regulation

In the previous chapter a wavelet-LQR based individual blade pitch control strategy
was proposed to alleviate aerodynamic loads on the floating offshore wind turbine. It
was shown that the proposed controller was excellent in alleviating aerodynamic loads
on the turbine and thus in mitigating structural responses of the wind turbine and
its supporting platform. However, this was achieved at a cost of increased output
power variability. It was argued that a small increase in power variability of individual
turbines would be negligible when an entire wind farm is considered. And hence, the
controller has practical applicability. Similar results, where structural load reduction
using individual pitch controllers lead to degradation in output power quality and
turbine regulation have been reported by several authors. None of the IPCs proposed
in the literature to date are capable of improving platform response and some controllers
even have detrimental effects on the platform motion (Namik and Stol, 2014). Thus,
it is an open challenge to develop control algorithms that are not only capable of
improving power production but are also capable of simultaneously reducing wind
turbine and platform loads. This gap is addressed in this chapter by proposing a
new individual pitch control strategy that is both simple and intuitive. The control
strategy combines the benefits of a L controller with an integral controller to achieve
the desired objectives. Unlike the IPCs available in literature the proposed controller is
capable of simultaneously improving power production and alleviating structural loads.
The reduced structural load on the turbine will eventually help in increasing life-span

and improving stability of the spar-type FOWT.
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5.1 Proposed Control Strategy

The non-linear aeroelastic model of the FOW'T derived in Chapter 3 has been used
in this study to simulate its dynamic behaviour subjected to a stochastic wind-wave
loading environment and evaluate the performance of the controller. The full non-
linear FOWT model has 22 degrees of freedom as listed in Chapter 3. Aerodynamic
and hydrodynamic loads on the wind turbine are estimated using the Blade Element
Momentum (BEM) theory and Morison’s equation respectively. The mooring cables
are modelled using MoorDyn (Hall, 2015).

The proposed controller combines a low authority LQR (linear quadratic regulator)
and an integral controller to determine the individual blade pitch angles. Although
the performance of the controller is evaluated using a fully non-linear model, a reduced
order model is used to develop the linear quadratic regulator. The control input of the

individual blade pitch angles are obtained as
©=0+06, © ¢ ! (5.1)

Where, # € R is the collective pitch angle obtained from the integral controller and
O, € 3! is the individual pitch angles obtained from a low authority LQ controller.
Conceptually, the integral controller is designed to determine the low frequency varia-
tion in the pitch angle following the low frequency variation in the inflow wind speed
and the LQ regulator mitigates the 1P frequency of the aerodynamics loads. The along
wind components of the wind turbine are subjected to the majority of the aerodynamic

loads and therefore the chosen degrees of freedom for the reduced order model are

a = {qr qrra1 4B1r1 QB2F1 QB3F1 Q<) (5.2)

All the degrees of freedom are described in Chapter 3 except ¢. which is the generator
speed error degree of freedom. More details on this degree of freedom is provided in
Appendix C. The governing equations of motion are obtained using Kane’s method
(Kane and Levinson, 1985). The resulting non-linear equations of motion are further
linearised by ignoring the quadratic and higher order terms and the final set of linearised
equations are presented in Appendix C. These equations of motion are time-varying
in nature. But, since the time-varying nature in the along wind direction is relatively
small in magnitude, the time varying terms are further dropped assuming a frozen rotor

situation. The final linear-time-invariant equations can be written in matrix form as

M + C¢ + Kq = Facro(v,©) + Fpyyaro(H,, T)) (5.3)
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Figure 5.1: Schematic diagram of the proposed controller

In the above equation, aerodynamic loads F 4¢.,(v, ®) is a function of wind speed v
and blade pitch angles ®. The hydrodynamic loads F 4y, is a function of significant
wave height H, and peak spectral period 7,. The second order equations of motion

can be then rewritten in first order form as
x=Ax+B(0)® + G(v,0, H,,T,) (5.4)

Here, x = [q; q] € R'?*! is the state vector, the vector of individual blade pitch angles
O € 13*! is the control input. Ideally, the control influence matrix B(®) is a function
of the individual pitch angles. However, to simplify the controller design it is assumed
that the controller gain matrix derived around the collective pitch angle 6 and is valid
for ©® (i.e., B(®) ~ B(#)). The control influence matrix is obtained from a Taylor
series expansion of the aerodynamic loads around the collective pitch angle as the

operating point.

(9FA€T0 aPﬂAe’/‘o
F =F
AeTO(U7 0) Aero(v(b 90) + 89 0 + 81} Chas O (55)
(vo,00) (vo,80)
where,
a]:—“Aero
B(0) = :
()= =2 (56)
(vo,60)

The above linearisation is performed using a numerical central difference scheme on

the complete non-linear model to obtain the control influence matrix using collective
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pitch control strategy (i.e., equal pitch angles for three blades). Using the above
linearised system matrices the steady-state (infinite-horizon) LQR is designed ignoring
the external disturbance term in equation (5.4). Although a steady-state LQR is not
optimal for a finite time system, this approach is a common practice (Namik and Stol,
2010; Namik and Stol, 2014) as it renders the design of the LQR simpler without
the need for solving another set of differential equations for the controller. The cost

function for the low-authority LQR can be given as
J = / (x'Qx + ©/RO,)dt (5.7)
0

where Q is state weight matrix that penalizes the control system states and R is the
input weight matrix that penalizes the control input vector. For a steady-state LQR
the control input can be obtained from the solution of the Algebraic Ricatti Equation

as

PA+A"P -PBOR 'B'P+Q=0

(5.8)
0, = -R'B(0)"Px(t) = —K(0)x(t)

A schematic diagram of the controller is shown in Figure 5.1. The LQR is combined
with an integral action as shown in Figure 5.1. The integral controller has been obtained
from (Jonkman, 2010; Jonkman et al., 2009). It has been pointed out in (Jonkman,
2010; Jonkman et al., 2009) that the controller response frequency must be lower
that the smallest response frequency of the FOWT and the wave loading frequency.
This must be ensured so that the response of the FOWT is not amplified by the
controller. Hence, the integral gains K; are chosen to attain a controller-response
natural frequency of 0.2 rad/s. A controller response frequency of 0.2 rad/s is lower
than the platform pitch natural frequency and wave loading frequency in most sea-
states and hence the controller remains positively damped. The final control input is
obtained from equation (5.1).

To summarize the proposed controller, the LQR is designed to mitigate the 1P
vibrations of the blades, the tower fore-aft vibrations and the platform pitch motion.
The integral action guarantees convergence towards the rated speed in the above rated
wind region while the LQR optimizes the dynamic characteristics of the responses. The
combined action of the two controllers have proved to be very effective in optimizing
the power production of a FOWT and reducing structural loads as will be shown in
the following sections. It can also be observed from Figure 5.1, that the measurements

are first passed through a low-pass filter to eliminate the high frequency content and
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Figure 5.2: FOWT subjected to steady 18 m/s hub height wind speed

the control input is saturated prior to feedback. The saturation limits are prescribed

in (Jonkman, 2007) to deliver realistic control actions to the blade pitch actuators.
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5.2 Controller Performance - Steady Wind

In this section the performance of proposed controller is compared against the baseline
controller when the FOWT is subjected to steady wind and no wave loads. The main
purpose of this section is to study the response of the FOWT and to evaluate whether
the proposed IPC is capable of improving the transient behavior of the FOWT. The
5MW OC3 Hywind turbine, a spar-type FOWT, defined in (Jonkman, 2010) has been
used for numerical purposes. The structural and aerodynamic properties of the tower
and the blades are defined in (Jonkman et al., 2009). MATLAB, 2018 has been used as
the simulation platform. A sampling rate of 40 Hz has been used for time integration
using the runga-kutta 4th order method. To investigate the transient behavior the
FOWT is subjected to a steady wind field with vertical shear. The hub height reference
wind speed is 18 m/s and it is assumed that it is floating on still water. As mentioned in
the previous section the integral gain K7 is obtained from (Jonkman, 2010). Therefore
only the LQR needs to be designed by proper selection of the state weight matrix and
the input weight matrix. For ease of design the control weight matrix is chosen as
R =1I;.s.

It is important to note here that we are aiming for a low authority controller. Unlike
conventional mechanical systems, the pitch actuators cannot be used to drive the error
state to zero. Designing a high authority controller will demand high pitch actuation
which is not suitable for a wind turbine. Pitching of the blades will also be limited by
its saturation limits. The aim is to design a low authority controller that is capable of
reducing the aerodynamic loads with relatively lower pitch actuation. Therefore, the
state weight matrix is chosen as Q = 0.001 x I j5.15. The state weight matrix Q is
further modified by increasing the weights on the tower fore-aft, platform pitch and
generator azimuth states to 1 to obtain the final low authority controller. It must be
noted here that the selected controller weight matrices are used over the entire wind-
wave loading environment without the need to retune them with changing wind speed
(Jafarnejadsani and Pieper, 2015).

The numerical time history predictions are shown in Figure 5.2. The baseline con-
troller (BC) is compared against the proposed IPC with and without the integral con-
troller (IPC-W/ Integral Controller, and, IPC-W /O Integral Controller, respectively).
Figures 5.2a through 5.2f show the structural response of the FOWT. Figure 5.2g shows
the rotor speed which should track the rated speed of 12.1 rpm to optimize power
production. Figure 5.2h shows the pitch angle of blade 1 and Figure 5.2i shows the
generator power. It is clearly visible that the proposed controller improves the tracking

of the rated rotor speed while mitigating structural loads on the FOWT. Important
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Figure 5.2: FOWT subjected to steady 18 m/s hub height wind speed

points to note from the results presented in this section are:

e The proposed controller improves dynamic response of the FOWT by reducing
aerodynamic loads. FEvidently, the improvement is greater in the along-wind

direction since that is the objective of the LQR. But, as can be observed from
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Figure 5.2, there is reduction in the cross-wind (direction perpendicular to inflow

wind) structural responses arising from the reduction in aerodynamic loads.

e The LQR without integral action fails to track the rated rotor speed, Figure 5.2g,
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Figure 5.2: FOWT subjected to steady 18 m/s hub height wind speed

and rated generator power, Figure 5.2i. Operating the generator at above rated

condition gives rise to undesirable loads on the generator.

e Improvements in platform pitch and roll is achieved by minimizing the oscillation



8%’hap1;er 5. Individual blade pitch control strategy for combined load mitigation and

power regulation

7 T T T
—BC
— — —IPC-W/ Integral Controller
6.5 - IPC-W/O Integral Controller | |

Generator Power (MW)

4.5 ! ! !
0 50 100 150 200

Time (sec)

(i) Generator power
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corresponding to the platform pitch/roll frequency in the blade pitch angle. This
is achieved by increasing the weight on the platform pitch degree of freedom in
the LQR design. It can be observed from Figure 5.2e that using the proposed
IPC the platform pitch DOF reaches steady-state faster than using the baseline
controller. On the other hand, the proposed IPC increases the settling time of
the platform roll DOF. However, it will be shown in the next section that under
stochastic wind-wave condition including hydrodynamic damping the proposed

IPC can improve the platform roll compared to the baseline controller.

e A 1P oscillation is introduced in the blade pitch angle, see Figure 5.2h, by the
proposed controller that mitigates the 1P oscillation in the aerodynamic load and
hence reduces the 1P oscillations of the blades, see Figure 5.2a. Simultaneously,
the integral controller ensures guaranteed tracking of the rated rotor speed by

determining the low frequency variation of the pitch angle.

e It can be observed that the along-wind responses of the FOWT (blade out-
of-plane displacement, tower fore-aft displacement and platform pitch rotation)
reaches steady-state faster. For the cross-wind responses (blade in-plane displace-

ment, tower side-to-side displacement and platform roll rotation) the transient
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behaviour is not improved, however, the steady-state displacement /rotations are

reduced.

e The improvement in structural response is obtained at an expense of increased

pitch actuation, however, always within saturation limits.

5.3 Controller Performance Evaluation - Stochastic

wind-wave

The proposed controller is compared against the baseline controller with the FOWT
subjected to stochastic wind-wave loading environment. The turbulent wind field is
generated using the TurbSim (Jonkman, 2009) package. The stochastic sea is modeled
by the Pierson-Moskowitz spectrum (Pierson Jr and Moskowitz, 1964). Nine different
wind-wave cases including cases with misaligned wind-wave loads are investigated in
this chapter. Wind-wave misalignment can often lead to increased vibrations in the
cross-wind components of FOWT and hence the cases must be considered in the design
of a controller. The turbulence intensity of the wind field is assumed to be 10% and
the wave period for all different wave heights is assumed to be 6 s. It is also assumed
that the wave height increases with increasing wind speed. The selected load cases
are summarized in Table 5.1. It may be noted here that the selected load cases falls
under design load case category 1.1 and 1.2 (normal and fatigue design load cases) of
IEC 61400-1 3" Ed. (Commission et al., 2005). Cases 2, 4 and 6 simulate wind-wave

misalignment and the wave direction relative to the wind direction is given in the table.

5.3.1 Pareto Optimal Tuning

In a multi-objective controller, the ratio between weights in the cost function balances
the different control objectives. To find the right balance between the control objectives
it is possible to sweep across the weight ratios to form Pareto fronts (Odgaard et al.,
2016). These Pareto fronts show the balance between the competitive objectives and
can be used to tune the controller.

In this chapter, optimal tuning parameters are determined by comparing the per-

formance of the controller in terms of reduction of generator power variability (Vp)
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and the blade out-of-plane moment Damage Equivalent Load (¥ pg) defined in equa-
tion 5.9.

Ty — 1 gipc
p=1—
oBc (5.9)
Arpc

\DDEL: A o
B

Where, o(-) is the generator power error RMS and A(-) is the fatigue DEL of the blade
out-of-plane bending moment. To compute the Pareto curves the state weight matrix

Q is modified as
0 [00 -0 ] -

where Q; = 0.001 X Ij1x11. Q is further modified by increasing the weight on the
platform and tower degrees of freedom to 1. R is left unchanged from the previous
section. A sweep across the scalar tuning parameter p is done to obtain the Pareto
curves shown in Figure 5.3. Pareto curve for 3 different load cases are compared to
determine the optimal tuning parameter p for the entire range of wind speeds.
Optimal tuning is found by selecting a p that gives maximum benefits in form of
power regulation without a significant increase in cost in the form of fatigue DEL. In
other words, it makes sense to increase the weight p as long as the gradient of the
Pareto curve is below a predefined small value. From visual inspection of the Pareto
curves in Figure 5.3 the tuning p has been set to 0.6 to achieve an optimal balance

between the two competitive objectives.

5.3.2 Controller performance

The summary of the results for the different load cases are provided in Table 5.3.
However, prior to that, for illustration, Figure 5.4 shows the numerical time histories
of the FOWT responses for load case 7. The time histories show that the proposed
controller, compared to the baseline controller, is more efficient in mitigating structural
responses of the wind turbine and the floating platform and tracking the rated rotor
speed.

Figure 5.5 compares the fatigue DELs (Damage Equivalent Loads) of the blade
out-of-plane bending moment, blade in-plane bending moment, tower fore-aft bending
moment and tower side-to-side bending moment of the FOWT obtained using the

baseline controller with the proposed IPC. The DELs are estimated using the classical
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rainflow counting technique (Downing and Socie, 1982). The DELSs are obtained as
the constant amplitude loads of fixed amplitude and a frequency of 1 Hz. The first
50 s of the time history load predictions are removed from the analysis to cater to
transient effects. The figures clearly show that significant reduction in fatigue DELs
can be obtained from the proposed IPC.

Next, the standard deviations of the platform pitch and roll rotations are shown in
Figure 5.6. It can be observed that the proposed IPC significantly reduces platform
pitch rotation for every different load case investigated here. It is also important to
note that the platform roll rotation is also reduced by the proposed IPC.

It is of significant interest to note here that the RMS (root mean square) of the low
speed shaft error and generator power error is reduced consistently, (see Figure 5.7a and
Figure 5.7b respectively) over the different load cases. This shows that the proposed
IPC is better than the baseline controller in regulating power production of the FOWT.

The wave loads effects the dynamic response of the tower most significantly. It can
be observed from Figure 5.5¢ and Figure 5.5d that increasing wave height increases

the tower base fore-aft and side-to-side moments. It can be observed from load cases
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Figure 5.4: Numerical time histories for load case 7

2, 4 and 6 that the wind-wave miss-alignment significantly increases the tower side-to-
side moment and decreases tower fore-aft moment. However, the proposed controller
performs better than the baseline controller in achieving the design objectives for the

wind-wave misalignment cases. Although wave loads influences the dynamics of the
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Figure 5.4: Numerical time histories for load case 7

entire FOWT' its effect on the other degrees of freedom is not apparently visible from
the results presented here because wind is the primary source of dynamic loads on a
spar-type FOWT.

To summarize, the best case, worst case and average reduction in fatigue DELs,
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standard deviations of the platform rotations and the RMS of the rotor speed error
and generator power error achieved by the propose IPC over the baseline controller is
presented in Table 5.3.

The improvements in the form of reduced loads and improved power regulation is
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obtained at a cost of higher pitch actuation. To evaluate this increase an equivalent
constant amplitude blade pitch cycle is estimated from the time history predictions of
the blade pitch angles using the rainflow counting method. The resulting pitch cycle

has a constant amplitude and a frequency of 1 Hz. The constant amplitude obtained
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from the baseline controller in compared against the proposed IPC and presented in
Figure 5.8. It can be clearly observed that pitch actuation is higher compared to
the baseline controller for all load cases. Also, using the baseline controller the blade
pitch actuation reduces with wind speed, however, using the proposed IPC blade pitch
actuation increases with wind speed. Although this increase may not be ideal in all
situations, with reliable pitch systems the control strategy proposed in this chapter is

capable of greatly improving FOWT response and power production.

5.3.3 Comparison against published literature

In this subsection, the proposed IPC is compared against the most popular IPCs avail-
able in the literature. For reasonable comparison, it is important to compare the
performance of the controllers on the same 5SMW OC3 Hywind spar-type offshore wind
turbine Jonkman, 2010.

Namik and Stol, 2014 proposed two IPCs, one based on an SFC control strategy and
another based on a DAC control strategy. The authors compared the proposed con-
troller against the baseline controller (Jonkman and Buhl Jr, 2005). They reported 9%
reduction in tower fatigue DELs over the baseline controller. A massive 64% reduction

in power error has also been reported. However, as the authors have mentioned in their
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paper this is due to the use of constant power algorithm used by the generator torque
controller and not due to the proposed IPCs. The authors do not report any reduction
in the blade fatigue DELs or any improvement in the floating platform response. In
comparison, the controller proposed in this chapter achieves greater reductions in fa-
tigue DELs of the blades and the tower. It significantly improves the floating platform
response and also improves generator power output using a control torque algorithm
which is recommended by Jonkman and Buhl Jr, 2005. The reductions are provided in

Table 5.3. It can be observed that the proposed controller performs significantly better
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Figure 5.5: Fatigue DELs

than the one proposed in (Namik and Stol, 2014).

In another paper, Raach et al., 2014 proposed an IPC based on a nonlinear model
predictive control strategy. The proposed controller was compared against the baseline
controller (Jonkman and Buhl Jr, 2005). They have reported around 18% reduction

in blade out-of-plane fatigue DELs and an impressive 77.6% reduction in generated
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Figure 5.6: Standard deviations of platform responses

power error. In comparison, the controller proposed in this chapter is better in reduc-
ing fatigue DELs although poorer in reducing generator power error. However, this
comparison is not reasonable as the NMPC controller requires 1.3s for solving the op-
timization problem to determine the control input. This considerable time delay will
significantly affect the performance of the controller which has not been considered by

the authors. Moreover, the authors consider only one load case and the performance
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Figure 5.7: RMS of rotor speed and generator power error

of the controller over the operational region 3 has not been investigated.

5.4 Conclusion

A new individual blade pitch control strategy has been proposed in this chapter that

combines a low authority LQ controller with an integral controller to achieve improved
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Table 5.1: Load Cases

Case | Rotor Speed | Wind Speed | Wave Height | Wave Direction
No. (rpm) v (m/s) H (m) (degrees)

1 12.1 13 1 0

2 12.1 13 2 30

3 12.1 15 2 0

4 12.1 15 2 60

5) 12.1 17 3 0

6 12.1 17 2 90

7 12.1 19 4

8 12.1 21 5

9 12.1 23 6

tracking of the rated rotor speed to optimize power regulation while simultaneously re-
ducing aerodynamic loads on the FOWT. The proposed controller is compared against
the baseline controller used by FAST (Jonkman and Buhl Jr, 2005) with the FOWT
subjected to various stochastic wind-wave scenarios. It has been shown numerically
that the proposed controller performs better than the existing baseline controller and
other existing controllers in the literature. The important conclusions to draw from

this study are

e The proposed controller is more effective compared to the baseline controller in
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Table 5.2: DLC 1.2 Average fatigue DELs

Blade Blade Tower Tower
out-of-plane | in-plane fore-aft side-to-side
Controller
moment moment moment moment
(kNm) (kNm) (kNm) (kNm)
BC 2.44E+4003 | 2.25E+003 | 1.98E+004 | 1.20E+004
IPC 1.50E+003 | 2.13E+003 | 1.40E+004 | 9.70E+003

Table 5.3: Percentage reduction in standard deviation over baseline con-

troller
Fatigue DELs and Best case | Worst case Average
responses
Platform Pitch 66 44 58
RMS Roll 28 14 23
Tower fore aft
bending 58 21 32
Fatigue moment
DELs Tower side to
side bending 43 1 25
moment
Blade out of
plane bending 45 30 39
moment
Blade in plane
bending 7 5 6
moment
Generator Rotor speed 34 13 25
error G ‘
RMS enerator 25 13 20
power

reducing the variability in the rotor speed thus improving the power production
of the FOWT. Unlike the IPCs available in literature, the proposed controller
is capable of simultaneously mitigating FOW'T structural responses and rotor

power variability.

e The simple and intuitive nature of the controller makes it easy to design. The
successful use of a reduced order model of the FOWT and a linearized approxi-

mation of the control influence matrix shows that exact information of the fully
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non-linear wind turbine model is not required to design an effective controller.

The proposed controller is equally effective for cases with wind-wave misalign-

ment.

Significant reduction in blade vibrations and platform motion is observed. Ex-
cessive blade vibrations and platform motion are critical for functionality of the
wind turbine. Hence, the reductions achieved by the proposed controller can

significantly improve the performance of the FOWT.

As shown in this chapter, this improvement in performance, notably the reduction
of 1P oscillation of the aerodynamic loads is achieved at an expense of increase
blade pitch actuation, especially at higher wind speeds. However, this is always

well within saturation limits.
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Chapter 6

Optimizing blade pitch actuation
using Nonlinear Model Predictive
Control

It has been shown in the previous chapters that the blade pitch control strategies aimed
at reducing aerodynamic loads typically comes at the cost of increased pitch actuation.
The control strategies proposed in Chapter 4 and 5 were excellent in mitigating aero-
dynamic loads on the turbine, hence, reducing the turbine and platform vibrations,
but at a cost of increased pitch actuation. However, it is known (Valpy et al., 2017)
that the blade bearings and pitch systems are a significant source of turbine downtime.
Innovations that increase the load cycles on the pitch systems will only compound this
problem. Design of pitch systems has evolved slowly over the last 10 years and during
this time turbines have been continuously up scaled. These large wind turbines can
create problems in manufacturing. One way to reduce this downtime is innovations in
improving bearing concepts and lubrication, improved hydraulic and electrical systems.
However, with the current pitching systems, innovations in pitch control strategies that
reduce pitch actuation may a solution. It would help in reducing cost of production of
expensive pitching systems.

Following the above discussion, this chapter is dedicated to the development of
an individual pitch control strategy under a mathematically optimal framework to
reduce pitch actuation without compromising on tracking of rated rotor speed and
structural vibrations. In other words, the aim of the controller is to optimize pitch
actuation, i.e., minimizing blade pitch actuation while maintaining/improving baseline
performance. The controller is developed in a Non-linear Model Predictive Control
(NMPC) framework. It is assumed that a preview of the inflow wind field is available
in the form of LIDAR (LIght Detection And Ranging) wind speed measurements. The
details on the working of a LIDAR is not in the scope of this study. The interested
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reader may refer (Lindelow et al., 2008) for details on LIDAR technology. In this work
the assumed LIDAR measurements are obtained directly from a wind field generated
using TurbSim (Jonkman, 2009). To include the pitch actuators in the controller
design, linear uncoupled single degree of freedom pitch actuator models provided by

equation 6.1 are included in the 22-DOF dynamic model derived in Chapter 3.
mactéi + Cactﬁ'i + kactﬂi - kjactﬁic fOI‘ i=1to3 (61>

Where, mge, caer and kq. are the actuator inertia, damping and stiffness terms respec-
tively obtained from (Jonkman and Buhl Jr, 2005). The following sections present the

deign of the controller followed by an evaluation of its performance.

6.1 Non-linear model predictive control of blade pitch

angles

A model predictive controller predicts the future behaviour of a system based on the
current measurements, disturbance preview and an internal model. The objective of
the controller is to solve the optimal control problem over a selected horizon. A part
of this control input is sent to the actual system, new measurements are gathered
and the optimal control problem is solved again. The core of the model predictive
controller is an optimization problem that minimizes a predefined cost function by
optimizing the control input over a selected horizon. This basic concept of model
predictive control is applicable to both linear and non-linear systems alike. Since
the 1980s, linear MPC (for linear systems) has been applied successfully for many
industrial applications (Findeisen, 2005). However, in certain cases the system presents
strong non-linearities that cannot be neglected. In those situations non-linear model
predictive control (NMPC) can significantly improve performance by considering the
non-linearities of the system.

Amongst the various advantages of NMPC, perphaps the biggest one is that the
controller is mathematically optimal. Further, it can handle multi-variable and non-
quadratic problems; the disturbance preview can be defined dynamically; constraints
on actuators and the state can be defined inherently in the problem. However, solving
the optimal control (optimization) problem is not trivial and several methods exist.
Two of the most popular methods are Sequential Quadratic Programming (SQP) and
Interior-Point Methods (IPM). These control algorithm are not trivial and the authors
suggest referring to specialized literature like (Nocedal and Wright, 2006) for thorough
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understanding. In this study, the solvers are borrowed from the Optimization Toolbox
in (MATLAB, 2018). Several other optimization toolboxes are also available such as
(Franke, 1998; Lofberg, 2004; Mosek, 2015), that can be used to solve the optimal

control problem.

6.1.1 Reduced order internal model

Model predictive control contains an internal model of the system embedded in the
controller that is used to predict the future state of the system for a control sequence

u(-). For continuous time system the control system is obtained in the form
x = [(t,x,u) (6.2)

For a complicated multi-degree of freedom systems the dynamics of the overall system
is often approximated by a reduced order model of the system dynamics. In this work,
a nine degree of freedom reduced order internal model is used to design the controller.
Since the along wind components of the wind turbine experiences the majority of the
aerodynamic loads the nine degrees of freedom primarily consists of the along wind
components of the wind turbine. The selected degrees of freedom are: the platform
pitching degree of freedom (gp), the tower fore-aft bending mode (gr), the out-of-plane
bending mode of the three blades (¢p; for i = 1,2,3), the generator azimuth angle
(ggea-) and the three blade pitch actuator motion (f; for i = 1,2, 3). The state vector

can be given as

X = [qp, q7, qB1, (B2, 4B3; (Geaz, P1, B2, B3] (6.3)

For simplicity of the internal model, the generator degree of freedom is de-coupled
from the other degrees of freedom. Similarly, the blade pitch actuators are modelled as
single degree of freedom linear models. The blade pitch actuators are also de-coupled
from the rest of the system. A similar approach can be observed in (Schlipf, Schlipf,
and Kiihn, 2013). Since the platform pitching angles are small, the coupled motion of
the platform, tower and blades is simplified by ignoring the quadratic and higher order
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qp terms. The final equations of motion of the internal model is obtained as
3
mppdp + mprgr + Z mppiGi + cprdp + kppqp = fae,(to, ) (6.4a)
i=1
3
mpr{p + mrrir + Z mrip: + crrir + krrar = fieo(to, B) (6.4b)
i=1
mrpiis; + MpBisi + cBBABi + kBB = [Amo(U0, 5;) for i=1to3 (6.4c)
Ipricea. + GBRatio - GenTrq(t, qgea.) = AeroTrq(uo, ) (6.4d)
mactBi + CactBi + kactﬁi = kactﬂic fOl” i=1to3 (646)
where, the rotational inertia of the platform can be given as
L 3 L
mpp = 12[—[3/ w1 (r)dr + Z 4Ht/ ru® (r)dr cos(v;)
. (6.5)
+ / 2B (r)dr cos?(y) | + HE(mY +m™) + Ip + I3
0
The inertial coupling between the platform and tower can be given as
L H,
mpr = 6Ht/ pB(rydr + / hut () ¢y (h)dh (6.6)
0 0

The inertial coupling between the platform and the blades can be given as

L L
mpp; = 2Ht/ o ()P (r)dr —|—/ oy (r) P (r)dr cos(v;) fori=1t03 (6.7)
0 0

The inertial coupling between the tower and the blades can be given as

nrs= | S ()

(6.8)

The translational inertia term of the tower fore-aft degree of freedom can be given as

L Hy
mer = 3/ p(r)dr + orpt (h)dh +m”Y +m”
0 0

(6.9)
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The translational inertia term associated with blade flapwise degree of freedom can be

given as

mBB:/O o ()P (r)dr (6.10)

Where, H; is the height of the tower and L is the length of the blades. pZ(r) and
pT(h) are mass per unit length of the blades and tower respectively. 1; is the az-

1AM s

imuth angle of the i** blade. Ip is the rotational inertia of the platform and
the hydrodynamic added mass coefficient associated with the platform pitch degree of
freedom. ¢,(r) and ¢;(h) are the normalized fundamental model shapes of the blades
and tower in the flapwise and fore-aft directions respectively. cpp is the linear hydro-
dynamic damping coefficient associated with the platform pitch degree of freedom, cpp
and cgp are structural damping coefficient of the tower and the blades respectively.
kpp is the summation of hydro-static and linearized mooring lines stiffness associated
with the platform pitch degree of freedom. krr is the elastic stiffness of the tower and
kisp = kS g+ kS g+ k%5 cos(1;) is the summation of the elastic stiffness, k%, centrifu-
gal stiffness, k4, and, gravitational stiffening/softening, k%, of the i blade. More
details on these terms can be found in (Fitzgerald, Basu, and Nielsen, 2013; Fitzgerald,
Sarkar, and Staino, 2018; Sarkar and Chakraborty, 2018). The above equations can be
rearranged in the form of equation 6.2 for numerical evaluation.

The aerodynamic loads on the wind turbine is usually estimated using the Blade
Element Momentum (BEM) theory. However, the internal model must be as simple
as possible for implementation. For this purpose the aerodynamic loads on the wind
turbine are estimated a-priori. The loads are obtained as a polynomial function of the
effective wind speed (ug) and blade pitch angles () by polynomial surface fitting of
BEM results for various wind speeds and blade pitch angles. The reduced order model
requires the information of the effective wind speed experienced by the blade in a way
that encapsulates the information of the total wind field that the blade is subjected to.

Hence, an effective wind speed is defined as

or

L dcp
Jo FErdr

o fOL u(r)?’%rdfr

up (6.11)

Where, 88%’ is the spanwise variation of power extraction factor obtained by modelling
tip and hub losses following (Burton et al., 2011) shown in Figure 6.1. Figure 6.2 to
Figure 6.5 show the aerodynamic loads on the blades, tower and platform obtained

from BEM theory for different effective wind speeds and blade pitch angles.
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Figure 6.1: Spanwise variation of power extraction

Aerodynamic thrust on blade
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Figure 6.2: Aerodynamic thrust on the blade

6.1.2 Definition of the optimal control problem

The objective of the optimal control problem is to minimize a cost function Jocp
defined over a time horizon ¢, to Ty. The cost function is minimized by solving for an
optimal control input trajectory u(-) that minimizes the cost function in the presence of
disturbance d(+) subjected to a set of non-linear constraints that includes the dynamics
of the internal model, the initial measurements and a set of non-linear constraints H

that ensure feasible operational range. The optimization problem in continuous time
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Aerodynamic torque from one blade
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Figure 6.3: Aerodynamic torque from blade

Aerodynamic thrust on tower from one blade
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Figure 6.4: Aerodynamic thrust on tower

can be described as

Hl(igl Jocr(x,u,d)
t0+Tf

with: Joop(x,u,d) = I(x(7),u(r),d(r))dr

s.t. x = f(x,u,d) (6.12)

X(to) = X

H(x(r),u(r),d(r)) >0 V7 € [to, to + T}]
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Aerodynamic pitching moment on platform from one blade
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Figure 6.5: Aerodynamic pitching moment on platform

The most crucial part of designing a NMPC controller is proper mathematical de-
scription of the controller aim and then translating it into a cost function and a set
of constraints. The primary aim of the present controller is to minimize blade pitch
actuation while maintaining tracking of rated power at above rated wind speeds. The
secondary objectives are to minimize platform pitching motion, the fore-aft bending of
the tower and the flapwise bending of the blades. However, the aim of the controller is
to achieve these goals at a reduced pitch actuation compared to the baseline controller.

The objective function is defined as a quadratic function of system states multi-
plied with independent weights to emphasise on the different control objectives. The

objective function is defined as

H(x(r),u(r),d(1)) = Qi(dgeas — Lratea)’ (6.13)
+ Q2(P(t) = Pratea)” (6.14)
+ Qsdr (6.15)
+ Quip (6.16)
+ [dB1 dB2 dB3]Qs[dB1 B2 4B3) (6.17)
+[B1 B2 B3] Qs[Br Bz Bs) (6.18)

In the above equation, €2,.q and P,..q are the rated rotor speed and power output
of the 5SMW FOWT. The weights )1 and () penalises the rotor speed error and

rated power error respectively. The velocity of tower fore-aft motion is penalised with
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(3 and the platform pitching velocity is penalised with the weight Q;. Qs and Qg
are diagonal matrices defined to penalise the blade flapwise velocity and blade pitch
actuator velocities respectively.

Next, the set of constraints H that guarantees the feasible range of operation of the

wind turbine is defined as

5lmzn S ﬁz S ﬁimaac
_f[maz < ',< 'maz

Hao= TS SE O (6.19)
Tmin < T, < T

r max r r max
Tmer < T, <17

where, 8" and 8% and the minimum and maximum pitch angles respectively. T ;””
and 7" are the minimum and maximum allowable generator torque respectively. And
Bire® and T,;"** are the maximum allowable pitch and torque rate respectively.

The NMPC needs a preview of the blade effective wind speed over the prediction
time 7. In simulations, this is obtained easily from TurbSim (Jonkman, 2009) wind
fields using equation 6.11. In reality, nacelle mounted LIDAR systems are capable of
scanning the incoming wind field. It is possible to extract a rotor effective wind speed
from the raw data delivered by such a LIDAR system. This procedure is out of scope of
the current study and a description is presented in (Schlipf, Schlipf, and Kiihn, 2013).
MATLARB’s constrained non-linear programming solver fmincon has been used here to
solve the optimal control problem. Sequential Quadratic Programming algorithm has
been used in fmincon to minimize the cost function in equation 6.12. The prediction
horizon is chosen to be Ty = 12 s which is a reasonable assumption (refer (Schlipf,
Schlipf, and Kiihn, 2013)). LIDAR measurement update rate has been assumed to be
Aty = 0.5 s. The time steps in the NLP are set equal to Aty,p = 1.2 s, in 11 stages.
This implies that the optimization is repeated with new measurements each 0.5 s to
close the control loop. The differential equations are solved with a fourth-order explicit
Runge-Kutta method.

Recursive elimination method is used to solve the optimal control problem in equa-
tion 6.12. In this method, the problem is divided into two sub-problems and they are
solve separately using specialized methods. The fundamental principle of this method
is to decouple the dynamics of the control system, equation 6.2, from the non-linear
optimization problem (NLP).

The hierarchy of the problem is shown in Figure 6.6. A specialized solution method,
like numerical solvers for ordinary differential equations can be used to evaluated the

dynamics of the control system for a given sequence of control input u(-) and initial
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Figure 6.6: Computation hierarchy and communication of data between
elements

measurements xy. Therefore, the interaction between the two sub-problems consists of
sending the control sequence u(-) from the NLP solver to the solver of the dynamics of
the control system which in turn returns the computed state sequence x, (-, Xg) back
to the NLP solver. The communication between the two elements is also shown in
Figure 6.6.

A practical challenge from an implementation point of view is that the control
input obtained from NMPC is discrete in nature. Since, the pitch actuator model is
stiff, applying the control inputs in their original discrete form can amplify actuator
motion due to the transient effect arising from step jumps in commanded pitch angles.
To avoid this problem two steps are taken. Firstly, the commanded pitch angles are
obtained by interpolating between the inputs of two stages. Hence, a step change in
control input is transformed into a linear change. And secondly, the control input is
passed through a single-pole low-pass filter with exponential smoothing (Jonkman and
Buhl Jr, 2005) to eliminate high frequency variations in the control input. These two
steps are crucial for the design of the controller as the pitch actuator model is stiff
and any discrete change in the control input results in amplified motion of the pitch
actuators which must be avoided to fulfil the design goals.

The proof of closed loop stability of the non-linear constrained system solved by a
model predictive controller is beyond the scope of this work and is quite complicated
as Jocp has to be a local Lyapunov function. There are theoretical approaches and
practical recommendations to ensure stability, but the results presented in this section
will show that there is no stability problem in this case. The NMPC controller needs

the measured state vector x( at the start of each optimization. Here, the measurements
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include, velocity and rotation of platform pitch, velocity and displacement of the tower
top in the fore-aft direction, the generator rotation speed, the blade flapwise velocity
and displacement and the blade pitching velocity and displacement.

The long-term performance of the controller is evaluated in this chapter from fatigue
load analysis on the pitch actuator, the blades and the tower. A long-term probability
distribution of the met-ocean parameters is hence described in the next section. Then,

the performance of the controller is evaluated numerically in Section 6.3.

6.2 Joint distribution of U, H; and T,

To estimate the long-term distribution of environmental loads a joint probability dis-
tribution of the wind speed (U,), wave height (H,) and wave period (7},) is required
to estimate the occurrence of each event. Every event is described by a combination
of wind and wave condition. The joint probability distribution used in this study is
obtained from (Li, Gao, and Moan, 2015). The paper presents the long-term joint dis-
tribution parameters for five sites, three of them facing the Atlantic ocean and two of
them in the North Sea. The distribution parameters are estimated by fitting analytical
distributions to hindcast wind and wave data recorded between 2001 and 2010. These
long-term joint distributions can be used to estimate wind and wave power at each
sites and also to estimate fatigue life of structures.

The joint distribution consists of a marginal distribution of the mean wind speed
(Uw), a conditional distribution of wave height (H;) given the wind speed (U,,) and a
conditional distribution of wave period (7},) given the wave height (Hy). A conditional
distribution of 7}, given H, and U,, can be obtained, however, as shown in (Li, Gao, and
Moan, 2015) the dependency of the distribution parameters for 7, on U, is limited,
specially at higher wind ranges. Hence, the authors proposed a simplified version of the
distribution parameters of 7, dependent only on H. The resulting joint distribution

can be obtained as

fo .1, (u b t) = fu,(w) - fuo, (hlu) - fr,m,(th) (6.20)

The marginal distribution of mean wind speed is approximated by a two-parameter
Weibull distribution. The probability density function (PDF) is given as

fo,(u) = % (ﬁ%) aU?leXp [— (ﬁ%) aU] (6.21)
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where, ay and Sy are the shape and scale parameters respectively, and u is the wind
speed.

The conditional distribution of Hy is given as a two-parameter Weibull distribution

hlu) = — | — exp |[— [ =— 6.22
Fiea () Bu (51{) P Bu (6.22)
where, ay and By are the shape and scale parameters of the Weibull distribution

respectively, given as

ag = a; + au®

(6.23)
Br = by + byu

where, aq, as, as, by, by and b3 are the distribution parameters estimated from non-
linear curve fitting to the raw data. For details please refer (Li, Gao, and Moan, 2015).
And lastly, the conditional distribution of 7, given H; is approximated by a log-

normal distribution given as

Foo . (ER) = \/z_%mexp [_% (“‘“L_T—“T> ] (6.24)

where, pr and or are the mean and standard deviation of In(¢). To describe the

conditionality of T}, on Hy, ur and 0% are estimated as

pr = ¢ + ch®

(6.25)
O'% = dl + dQ exp(dgh)

where, c¢1, ¢o, c3, di, do and d3 are parameters estimated from non-linear curve fitting
of the raw data. For more details refer (Li, Gao, and Moan, 2015).

The data used in this study corresponds to site number 14 from (Li, Gao, and
Moan, 2015). The name of the site is Norway 5 and it is situated in the North Sea
at a water depth of 100 m to 200 m which is ideal for spar-type floating offshore wind

turbines. The parameters used in the study are summarized in Table 6.1.

6.3 Results

The performance of the controller has been evaluated using two approaches. A short

term evaluation is based on time history analysis of single load cases and long term
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Table 6.1: Joint probability distribution parameters

Distribution Parameter Associated Equation Value
6.21 2.029
Marginal U, v
By 6.21 8.920
a 6.23 2.136
sy 6.23 0.013
6.23 1.709
Conditional H, on U, 4
b 6.23 1.816
by 6.23 0.024
bs 6.23 1.787
1 6.25 1.886
o 6.25 0.365
6.25 0.312
Conditional T}, on Hy e
d; 6.25 0.001
dy 6.25 0.105
ds 6.25 -0.264
0.1
0.08 r
20.06
E
3
o
a 0.04
0.02
o | L
0 5 10 15 20

Wind Speed (m/s)

Figure 6.7: Marginal probability density function of wind speed

analysis is based on the life time Damage Equivalent Loads (DELs) on the different

structural and mechanical components of the FOWT. For long term DEL evaluation

the probability of occurrence of different met-ocean conditions are described in the

previous section. First, the numerical results for the probability distribution function
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are provided. The marginal distribution of wind speed at the chosen site shown in
Figure 6.7. The conditional distributions of wave height and wave period used in this
study are shown in Figure 6.8 and Figure 6.9 for a few different wind speeds and wave
heights respectively. It is important to note here that the pitch controller is active only
in wind speed region 3 (above rated wind speed).

For short term analysis of the FOW'T responses numerical results of individual load
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cases are presented here. Two load cases are chosen; Load Case 1: wind speed =
12.5 m/s, wave height 3 m and wave period 11 s, and, Load Case 2: wind speed =
14.5 m/s, wave height 3 m and wave period 11 s. The two load cases are selected as
they contributed most to the total probability in equation 6.20. This can be verified
from Figure 6.7, Figure 6.8 and Figure 6.9. The degrees of freedom analysed are rotor
speed, platform pitch and roll, blade out-of-plane and in-plane displacement, tower
fore-aft and side-to-side displacement and the blade pitch angle. The blade pitch angle
is the most important parameter as the controller is designed to minimize blade pitch
actuation or variation of the blade pitch angles. Figure 6.10 through Figure 6.17
compares the proposed NMPC controller against the baseline controller for Load Case
1 & 2. The first thing to note is that the dynamics of the FOWT is not heavily altered
by the NMPC controller compared to the baseline controller. This is because the blade
pitch angle from the NMPC controller is not significantly different from the baseline
controller as shown in Figure 6.17. The objective of the NMPC controller is to minimize
blade actuator without compromising on power tracking while the baseline controller is
design solely for power tracking. It can be observed from the results that the baseline
controller tracks the rated rotor speed with almost minimum blade pitch actuation.
Therefore, the scope of further reduction of blade pitch actuation is limited. However,
further scope of improvement arises from from the fact that unlike the baseline PI
controller the NMPC controller provides an optimal control framework and the NMPC
controller uses a preview of the upstream wind and optimizes the control input based
on information about the future. This information helps the controller to estimate the
current input based on future wind speeds and therefore the oscillations of the blade
pitch angles are reduced. This can be clearly observed in Figure 6.17. The controller
also tracks the rated rotor speed with very good accuracy, specially in Load Case 2
(see Figure 6.16), with reduced pitch actuation.

Among the structural responses of the FOW'T, the proposed NMPC controller con-
siderably reduces the platform pitching motion, the tower fore-aft motion and the
blade out-of-plane motion. This is obvious since these degrees of freedom are included
in the design of the controller. There is a significant reduction in the platform pitching
motion. This is due to the fact that the NMPC controller removes low frequency os-
cillations from the blade pitch angles which would otherwise excite the platform pitch
degree of freedom. This leads to significantly better performance than the baseline
controller.

In the cross-wind direction, the platform rolling motion is slightly reduced. Other
than that, the quantitative behaviour of the blade in-plane motion and tower side-to-

side motion is almost unaffected by the controller. The performance of the controller
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Figure 6.11: Blade in-plane displacement

based on the short term results can be summarized by noting that the proposed NMPC
controller is capable of improving the dynamic responses of the FOWT (rotor speed

tracking and vibration control) with reduced pitch actuation compared to baseline

controller. To compare the two controllers quantitatively the standard deviations of

the different FOWT responses are summarized in Table 6.2. These results also lead to

the same conclusion.

Next, the Damage Equivalent Loads (DELs) on the pitch actuators and the blades
and tower estimated from the use of the proposed NMPC controller are compared
against the baseline controller. The met-ocean parameters are discretized in bins shown
in Table 6.3. This discretization leads to 672 load cases. Standard 600 s time history

results are generated for the different load cases using a sampling rate of 62.5 Hz. The
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Figure 6.13: Tower side-to-side displacement

Rainflow Counting method (Downing and Socie, 1982) is used to estimate the load
cycles from the time histories and then extrapolated using the probability distribution
to obtain the lifetime cycle counts. The DELSs presented in this study are constant
amplitude loads with a frequency of 0.2 Hz. Table 6.4 and Table 6.5 compares the
DELs of the pitch actuator force, the blade flapwise moment and the tower fore-aft
moment. The DELSs for the blade edgewise moment and the tower side-to-side moment
has not been presented as it has been shown in the previously that the controller has
insignificant effect on these two responses. Table 6.4 and Table 6.5 show the aggregate
and lifetime DELs obtained from the two controller. It can be observed that the
proposed NMPC controller offers a reduction of 6-8% in fatigue loads over the baseline

controller.
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Figure 6.15: Platform roll

6.4 Conclusions

In this chapter a new individual blade pitch control strategy is proposed that optimizes

blade pitch actuator demand. The aim of the controller is to minimize blade pitch actu-

ation while maintaining/improving the tracking of the rated rotor speed and mitigating

structural vibrations of the FOWT. The controller is derived under the mathematically

optimal framework of the Non-linear Model Predictive Control (NMPC). The preview
of the inflow wind to the FOWT is assumed to be available from LIDAR measure-
ments. The details of the working of a nacelle mounted LIDAR is beyond the scope of

the study and specialized literature has been referred. The proposed NMPC controller

is compared against the existing baseline controller and the results the presented in two
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Figure 6.17: Blade pitch angle

forms. First, short term results based on time history analysis of single load cases were
presented. The results showed that the proposed controller in capable of reducing pitch
actuation below the baseline level while improving tracking of rated rotor speed. It
was also shown that the controller is capable of reducing blade out-of-plane vibrations,
tower fore-aft vibrations and platform pitch motion considerably. This structural re-
sponse reduction will improve the dynamic response of the FOWT and hence improve
performance.

Assessment of long term fatigue loads showed that the proposed NMPC controller
is capable of reducing aggregate and lifetime DELSs on the pitch actuators, the blades
in the out-of-plane direction and the tower in the fore-aft direction by 6-8% over the

existing baseline controller. These results clearly show that the proposed controller is



Chapter 6. Optimizing blade pitch actuation using Nonlinear Model Predictive

122
Control
Table 6.2: Standard deviation of wind turbine responses
Baseline NMPC Reduction (%)
Parameter
LC #1 LC #2 LC#1 LC#2 LC#1 LC #2
Rotor speed (rpm) 0.816 0.770 0.824 0.620 -0.98  19.48
Platform pitch (degree) 1.102  1.154 0.893 0.838 18.95  27.38
Platform roll (degree) 0.167  0.131  0.158  0.120 5.38 8.39
Blade pitch angle (degree) 3.271  2.248  3.042  1.956 7.00 12.99
Blade out-of-plane(m) 1.127 0964  1.069  0.859 5.14 10.89
Blade in-plane (m) 0.395 0.410 0.394 0.405 0.25 1.22
Tower fore-aft (m) 0.101  0.099  0.090 0.082  10.89  17.17
Tower side-to-side (m) 0.019  0.014 0.020 0.014  -5.26 0.00
Table 6.3: Bin ranges and widths for met-ocean parameters
Parameter Bin width Bin range
Wind speed (m/s) 2 11-25
Significant wave height (m) 1 0-8
Peak spectral period (s) 2 0-27
Table 6.4: Aggregate Damage Equivalent Loads (DELS) on structural
and mechanical components
Component forces/moments Baseline ~ NMPC  Reduction (%)
Pitch Actuator force (kN) 3.65E+04 3.36E-+04 7.9
Blade root flapwise bending moment (kNm) 1.27E403 1.19E+403 6.3
Tower base fore-aft bending moment (kNm) 2.58E+4+04 2.38E+404 7.7
Table 6.5: Lifetime Damage Equivalent Loads (DELS) on structural and
mechanical components
Component forces/moments Baseline ~ NMPC  Reduction (%)
Pitch Actuator force (kN) 3.62E+04 3.37TE-+04 7.2
Blade root flapwise bending moment (kNm) 1.23E+03 1.16E+03 6.1
Tower base fore-aft bending moment (kNm) 2.61E4+04 2.40E+404 7.8

better that the existing baseline controller and has promising applications in vibration
mitigation and fatigue load reduction in both structural and mechanical components

of the wind turbine.
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It is important to mention here unlike the controllers proposed in the previous two
chapters the controller proposed in this chapter is non-linear and hence stability anal-
ysis becomes an important part of the design. Classical stability analysis has not been
performed for the proposed NMPC controller, however, stability is analysed/verified
by numerical simulation of various met-ocean conditions encompassing the entire the
wind-wave loading scenario. It has been shown that the controller performs well under

every different condition and it is concluded that the proposed controller is stable.
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Chapter 7

Conclusions and future works

7.1 Summary and conclusion

Any new technology is primarily driven by cost. For offshore wind technology to com-
pete with other forms of energy, innovations are required to bring down the Levelized
Cost of Energy (LCOE). As introduced in Chapter 1, the LCOE of offshore wind can be
reduced from innovations in construction and installation, operation and maintenance
and improvements in capacity factor. As pointed out in Chapter 1 the biggest scope
of cost reduction is in construction and installation. However, further cost reduction
is possible by improving reliability and capacity factor of the wind turbines. The work
presented in this thesis proposes innovations that aim to reduce operation and main-
tenance costs and improve capacity factor of wind turbines (hence wind farms). The
various pitch control strategies proposed in this thesis are designed to reduce aerody-
namic loads on wind turbine components and hence, have potential to increase design
lifetime of the turbine components. Pitch control strategies are also proposed to im-
prove power regulation of the turbines. This can improve power output of the entire
wind farm hence improving capacity factor of the farm. Both of which can ultimately
lead to reduction in the LCOE but as mention in Chapter 1 the estimation of the
reduced LCOE is not in the scope of this thesis. A comprehensive dynamic model of a
floating offshore wind turbine has been derived and different individual blade pitch con-
trol strategies have been proposed and investigated. The contributions of the different
chapters are now summarized.

In Chapter 3, a flexible multi-body dynamic model of a spar-type floating offshore
wind turbine has been derived following Kane’s method. The advantages of using
Kane’s method over the traditional methods, like the Euler-Lagrangian energy formu-
lation, has been discussed. The chapter provides a detailed step by step procedure
for deriving the equations of motion of a dynamic system using Kane’s method. The

powerful vector approach brought by Kane’s method has been demonstrated and it has
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been shown that closed form equations of motion are not required and the equations
of motion can be directly solved by a computer. This feature is extremely useful as
it allows one to model complicated systems with relative ease without the need for
manual manipulation of long analytical equations. This feature has been used here to
derive a high fidelity model of the FOWT. Chapter 3 also shows how simple it is to
extend the model to install an auxiliary device to the existing wind turbine. It has
been shown that the contribution of the device can be superimposed onto the equa-
tion of motion of the turbine to obtain the coupled equation of motion. These facts
demonstrate the advantages of Kane’s method over the traditional Euler-Lagrangian
method. The requirement for a high fidelity model has also been investigated in this
chapter. It has been shown that reduced order models are unable to capture the side-
to-side dynamics of onshore wind turbines and hence in-plane motion of offshore wind
turbines. This emphasises the need for high-fidelity models for numerical analysis of
offshore wind turbines. In Chapter 4 through to Chapter 6 the different individual
blade pitch control strategies proposed in this thesis are presented.

A wavelet-LQR based individual blade pitch controller has been proposed in Chap-
ter 4. The control algorithm was designed with the primary aim of reducing aerody-
namic loads on the wind turbine. As demonstrated in the chapter, the wavelet-LQR
is capable of assigning frequency band dependent controller gains that leads to a time-
varying controller. This time-varying nature of the controller has been used to design
the individual blade pitch controller with an emphasis on mitigating the 1P loads on
the turbine. The results presented in the chapter show that the proposed controller
is extremely effective in reducing aerodynamic loads which leads to reduced blade,
tower and platform motion of the FOWT. Comparison against the baseline controller
and a classical LQ regulator show that the proposed wavelet-LQR is better than both.
However, on the downside it has been reported that the aerodynamic load reduction
is obtained at a cost of increased power output variability. This is due to the fact that
power tracking is not a design objective of the controller. However, it has been shown
that the degradation in power tracking is not significant and it has been argued that
individual wind turbine power variability will be less important as an offshore wind
turbine will almost certainly be situated in a large wind farm and the total output of
the farm will be predominantly dictated by the spatial and temporal variations of the
farm rather than the variability of a single turbine. Hence, this increase in individual
wind turbine power variability is judged to be acceptable considering the promising
reduction in structural loads. This trade-off between structural response mitigation
and rotor speed regulation can prove to be beneficial in extending the design life of the

wind turbine components.
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As observed in Chapter 4, the proposed controller led to a degradation in power
tracking. This motivated the design of the new controller proposed in Chapter 5. The
individual blade pitch controller proposed in this chapter is an intelligent combination
of a simple PI (proportional-integral) controller and a simple LQ regulator aimed to
simultaneously alleviate structural loads on the turbine and regulate power production.
The novelty of this control strategy lies in the fact that it is capable of fulfilling two
competitive objectives. Excellent performance, both in the sense of mitigated turbine
vibrations and improved power tracking has been reported. The performance of the
controller is better than any other controller available in literature and the controller
is even capable of reducing platform motion. However, this improved performance is
achieved at a cost of increased blade pitch actuation. In turbines with reliable blade
pitch actuators the proposed control strategy can immensely improve the dynamic
behaviour and power output of the turbine.

However, with the existing pitch systems, using control strategies that increase pitch
actuation may lead to increased downtime of the turbines. Also, as wind turbines are
being continuously up-scaled, overuse of pitch actuators will only compound this prob-
lem. A solution to this problem is innovations in pitch system to improve their reliabil-
ity. Another solution is to develop new control strategies that reduce pitch actuation,
without deteriorating the performance of the FOW'T. In Chapter 6 this problem is ad-
dressed by proposing a new control strategy that optimizes blade pitch actuation. The
aim of the controller is to minimize blade pitch actuation while maintaining/improving
tracking of rated rotor speed and mitigating structural vibrations. The controller is
derived under the mathematically optimal framework of Non-linear Model Predictive
Control (NMPC). The preview of the inflow wind is assumed to be available from LI-
DAR measurements. Numerical evaluation of the controller performance showed that
the controller is capable of reducing pitch actuation while improving tracking of rated
rotor speed. Further improvements in the form of reduced blade out-of-plane vibra-
tion, tower fore-aft vibrations and platform pitching motion are also obtained. The
proposed NMPC controller is capable of reducing aggregate and lifetime DELs (Dam-
age Equivalent Loads) on the pitch actuators, the blades in the out-of-plane direction
and the tower in the fore-aft direction by 6-8% over the existing baseline controller.
These results clearly show that the proposed controller is better than the existing base-
line controller and has promising applications in vibration mitigation and fatigue load

reduction in both structural and mechanical components of the wind turbine.
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7.2 Future works

Based on the research carried out in this thesis certain areas have been identified
that require further investigation either because the area has been unexplored or the
literature available on the topic is sparse. These areas primarily focus on the dynamics
and control of floating offshore wind turbines. These areas are listed below in no

particular order of priority.

e The various individual pitch control strategies proposed in this thesis all depend
on the availability of measurements. Although sensors are commonly placed
on all wind turbines and some information is readily available, the complete
information required by the controllers is not available. Measurements of the
structural response is generally not available. Additionally, measurements of
displacements and velocities are difficult to measure. Commonly accelerometers
are used to measure the accelerations of the different structural components and
displacements and velocities are estimated by an observer such as the Kalman
filter. Hence, one of the most important future works is the development of
a Kalman filter (or any other type of observer) that is capable of accurately

estimating the displacements are velocities from the acceleration measurements.

e With all numerical tools developed, an important next step is experimental ver-
ification of the numerical algorithms. Experimental verification of this type is
complicated as availability of full scale FOWTs for field tests is rather expensive.
However, this is essential and should be considered in future work. To start with,
small scale wind turbines available for field tests may be used before deployment

on actual full scale turbines.

e In the direction of detailed, holistic dynamic modelling of the FOWT the dy-
namic model of the FOWT must be coupled with the generator and grid dy-
namics. Basu, Staino, and Basu, 2014 investigated the impact of grid faults on
the dynamics of onshore wind turbines. The authors, through numerical inves-
tigation, showed that electrical disturbances have a significant impact on the
mechanical /structural vibrations of the turbine. Voltage sags may lead to severe
vibrations that may compromise safe operation of the overall plant. Further,
the authors investigated the use of flexible alternating current transmission sys-
tems (FACTS) devices to suppress the effect of electrical fault-induced vibrations.
These types of grid-induced vibrations can be expected to be significant in float-

ing offshore wind turbines as much as in onshore wind turbines. Therefore, it
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is important to couple the electrical and mechanical sub-systems of the wind

turbine and study its dynamics in the context of the wind farm and the grid.

e Wind turbines located in the inner grids of a wind farm will be subjected to
the wake of the upwind turbine. Wakes in general increase the turbulence in
the wind. The formation of these wakes, the increased atmospheric turbulence
and its effects on the dynamics of the wind turbine must be investigated. The
increased turbulence will potentially increase fatigue loads on the wind turbines.
Usually the effect of wakes is studied experimentally or using computational
fluid dynamics (CEFD) tools. Therefore, the wind turbine must be coupled with
CFD tools to investigate its dynamics under different atmospheric conditions and

evaluate the performance of the proposed control strategies.

e The effect of vorticity in presence of ocean currents can generate complex fluid
motion (Basu, 2016, 2019). The dynamics of the spar can be significantly af-
fected by the presence of vorticity (Carlson and Modarres-Sadeghi, 2018; Gab-
bai and Benaroya, 2005; Irani and Finn, 2004) which requires further investiga-
tion. Vortex-induced motion of spar-type FOWTs were studied by (Carlson and
Modarres-Sadeghi, 2018; Duan, Hu, and Wang, 2016). It was shown that the
lock-in phenomenon occurs first in the cross-flow direction followed by the in-line
direction. In the absence of wind loads, the oscillation amplitudes of all wind tur-
bine responses increases significantly with increasing current velocity, especially
after locking-in. The phenomenon of lock-in happens when the vortex shedding
frequency becomes close to a natural frequency of vibration of the structure.
When this happens large and damaging vibrations can result. Wind load has a
clear suppression effect on cross-flow and in-line vortex induced motions. It was
concluded by (Carlson and Modarres-Sadeghi, 2018) that in the presence of wind
loads, the effect of current is limited to the yaw and the in-line bending moment

of the tower.

However, literature available on this topic is rather sparse and substantial contri-
bution needs to be made on this topic both in studying the dynamics and control

of vortex-induced-motions in spar-type FOWTs.

e In Chapter 6 a non-linear model predictive controller has been used to design
an individual blade pitch controller. As has been mentioned in the chapter the
NMPC algorithm offers a mathematically optimal control framework. This strat-
egy can be extended further to optimize the design and operation of the entire

wind farm. The potential of LIDAR measurements has not been investigated
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extensively in this thesis. A NMPC controller combined with LIDAR-SODAR
wind-wave measurements has the potential of greatly optimizing the long-term
as well extreme event performance of the turbines. Investigation into optimized
control algorithms is recommended. These control algorithms will be generally
dictated by design requirements and innovative algorithms can help in optimizing

the design.

A wind turbine is almost always situated in a wind farm. The supervisory wind
farm control can have different types of architecture like centralized, distributed
or cascade control approach. Nevertheless, the wind farm control sends reference
inputs to the individual turbines. In certain situations it may be required for a
wind turbine to track a reference power output. An example of such situation
is power derating to maximize power output of the farm. Therefore, control
strategies need to be developed that are capable of simultaneously tracking a
reference power and minimizing fatigue loads on the turbine. It is important to
note here that the baseline controller is designed to tracked rated power and is

not capable of tracking a reference power.
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Appendix A

Kinematic and kinetic description of

the floating offshore wind turbine

This chapter describes the coordinates systems, the kinematic and the kinetics of the
floating offshore wind turbine. The various quantities defined in this chapter facilitates

the development of the equations of motion of the complete non-linear system.

A.1 Coordinate systems

A set of inertial coordinate system 2 is fixed to the earth. Then, a set of coordinate sys-

tem is attached to the base of the tower. The transformation relation can be obtained

as
&1 21
as | =To(0h =qr,02 =qy,05 = —qp) | 22 (A.1)
&,3 23

where, qr, gy and ¢p are the roll, yaw and pitch degrees of freedom of the platform
respectively. The tower element fixed coordinate system along the height of the tower

can be obtained from the elastic deformation of the tower as

fl(h) &1
ta(h) | = To( = Oss(h), 02 = 0,05 = —Opa(h)) [ as (A.2)
£3<h> &3

where, 0ss(h) and 04 (h) are the tower rotations in the side-to-side and fore-aft direc-
tions respectively at various sections along the height of the tower. Here, the torsion

of the tower is neglected. Next, the tower top/base plate coordinate system is defined
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as
51 &1
by | = To (61 = Oss(TwrHL), 05 = 0,05 = —0pa(TwrHt)) | és (A.3)
bs as

where, Twr Ht is the flexural height of the tower. The nacelle yaw coordinate system

is rotated about by by the yaw angle gyq, of the nacelle.

d, co8(qyaw) 0 —sin(gyaw) b,
d, | = 0 1 0 by (A.4)
ci3 sin(qyaw) 0 cos(Gyaw) 53

The low-speed-shaft is often tilted and sometimes skewed with respect to the tower

top. The coordinate system attached to the shaft can be given as

é1 cos(S9) cos(ST)  sin(ST) —sin(SS) cos(ST)| [ds
éx | = | —cos(S9)sin(ST) cos(ST)  sin(SS)sin(ST) d, (A.5)
é3 sin(SS) 0 cos(S.9) ds

where SS and ST denotes shaft-skew and shaft-tilt angles respectively. The azimuth
coordinate system is also attached to the low speed shaft but rotates with the rotor is

defined next as

é1 1 0 0 ¢
é2 =10 COS(qD'I‘TT + QGeAz> Sin(QDrTr + QGeAz) 62 (A6)
é3 0 — Sin(QDrTr + quAz) COS<QDTTT + QGeAz) é3

The rotation angle is summation of the generator azimuth angle (ggea.) and the tor-

sional rotation of the drive train (¢p,r,). The coordinate system for blade 1 is given

as
gBt 1 0 0 é1
g2r | = |0 cos(m/2) —sin(n/2)| | é2 (A7)
gPt 0 sin(7/2) cos(m/2) és

When blade 1 is pointing up, blade 3 is ahead of blade 2 and blade 2 is ahead of blade
1, and the blades are set 120° degrees apart. Thus the blade coordinate systems of
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blade 2 and 3 are given as

g8 1 0 0 &
gBl' | = |0 cos(m/2+2m/3) —sin(r/2+27/3)| | é2 (A.8)
gt 0 sin(n/2+27/3) cos(m/2+ 2m/3) és

g8 1 0 0 &
g3l | = |0 cos(n/2+4m/3) —sin(r/2+47/3)| | é2 (A.9)
g&t 0 sin(n/2+4n/3) cos(m/2+ 4m/3) és

Next, the blade coned coordinate system is defined as

11 cos(PreCone(1)) 0 —sin(PreCone(1))| [gB!
B = 0 1 0 g5t (A.10)
151 sin(PreCone(1)) 0  cos(PreCone(1)) gPt

The coned coordinate system for blade 2 and 3 can be defined similarly. The blade

pitched coordinate system is defined as

~B1

g8 cos(BIPit(1)) —sin(BlPit(1)) 0| [
381 | = |sin(BIPit(1)) cos(BIPit(1)) 0] | 25! (A.11)
38 0 0 1] \&ft

Where, BlPit is a vector of blade pitch angles. Again, the pitched coordinate system
for blades 2 and 3 can be defined similarly. The blade coordinate system aligned to

the local structural axes are defined as

B(r) cos(0PY(r)) —sin(0P'(r)) 0] (3B
IB1(r) | = |sin(0P'(r))  cos(0P(r)) 0] | 781 (A.12)
B(r) 0 0 1] \g8

Here, 65 (r) is the structural twist angle of blade 1. The equations of IB2(r) and IB3(r)

are similar. The blade element fixed coordinate system is given as

npt(r) ifl(r)
B (r) | = To(61 = 0,,0. = 60,,65 =0) | IB*(r) (A.13)

g’ (r) I (r)
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The definition for 6, and 6, are blade rotations in in-plane and out-of-plane direc-
tions respectively. The element fixed coordinate system for determining and returning

aerodynamic loads are given as

mP(r) cos(BIPit(1) + 08 (r))  sin(BlLPit(1) + 6051(r)) 0] [ABL(r)

mPl(r) | = | —sin(BIPit(1) + 05'(r)) cos(BIPit(1) + 0 (r)) 0| | A8 (r)

mP(r) 0 0 1| \AS(r)
(A.14)

The equations for mP2(r) and mB3(r) are similar. When the blades are not deflected

this coordinate system is coincident with 25?1,

A.2 Kinematics

The kinematics of the FOW'T, or in other words the important points on the turbine

that describe the motion of the turbine is provided in this section.

A.2.1 Position vectors
The position vectors of the various points are listed in this section. The position vector
of the tower base (reference point) is given as

77 = sqZ1 + quoZa — Gsuis (A.15)

The position vector of the center of gravity of the platform (Y') from the tower base

(Z) is given as

rZY = (PtfmCMzt — PtfmRefzt)a, (A.16)

P = [61TA () grpan + 07 ()areaz] @1+ [h— 0.5(SHA (1) pa
+ STEAR)GE sy + 25T (D) qrrarqrras + ST (R)q2gg, + Sis S (R)q2gg0

+ QS;FQSS(h)QT551QTSS2)} az + [01°°(h)arssi + ¢3 " (h)arss2] s
(A17)
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where, T4, ¢pTFA ¢T95 and ¢1'9% are the first two mode shapes of the tower in fore-aft

and side-to-side directions respectively. And

h d¢«TFA(h') d(;STFA(h’)
TFA(pY _ i J ! i
Si “(h) = /0 [ T T dn’ for i,j=1,2 (A.18)
h d¢TSS(h/) d(bTSS(h/)
TSS (1) — i J " for i.j = Al
Si;77 (h) /0 [ T Y dn' for i,j=1,2 (A.19)

where, SLF4(r) and S};%%(r) are symmetric. The position vector for tower top/base-

plate from the base of the tower is given as

170 =[grra1 + qrras] @1 + [TUJTHt = 0.5(Su(TwrHt) ™ qgp 41+

SQTQFA(Tw'r’Ht)q%FA2 + 251T2FA(Tert)qTFA1qTFA2+

SﬂSS(TU”Ht)Q%Sﬂ + Sgss(Tert)Q%ssz"‘ 20
2515 (TwrH t)(]TSSIQTSSQ)] s + [qrss1 + qrsse] as
Position vector from tower-top to nacelle center of mass is given as
rOU = NacCMandy, + NacCMznds + NacMyncig (A.21)
Position vector from tower-top to apex of coning angle is given as
r99 = OverHangé; + Twr2Shftds — Yaw2Sh ftds (A.22)
Position vector from apex of coning angle to hub center of mass is given as
rQC = HubCMé, (A.23)

Position vector from apex of coning angle to blade element node for blade 1 is given

as

r5t = [Qbfl(T)Qmm + 65 (r)gpire + ¢3BI(T)QB1E1} 3{31 + [¢131(T)QB1F1
+ ¢QBI(7’>QB1F2 +¢§1(T)QB1E1} 351 + [7" + HubRad — 0.5 (Sﬁl (T)Q?BIFI A24)
.24
+ St (1) gire + S5 (M) apie + 2515 (1) aB1F19B1 P2

+280 (r)asir1apie + 253 (T)QB1F2QB1E1) ]39{31
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where,

r B1 doB1t B1 duyBl
551 (T) B / [d(béT’(r) QS(Jir’(T) + dw(lir’(r) ¢(Jir/(r)] dr’ for 1,7=1,2,3 (A'25)
0

and SJ'(r) = SH'(r). In the above equation ¢P'', ¢F!, ¢!, ¢P', F! and ¢§" are the

twisted mode shapes that can be obtained as

r r’ d2 B1F (.11
B1(y) /0 { /0 T i) >cos<efl(r">)dr"}dr' (A.26)

dr”2

:/ { o il )cos(efl(r”))dr"}dr’ (A.27)

d7’”2

0
Bl(p) = — /T {/T % sin(@fl(r”))dr"} dr’ (A.29)
0 0

r a2 BlF(T//)
Blr) = —/ / Wsin(@fl(r”))dr” dr’ (A.30)
o |Jo

r ™ A2 HBLE (1
Plr) = /0 { /0 —ﬁﬂ&(r >cos(¢9§1(r”))dr”}dr' (A.31)

QS2 QS3

Equations for r and r are similar.

A.2.2 Angular velocities

The angular velocity of the base of the tower in the inertial (Earth) reference frame is

PwX = Gr21 + Gv22 — Gp2s (A.32)
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Angular velocity of tower node in inertial frame of reference assuming small rotation

angles is given as

d TSS h d TSS h d TFA h
BoF(h) = PuwX + [Qﬁl—()éﬁsm + %—()Q'Tssz} Gy — [Qﬁl—()qTFAl
dh dh dh
TFA (A.33)
g, drraz|as
Angular velocity of tower-top/base-plate in inertial reference frame is
d 7SS h . d TSS h . R
Pl = FoX 4 %T() qrssi + %TU QTS.S'2] ax
h=TwrHt h=TwrHt (A34)
awrtm| gt T
J— e —— e a
dh drrAl dh drrAz| as
h=TwrHt h=TwrHt
Angular velocity of nacelle in inertial reference frame
BN = BB 4 yawds (A.35)
Angular velocity of low speed shaft at the rotor end in inertial reference frame
EwL = EwN + QDrTrél + QGeAzél (A36)

Angular velocity of an element of blade 1 fixed at a distance r from the root of the

blade is given as

dBl’l", dBlT', dBlT, -
FwMl(r) =Fuwl — { wiﬁ( )(]BlFl + w?jr( )QBlFZ w2r< )QB1E1:| i

(A.37)

dB(r) | dB(r) doB(r) N
- 4 ()QB1F1+ ¢ ()QB1F2+ 05 ()QBlEl .7231
dr dr dr

The angular velocities of blades 2 w™?(r), and blade 3 FwM3(r) can be found simi-
larly. The generator is connected to the high speed shaft which may or may not rotate
in the opposite direction of the low speed shaft and since ggea. represents the position
of the low speed shaft near the entrance of the gearbox, the angular velocity of the

generator is given as

BwC = BN + GenDir.GBRatio.4ceas 1 (A.38)
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where, G B Ratio is the gear box ratio and

. —1 for Gear Box Reverse = True
GenDir = (A.39)
1 for Gear Box Reverse = False

A.2.3 Linear Velocities

In this section the linear velocities of all important points of the wind turbine are

described. The linear velocity of the tower base can be given as

Fo? = (5421 + GuoZa — Gsuw?s (A.40)

Linear velocity of tower element in inertial reference frame can be obtained from one

point moving on a rigid body formula (Kane and Levinson, 1985)

EyT(h) = PvZ 4+ BoT (h) + XoT (h)

(A.41)
= BpZ + BuX(h) x rZT (h) + X" (h)

where EvT denotes the velocity in E of the point T of X that coincides with T at the

instant under consideration. In the above equation X7 is given as

XoT(h) = [¢1 " (R)drrar + ¢ " (R)drraz] @1 — [SlTlFA(h)QTFm(]TFm

+ 535 A(R)qrrazirraz + Si5 () (QTFAMTFAQ + QTFA1QTFA2>
(R)qrssidrssi + Say > (h)qrss2irsse (A.42)
+ S1575(h) <6}T551QT552 + QTSSIQTSSQ>} as + [Qbfss(h)(hs&

( )QTSS2} as

Similarly the velocity of tower top/base plate can be given as

B0 — ByZ | B0 o pnZ0 () 4 X0 (A.43)
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*v? = [Grra1 + Greas) @1 — [SEFA(TWH ) qrrardrral

+ SQTQFA(T?UT Ht)qrraogrraz + SlTQFA(TwT Ht) <QTFA19TFA2
(A.44)
+ QTFAquFA2> + ST (Twr Ht)qrssiqrss: + Sag > (Twr Ht)qrssaqrsss

+ SIS (Twr Ht) <C}T531QT352 + qusﬂiTssz)] a2 + [grss1 + drsse) as

The linear velocity of the nacelle center of mass can be obtained from two points fixed

on a rigid body formula as (Kane and Levinson, 1985)

BylU = B0 4 BN x pOU (A.45)

The linear velocity of apex of the coning angle is given as

BpQ = ByO Bl x p0O€Q (A.46)
The linear velocity of center of mass of hub can be given as

BpC = ByQ Bl x pQC€ (A.AT7)

Finally, the linear velocity of blade 1 element at a distance r from the root of the blade

is given as
EySi(r) = EyQ 4 Byl x pQ@S1 | LyS1(p) (A.48)
where,

Lot (r) = [¢7 (r)dsim + 05 qpire + 03 dp1p1] e+ [Tﬁfl(r)dmm
+ %quBmz + ¢§91€?B1E1] 32Bl =+ [Sﬁl (r)gsimdpim + 52321 (1)qB1F2dB1F2
+ 53%1 (r)gppdBim + Sﬁl <QB1F1QB1F2 + QB1F1431F2)
Bl - . Bl -
+ 513 <QB1FIQB1E1 + QB1F1QB1E1> + 523 (QB1F2C]B1E1
+ QB1F2QB1E1>]39?1

(A.49)

The linear velocities for blade 2, Pv5%(r) and blade 3, FvS3(r) can be obtained simi-

larly.
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A.2.4 Partial Angular Velocities

According to (Kane and Levinson, 1985) all linear velocities can be written as a com-

bination of the partial velocities as

BuNi(g, q,t) ZE Ni(g, e + FwlVe(g,t) (A.50)

for each rigid body N; in the system. Where PwXNi(q,t) are the partial angular veloc-
ities. wu, are called generalized speeds according to (Kane and Levinson, 1985) and in
general their choice is arbitrary and it brings the linear velocities in A.2.2 and A.2.3
into particular advantageous form. Fw!V contains the terms that do not fall into the
linear superposition form. Here, time derivatives of the DOFs in equation 3.1 are cho-
sen as the generalized speeds (i.e. u, = ¢.). This choice of generalized speeds makes
renders all the £wNi(¢,t) terms are zeros as will be shown. Following equation A.32

the partial angular velocities for the platform can be given as

Z1 forr=R
—2%23 forr=P

2o forr=Y (A.51)

otherwise

The partial angular velocities for a tower element at a height A from the base of the

tower is given as

( —d TFA h
—gb1 ( )d3 forr=TFAl

dh
w&l for r =TSS51
WP (h) = PuwX + %f:(h)% for r — TF A2 (A.52)
dch;Z( )a1 for 1 — T'S.S9
0 otherwise
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Partial angular velocities for tower-top /base-plate can be given as

.

—dof
_ as forr=TFAl
dh h=TwrHt
d TSS
(Zlh a, for r =TSS51
h=TwrHt
BB _ B X | ) TFA
" " % as forr=TFA2
h=TwrHt
do}ss
a; forr =T552
dh h=TwrHt
\O otherwise

EoP =0

Partial angular velocities for nacelle can be given as

T

dy for r = yaw
BN =Bl 4
0  otherwise

EoN =0
Partial angular velocities for low speed shaft can be given as

¢, forr =GeAz
E L _E, N A
w, ="w, +q¢ forr=Drlr

0  otherwise

Partial angular velocities for blade 1 element can be given as

( Ay (r) deB(r) -
- iir Jfl ilr _7231 for r = B1F1
dwfl(r) %B d 3])31(7’> B
BoMpy =Byl 4 L dr .
A3 (r) - doB(r) -
_il—rjfl—i_il—r 231 for r = B1F2
0 otherwise

\

(A.53)

(A.54)

(A.55)

(A.56)
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The equations for PwM?(r) and PwM3(r) are similar. Finally, the partial angular

velocities for the generator is given as

E, G
Wy

5 N GenDir.GBRatio.¢; forr = GeAz
= w’,‘ —I—
0 otherwise (A.57)

Eth:O

A.2.5 Partial Linear Velocities

Similar to A.2.4 the linear velocities of each point X; in the system can be written in

the form

16

FoXi(g,q,t) = Y Foli(q, t)u, + P (g, 1) (A.58)
r=1

where, PvXi(q,t) are the partial linear velocities, u, are the generalized speeds and
E 'th ¢ contains the remaining terms. Again, the choice of generalized speeds u, renders
all the ¥ 'v;X" (q,t) terms as zeros. Following the same approach as the previous section

the partial linear velocities of the tower base can be obtained as

(2, for r = Sg

—25 forr=Sw

29 forr= Hv (A.59)

e
I

otherwise

The partial linear velocities for the platform centre of mass can be obtained as

EoX xr?Y forr=R, P, Y

ByY =EyZ +
0 otherwise (A.60)

E_Z 0
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The partial linear velocities for the tower element can be given as
(6TFA(hYay — [STEA(R)grra + SEA(h)greas] G2 for r = TFA1
195 (h)as — [ST° (R)arss1 + S157%(h)qrsse] @2 for r =TSS1
Fol(h) = S o374 (h)ay — (S5 2(h)arras + S (h)grrai] @2 for r = TFA2
3°%(h)as — [Sys " (h)arsse + Sis % (h)qrssi] @z for r = T'SS2
0 otherwise
Eof(h) =0
(A.61)
Partial linear velocities for tower top
(a1 — [STFA(TwrHE) grear + ST (TwrHE)grpas) g for r = TFA1
as — [SI77(TwrHt)qrss: + Siy ° (TwrHt)qrsss| s  for r = TSS1
EpO =4, — [STFA(TwTHt qrraz + SEFA(T’(UTHt)qTFA]_] ay forr=TFA2
as — [S35 % (TwrHt)qrss: + Siy ° (Twr Ht)qrssi] @2 for r = TSS2
0 otherwise
EpP =0
(A.62)
Partial linear velocities for nacelle center of mass is given as
E, N ou _
B U 0. w, Xr for r =1 to 11
0 otherwise (A.63)
Byl =0
Partial linear velocities for apex of coning angle is given as
E, L oQ —
w, Xr for r =1 to 13
EpQ = FpQ +
0 otherwise (A.64)

Eth:O
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Partial linear velocities for hub center of mass is given as

E, L QC _
BuC _ By w, XTr forr =1 to 13
" 0 otherwise (A.65)
Byl =0

Partial linear velocities for blade 1 element is given as

Posl(r) = Po?

(

Bol x r@5t r=1to 13

vH(r)ai it + @/131(7“)5231 - :51311(7")(1B1F1 + S5 (r)asir

( )(ZB1E1 .7;31 r= B1F1
(T)JBI + ¢Bl( ).72 -Sé’},l(r)qmm + 52331 (1)aB1r2

" ( )QB1F1 .73],31 r= B1E1
gt + 0 (r)gs! [Sszl(T)QBle + S5 (r)asim

( )QBlEl}J;; ! r= B1F2

0 otherwise

(A.66)

Equations for Pv5%(r) and Pv23(r) can be obtained similarly.

A.2.6 Angular Accelerations

For every rigid body N; in the system the angular acceleration can be written as
E,_ Ni(: - BNi( BoNi( B,
i . , . q, A.67
™ (q,4,q.1) E (.t q+§ dt{ (¢,t)}q +dt{ L (a,1)} (A7)

d
Only the &{Ew,{\’i(q, t)} terms are to be derived as all the other terms are known at

this stage. These terms will be named as the partial angular accelerations. The partial
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angular acceleration terms for the tower-base can be obtained as

d
E{Ew,{(} =0 forr=1to22

q (A.68)
E{Ewtx =0
The partial angular acceleration terms for the tower element is given as
d{E F (1)) EoX x BwF(h)=0 forr=1to10
_ wr —
dt 0 otherwise (A.69)

d g F
— h)} =0
S (Pf ()
The partial angular acceleration terms for the tower-top/base-plate is given as

EwoX x BB forr =110 10

S{FwP) =
dt " 0 otherwise
(A.70)
d
E{wa }=0
The partial angular acceleration terms for the nacelle is given as

yaw

d d EwB x BON — for r = yaw
PN} = L{PWP) { ’

otherwise (A.71)
d
&{Ewiv p=0

The partial angular acceleration terms for the low speed shaft is given as

. . EoN x Bwg 4, forr=GeAz
E{Ew,{“} = E{Ew,{v} + PN x Bk . for r = DrTr
(A.72)

0 otherwise

d
E{Eth} =0
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The partial angular acceleration terms for blade element is given as

(Ewl x EoMLt  forr = B1F1

i{Ele} = i{EwL} + Pul x Py forr = B1E1
dt r dt T E L v Ew%]i?z for r — BLF? .
0 otherwise

\

d
a{Ewim} =0

d d
Equations for d—t{Ew,{VI 21 and E{Ew,{mi} can be found similarly. Lastly, the partial

angular acceleration terms for the generator can be given as

WwN x Bw& .. forr=GeAz

E{EwG} — i{EwN} 4 B
dt " dt " 0 otherwise (A.74)

d
E{Ewtc} =0

A.2.7 Linear Accelerations
The linear acceleration of each point X; in the system can be represented as

22

22
d d
@t = 3 Fu o)+ 30 "o @+ " 0.0) (AT5)

r=1

d
The terms E{E vXi} are all vector functions of (¢, ¢, ) and are the only terms needed

d ‘ . N
to be estimated and all terms —{Fv; ¢} are zeros as will be shown. The partial linear

acceleration terms for the platform centre of mass can be obtained as

d EoX x (EwX X ’I"ZY) forr=1to3
—{Fv)} = " !
d 0 otherwise (A.76)

d
E{Evf =0
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The partial linear acceleration terms for the tower element can be given as

.

— [STFA (M) grear + S (B)grras] @z for r = TFAL
[STSS(h)QTSS1 + SITQSS(h)qTSSQ} a, forr=T5S51
jt{E v (W)} = = [S5 A (W)drras + ST (W) drrm] @z for r=TFA2
— [93, %(W)grssz + Sty (h)grssi] @2 for r = TSS2 (A.77)
(0 otherwise

d g 7 _
a{ vy (h)} =0

The partial linear acceleration terms for the tower-top/base-plate can be given as

¢

- SﬂFA (TwTHt)qTFAl

+S£FA(Tert)q'TFA2} s forr=TFAl

- -SﬂSS<Tert)qugl

—i—Sles(Tert)q'Tgsg} ap forr=7TS5S51

d

G Pt = =[S Twr HYdrra

(A.78)
+SszFA(Tert)qTFA1} s forr=TFA2
- [SQTQSS(TwTHt)q'TSSQ

+sgSS(Tert)qT551} s for r = T'SS2

\ 0 otherwise

d
&{EU;T} =0

The partial linear acceleration terms for the nacelle center of mass given as

E{E,UU} _ {E oy 4 dt{E W} x 1Y + Pl x (EWN X TOU) r=1to 11
dt 0 otherwise
d
E{EUE} =0

(A.79)
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The partial linear acceleration terms for the apex of coning angle are given as

d
E{EvQ} — E{EUO} 4 &{wa} x 10? + Fuwl x (E‘-'-’L X TOQ) r=1to 13
« & 0 otherwise
d
&{E’U?} =0
(A.80)

The partial linear acceleration terms for the hub center of mass are given as

d g 1 QC , E L E L QcC
i{Evc}:g{EvQ}_i_ &{ wy b XY+ wT><<w Xr ) r=1to 13
a a 0 otherwise
d
v =0
dt
(A.81)

The partial linear acceleration terms for blade 1 element are given as

d E_.S1 _ d E
S{EuS )} = S {Pu?)

r%{wa} x @51 B« (L,USI(T) L ByL o 7,QSl) =1 to 13
- [51311 (r)dB1r1 + 51321 (r)dB1r1 + 51331(7“)931}91] 3331
+Pwl x Pogip, r = B1F1
+4 - [Sﬁl (r)dp1E1 + Sgl(r)q.BlFl + 52%1 (T)QBlFQ] 33].31
+Pwl x gl r = B1FE1
— [S5'(r)dBire + ST (r)dpiry + S5 (r)p1e1] 32t
+ Bl x Byt o, r = B1F?2
0 otherwise
o) = 0
(A.82)

d d
Equations for &{Evfz(r)} and &{Evfg’(r)} can be obtained similarly.
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A.3 Kinetics

The kinetic of the FOWT and the resulting equations of motion of the wind turbine

system is provided in this section.

A.3.1 Platform

The mass of the platform brings about generalized inertia forces. The generalized active
forces associated with the platform arise from the gravitational forces, hydrostatic
forces, mooring lines and hydrodynamic forces including the effect of added mass. The

generalized inertia forces associated with the platform is given as

FY| = EpY . (—mXPaY) + BuX . (—FHX) (A.83)
or

Fr = EpY o (—m*Fa¥) + FwX - ( IX.BoX _B,X o X CEoX) (A84)
where

X = PtfrmRInera,a, + PtfrmY Inerasas + PtfrmPInerasas (A.85)
Therefore,

F*

T

o=t [ (0 mora) + (X ) )]
" = (A.86)
EX [T (3 Pui) - FeX x TX P

The elements of the system matrices can be obtained as

[M(q, t)]‘X(k:,l) =m*Fv)l Fo)f + Ew,fiXEle for k,l=1t06

=0 otherwise
. d
. _ _  XE Y S E Y. A.87
(@ a.D]] (k) = —m*Eo} [Z —(FoY)gi (A.87)
—Ew,f-(EwaiX-EwX) for k=1to6

=0 otherwise
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where, the indices k, [ are used to denote the row and column respectively of the matrix.
Hydrodynamic and hydrostatic forces contribute to the generalized active forces. These

forces can be written as

F, ddrox BoY  FYyarox + PwX - M} 400x  for 1 to 22 (A.88)

where ngdmx and M}, . are the forces and moments acting at the platform

ydro
center of mass. These forces can be transformed to forces at the base of the wind

turbine as

FI-ZIyd'roX = F}I,ydroX (A89)

and
Y _ Z YZ Z _ VA zZY Z
MHyd'roX - MHydroX +r X FHyd’roX - MHydroX -r X FHyd’roX (Ago)

But since, PvY = FvZ + FwX x rZY | the generalized active forces can be written as

_E_ Z E X zY Z E X VA zYy Z
FT HydroX =" + 7w X : FHydroX + Wy MHydroX -7 X FHydroX

for 1 to 22
(A.91)

This simplifies to

__E_Z zZ E X VA
Fy HydroX = U FHydroX + wr MHydroX for 1 to 22 <A92>
Other than the motion of the liquid the hydrodynamic forces and moments also depend

on the motion of the platform. The forces and moments can be written as

6
FlgydroX = (Z FlgydroXj QJ> + ngdroXt <A93>

i=1
and

6
MI-ZIydroX = (ZngdroXj(j]) + MI-ZIydroXt <A94)

i=1
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Where, ngdmxt and M gydmxt are the hydrodynamic forces and moments that do

not depend of the acceleration of the platform. Thus,

6
Fr HydroX = Uk [(Z FHydToXj qj) + FHydT‘oXt]

i=1

. (A.95)
+ E""v{( : [( Z ngdroxjdj> + Mf,ydmxt] forr =1 to 22
i=1
Finally, the system matrices can be obtained as
[M(qv t)] (k7 l) = _E,Uf ' ngdroxl - Ewli( : ngd'r‘oxl k’l =1to6
HydroX
=0 otherwise
E,Z z E, X z (A.96)
f(Q7q7t) (k) = U - FHyd'r'oXt + Wi - MHyd'roXt k=1t06
HydroX
=0 otherwise

Gravitational force contribute to the generalized active forces on the platform. These

forces can be written as

F, = Fo) « (—m¥g2,) (A.97)

GravX

where, g is acceleration due to gravity. The system matrices can be obtained as

[M(q, t)] vax(k’ [)=0 for all
flaat) (k)= —m*gFvf + 25 k=1to6 (A.98)
=0 otherwise
A.3.2 Tower

The distributed properties of the tower bring about generalized inertia forces and gener-
alized active forces associated with tower mass, elasticity, damping and aerodynamics.

The generalized inertia forces associated with the tower mass can be obtained as

T

TwrHt
= —/ pr(h)EvT(h)-FaT(h)dh—Y BREv? - Ea® forr =1to 4 (A.99)
0
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where, Y BM is the yaw bearing mass. The above equation can be rewritten as

F*

T

T

- /OTert TP () - (ﬁ:Ev;F(h)Qz> + <z4: %{Eva(h)}Qz] dh

4 4
— YBM.E? . [(ZE"%O%> + (Z %{E’vzo}qz] for r =1 to 10
i=1 '

(A.100)
Thus, the elements of the system matrices can be found as
TwrHt
M@t (6D = [ )P () - Pl ()
0
+YBM .Fv? . Ey? for k,1 =1 to 10
=0 otherwise
TwrHt 4 d
(taany| m=— [ wmEeEm - (3 G W) dn
T 0 — t
. d
_ E,O Z[E,00 -
Y BM oS (; = (P }ql> for k =1 to 10
=0 otherwise
(A.101)

Generalized active forces arise from the elasticity and damping of the flexible members.
The generalized elastic forces can be obtained from the potential energy stored in the
member as
ovT
E, =
ElasticT 0,

for r =1 to 10 (A.102)

r
_kﬂFAQTFAl - k{QFAQTFAQ for k=7

—lefgSCJTSSl - kﬂs Sqrsse  for k=8

{_f<Q7 q7t)} T<k) = _kglFAqTFAl - kg;FAqTFAQ fOI‘ k‘ = 9 (A103>

— kIS5 qres) — ki Aqrsse  for k=10

\ 0 otherwise
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where, k54 and k159 are the generalized stiffness of the tower in the fore-aft and side-

to-side directions respectively when gravitational de-stiffening effects are not included

d2¢?FAd?¢TFA -
7Y d;LQ dh fori,j=1,2

TwrHt
kZ;FA:/ E[TFA<h)
0 (A.104)

TwrHt 2,TSS J24TSS
d*¢; 7° d°¢; o
TSS __ TSS i J _
ki7" = /0 EI">>(h) FYCRRTY dh fori,j=1,2

Using Rayleigh damping technique where the damping is assumed to be proportional
to the stiffness the generalized active forces arising from the damping in the member

can be obtained as

4 CTFA TFA . CTFA TFA .
WQTFAl WQTFAQ for k=7
TSSkTSS . CTSS T2SS .
—WQTSﬂ WQTSS? for k=8
) TRARTFA TEARTFA
{=f(d,q, 1)} T(k) = Clﬂ.fWQTFAl CﬂfWQTFAQ for k =9 (A.105)
(TSSETFA TFATSS
7rfwflmm 7Tfgwq:r’s& for k =10
0 otherwise

\

where (TF4 and (T represents the structural damping ratio of the tower for the
i" mode in the fore-aft and side-to-side direction respectively. And, fIF4 and fI'9
represent the natural frequency of the tower for the i mode of the tower in the fore-
aft and side-to-side directions respectively without the tower-top mass or gravitational

de-stiffening effects. These terms can be obtained as

TFA _ kTFA

fi o mIFA
(A.106)

TSS ki>®

f = o \| mISs
where, mLf4 and mZI5 represents the generalized mass of the tower for i** mode

in fore-aft and side-to-side directions respectively without tower-top mass effects as

follows

0 (A.107)



1Appendix A. Kinematic and kinetic description of the floating offshore wind turbine

Generalized active force arising from gravity acting on the tower is given as

TwrHt
F, . :/ EvT(h) - {—pr(h)g22} dh — Y BM.g.Fv? - 2, for r =1 to 10
ravT 0
(A.108)
Thus,
M(q,t k1) =20 vV k,l
Ma. ]| (kD) 7
) TertE T R

{~f@an}_ & ——/0 k (h) - {nr(h)g22} dh (A.100)

— YBM.g.BvQ - 2, for k=1 to 10

=0 otherwise

Generalized active forces due to aerodynamic loads on the tower can be given as

TwrHt
F, — / [Pl (h) « Faepor(h) + Pwl (h) « M4, op(h)] dh for r =1 to 10
0

(A.110)

AeroT

where, FX_ +(h) and M%_ _.(h) are acrodynamic forces and moments applied on the

tower expressed per unit length. Thus,

[M(q,1)] V k1

(. 1)

AeroT

0
Tert
GmT / )+ Facror(h) (A.111)
+¥

(h) - MAemT(h)] dh  for k=1 to 10

{_f((.L q7

=0 otherwise

A.3.3 Yaw bearing

The yaw spring and damper bring about generalized active forces. The generalized

active force from the yaw spring

—YawSpring.(¢ew — Quaw for r = Yaw
F, - pring.(dye = dyouo) (A.112)

YawSpring 0 otherwise
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where, gyquo is the initial neutral position of the yaw bearing. And the generalized

active force from the yaw damper

—YawDamp.qyq, forr=Yaw

F,. = (A.113)
YawDamp 0 otherwise
Thus, the elements of the system matrices are
M(q,t k.I)=20 vk,
[ (q7 >] Yzszea'r( ’ ) ’
{—f(q,q,t)} (k) = — YawSpring.(¢yaw — Qyawo) — Y awDamp.qye, for k=11
YawBear

=0 otherwise

(A.114)

A.3.4 Nacelle

The rigid lump mass of the nacelle brings about generalized inertia forces and gener-

alized active forces associated with nacelle weight. Generalized inertia forces can be

given as
| =P (—mNEaU> ~EGNLEFN  forp=1to 11 (A.115)
Or,
Er v = E'vff- (—mNEa,U> —Ew,{v- <fN-EaN—|—EwN xiN-EwN) forr=1to 11

(A.116)
where m” is the nacelle mass and the inertia dyadic can be obtained as

= [NacYIner —m” (NacC’Ma:n2 + NacCMynQH dods (A.117)
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using parallel axis theorem. The generalized inertia force can then be written as

e fr{(Eee)- (40
+Ew,{V[—fN. {(;%m& (Zdﬁ wN )} (A.118)

—EwafN-EwN] r=1to11

F*

s

Thus, the elements of the system matrices are

[M(q,t)]‘N(k,l): mNEol Byl 4 wN-iN-EwlN for k,l =1 to 11

=0 otherwise

_ Ly (A.119)
BN —IN. Zld—(waV)qZ
—EwNXiN-EwN] for k=1to 11

=0 otherwise

The generalized active force brought about by the gravitational force is given as

F,

M Bol . (-=mNg2,)  forr=1to 1l (A.120)

Thus, the elements of the system matrices are

[M(q, t)] GmN(k:, )=0 vkl
{~fa,at)}| (k)= Evd o (-mMg2y) fork=1to 11 (A.121)
=0 otherwise
A.3.5 Hub

The rigid lump mass of the hub brings about generalized inertia forces and generalized
active forces associated with the hub weight. Generalized inertia forces are given as
F*

r

WH.PHH forr=1to 13 (A.122)

— ByC. (_mHEaC) _E

H
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Or,
Frl =FpC. (—mHEa,C) ~EuH. (jH-EaH—I—EwH XiH~EwH) for r =1 to 13
! (A.123)
where m! is the hub mass and the inertia dyadic can be given as
" = [Hub[ner - (HubCMQ)} é16, (A.124)

using parallel axis theorem. The generalized inertia force can then be written as

= { (g + (3 e ) |

+ Pyt [ ~17. { <Z wa’q;-> - ( %(waf)qi) } (A.125)

—EwHXfH-EwH] r=1t%to 13

F*

r

Thus, the elements of the system matrices are

[M(q,t)])H(k:,l) =mPEuC Byl 1 B . 1. Bl fork,l=1t07

=0 otherwise

_ (A.126)
Sropr |1 {3t

—EwHXiH-EwH] fork=1to7
=0 otherwise

The generalized active force brought about by the gravitational force is given as

F

=Fol . (-m"g2,) forr=1to13 (A.127)
H
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Thus, the elements of the system matrices are

Mat))| (kD) =0 vk

{—f(q,q,1)} (k) = Pop, - (—m'g2a) for k=1to 13 (A.128)

GravH
=0 otherwise

A.3.6 Blades

In this section the system matrices for blade 1 is derived. The procedure for blades 2
and 3 is similar and is not repeated here. The distributed properties of blade 1 brings
about generalized inertia forces and generalized active forces associated with the blade
mass, elasticity, damping, weight and aerodynamic loads. Generalized inertia forces

associated with the blade mass can be given as

BldLen
Fr . —/ pBr(r)Eust(r) - FaSt(r)dr  forr =1to 16 (A.129)
1 0
Or,
BldLen 16
Bl == e [ZEvfl(r)@
" =t (A.130)
+Z %{E’Ufl(r)}q,] dr forr=1to 16
i=1
Thus, the elements of the system matrices can be found as
BldLen
[M(q, t)]‘B (k1) = / pBL () Eudt (r) - PoPt(r)dr for k,1 =1 to 16
1 0
=0 otherwise
BldLen
(f@an] == a0 (A131)
04
. Z —{ B (r)}g; )dr for k=1 to 16
(3~ 4 eseom)

=0 otherwise
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The generalized elastic forces can be obtained from the potential energy stored in the

member as
oV Bl
E, = forr=1to 16 (A.132)
ElasticB1 aq,

_kﬁlFQBlFl — kﬁquBm for k=14

. — kP qp1m for k=15
{~f(@,a,1)} Elasti Bl(k) - B1F BIF (A.133)

e —ky, " qpire — kyy " qeip1 for k=16

0 otherwise

\

where, k7' and k7' are the generalized stiffness of the blade in the local flapwise
and edgewise directions respectively when gravitational de-stiffening and centrifugal

stiffening effects are not included. These terms can be obtained as

BldLen d2 B1F d2 B1F
kglF — / EIBlF(T) |: gbé . (T):| (bé . (r) dr fOI' Z,] _ ]-7 92
0 r r

BldLen 2 B1E 2
d
kﬁlE:/ EIBlE<r)|: ¢C11 2(7”)} dr
0 r

(A.134)

Using Rayleigh damping technique where the damping is assumed proportional to the
stiffness the generalized active forces arising from the damping in the member can be

obtained as

( B1F . B1F | B1FB1F |

—ﬁ%ﬂm - %%ﬂm for k =14

) —%431& for k =15
{_f(q7 q’ t)} D B1<k) = <B2F%kBlF . CBleBlF . (A135)

amp ——5tt—q4pir2 — *mt—qpir for k=16

7rf2 71—fl

0 otherwise
where (P'¥ and (P'¥ represents the structural damping ratio of the blade in the flap-
wise and edgewise directions respectively. And, 8" and fPE represent the natural

frequency of the blade for the first mode in the flapwise and edgewise directions re-

spectively without the centrifugal stiffening or gravitational de-stiffening effects. These
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terms can be given as

kBlF k,BlF
BIF __ BIF __
T = BIF 2 = BIF
o miy o M
(A.136)
BlE _ kBlE
=
or \| mBLE
where, mEF4 and mZ%S represents the generalized mass of the blade for first two modes

in flapwise and edgewise directions respectively as follows

BldLen 9
mglF :/ uBl(r) [¢f31F(r)] dr fori=1,2
0

BldLen 9 (A137)
mﬁlE = / /LBl(T) [(bflE(r)} dr fori =1
0
Generalized active force arising from gravity acting on the blade is given by
BldLen
F :/ EyS1r) - {—pm (r)g5a} dr for 1 =1 to 16 (A.138)
GravB1 0
Thus, the elements of the system matrices are
[M(q, t)] vaB1<k’l) =0 YV okl
BldLen
taan, == [ Fof0) fum()ga) dh for k=110 16
rav 0
=0 otherwise
(A.139)

Generalized active forces due to aerodynamic loads on the blade can be given as

F,

BldLen
A = / [Evfl( ) FAeroBl(T) + Ewi\/[l( ) MAeroBl( ):| dr forr=1to 16
eroB1 0

(A.140)

where, F51 5. (r) and ML o (r) are aerodynamic forces and pitching moments ap-
plied on the point S1 on the blade receptively expressed per unit length. M2} . (r)
can include effect of both direct aerodynamic pitching moments (i.e. C,,) and aero-
dynamic pitching moments caused by an aerodynamic offset (i.e. moments due to

aerodynamic lift and drag acting at a distance away from the center of mass of the
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blade element along the aerodynamic cord). The system matrices can be obtained as

[M(q, )] (k1) = Yk,

AeroB1

{_f(qa q, )

AeroBl

0
BldLen
E Sl
= Fe'r'o r
b= (1) - Fyom (1) o

+EwM(r) - MY g (r)] dr for k=1to 10
0

otherwise

Similar to blade 1, the distributed properties of blade 2 and blade 3 bring about
generalized inertia forces and generalized active forces associated with blade elastic-

ity, blade damping, blade weight, and aerodynamic loads. The equations for F*

EloLsticB37

9

B2

F*

T

and F,

F,

DampB3

7F’!’

GravB2

r
Elastz’cBQ7 DampBQ7 Gra,vB37 AeroB2

can be found similarly.
AeroB3

A.3.7 Drive-train

The inertia of the drive-train brings about generalized inertia forces and the load in
the generator, high speed shaft brake and the flexibility of the low speed shaft bring
about generalized active forces. Note that it is assumed that the rotor is spinning about
positive ¢ axis. This is a simply gearbox model which assumes that the gearbox rotates
about the shaft axis (i.e. the gear box may not be skewed with respect to the shaft) and
there is no friction between the gears. If there is no gearbox, GBRatio = GenDir = 1.
The mechanical torque within the generator is applied to the high speed shaft equally

and oppositely to the structure that rotates with the rotor, therefore,

El =(Pwf—Puwl)-ME,, forr=1to12 (A.142)
Gen
Thus
ELGe . «MS  forr=GeAz
Fr _ GeAz Gen (A143)
Gen 0 otherwise

where, the mechanical torque can be given as

ME,, = —GenDir.T"(GBRatio.4gea, t)é1 (A.144)
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A positive TE" represents a load (positive power extracted) whereas a negative T¢¢"
represents a motoring-up (negative power extracted, or power input). Thus, the gen-

eralized active forces can be obtained as

—GBRatio. T%"(GBRatio.4gea.,t) for r = GeAz

F| = (A.145)
Gen 0 otherwise
Thus,
[M(q,2)]|  (k,1)=0 V kI
{—f(q,q,t)} ; (k) = —GBRatio.T“"(GBRatio.qgea-,t) for k=12 (A.146)

=0 otherwise

Similarly, the mechanical torque applied to the high-speed shaft from the high-speed
shaft brake is applied equally and oppositely to the structure that rotates with the

rotor. Thus,

E,,G G
Weeas MEBrake forr=GeAz
F, = (A.147)
Brake 0 otherwise

where, M§, ... is the torque applied by the brakes given as
MS§, .. = —GenDir.TPreke(t)é, (A.148)

where, TPre*¢(t) = HSSBrake.(t) is the brake torque represented as a function of
time, HSSBrake is the fully deployed HSS-brake torque and 7(t) is a function of time
that determines the initiation of the brakes and the time of full deployment. The
transnational inertia of the drive-train is to be incorporated into the structure that

rotates with the nacelle, then the high speed shaft generator inertia generalized force

is given as

.= —EOE.EHCG  forr=1to 12 (A.149)
Or,

Fr - —ELe. (iG Bal 4 Byl x IC. EwG> for r =1 to 12 (A.150)
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where, the inertia dyadic can be given as
I€ = Genlneré,é, (A.151)

The generalized inertia force can then be written as

1 1
= d
el — _E G| _TG. Z2E Gy 22_ E &)
= = (A.152)
—BLG xiG-EwG] for r =1 to 12
. A d FE G ~ E N A E N A A~ A~
Since, é1 + — (PWGea,) =~ €1+ (P X é1) = Pw™ + (é1 X é1) = 0 (the first &, comes

o dt
from I¢). This simplifies the equation as

1 1
= d =
| = _E 6. |_F6. 9B G . 12 (B8, _EG y JG . E,G
. wy, [ {(;1 w; G | + g dt( w;™)q w” X w

i=1

(A.153)
Or,
¢ B 1 Ly
— _E, N TG. 2E G 1—(PwM)g;
w, Z; wii | + z;dgc%)q
—Ew,],v- (EwG xiG-EwG> forr=1to5
1
= —GenDir.GenIner.GBRatio{ (Z lequg>
F* = ”
r . =1
. d
1—(FwM)g | ¢+ &1 — GenIner.GBRatio*.jgea-
—l—(; dt< w; )q>} é1 enlner atio”.gea
—GenDir.GBRatioé; - (EwG x I¢ . EwG> for r = GeAz
=0 otherwise

\

(A.154)
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Again, &; - (Pw® X &) = PwC . (&, X &) = 0 (the first & coming from I) | this

simplifies again as follows:

( E N TG 1EG-- 1dEN-

= —Yw, - I7. 22 w; G | + Zla( w; " )d;
i=1 i=1

—El. (EwG x I¢ . EwG> forr=1to 11

1
=< = —GenDir.Gen]ner.GBRatio{ <Z 1EW@NC']2)
i=1

1
d
+ < 5 la(szN)ql) } - &1 — GenlIner.GBRatio® .Gces, forr = GeAz
i=1

= 0 otherwise

(A.155)

The terms associated with DOFs 1 to 11 represents the fact that the rate of change of
angular momentum of the generator can be considered as an additional torque on the
structure that rotates with the nacelle (i.e in addition to the torque on the structure

transmitted from the low speed shaft). Thus, the system matrices are
IM(q, t)]‘G(k, ) = BuS . IC . B for k,1 =1 to 12
=0 otherwise

{_f((% q, t)}‘G(k) = _Ewlf : [jG : {Z dt(Ew'fv)QZ}

_ (A.156)
+FuCG x 1G . B© for k=1to 11

5
:_Ewg.jG. {Z%(wavml} for k =12
=0 otherwise

The elasticity of the low speed shaft brings about generalized active force which can
be obtained from the stored potential energy as
o 8VvDrive

F, = for r =1 to 13 (A.157)
ELasticDrive 0qr
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1
where, Vpyive = §DTT0rSpr.q,23TTT. Hence,

[M(q, t)]

(k,)=0 Ykl (A.158)

DriveTrain

and

—DTTorSpr.qp,r, for k=13
k) = o (A.159)

Drivetrain 0 otherwise

Likewise, the generalized active forces from the damping in the drive-train can be

obtained as

. —DTTorDmp.qp,r, for k=13
{~f(d,a,1)} (k) = (A.160)

Drivetrain 0 otherwise

Here, it must be noted that similar to the HSS brake, the mechanical friction in the
gearbox will exert a torque on the high speed shaft. In this study, the mechanical
friction torque is neglected and it is assumed that the gearbox operates with 100%
efficiency. The final system matrices M(q,t) and —f(q, q,t) are obtained by summing
up the contributions of the different components of the floating offshore wind turbine.
It is worth noting here that terms of M(q,t) and —f(q, q,t) can be evaluated directly
using a computer and a-priori closed form knowledge of equations of motion are not
required. This has particular advantage for complex structures with large number of
components and reference frames which makes the evaluation of closed form equations

practically impossible.

A.4 Kinematics and kinetics of TMD mass

The kinematics and the kinetics of the TMD mass are provided in this section. The
resulting mass matrix and force vector can be superimposed onto the floating wind

turbine system equations to obtain the equations of motion of the coupled system.

A.4.1 Position Vector

The position vector from tower top to the center of mass of the TMD denoted by point
D is defined as

’I“OD = hTMDCiz + qTMDCi3 (A161)
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where, hryp is the vertical distance of the TMD mass center of gravity from tower
top and qryp is the new generalized coordinate that describes the motion of the TMD

mass.

A.4.2 Linear Velocity Vector

The linear velocity vector of the TMD mass is given as
EpDP = B0 L NP L BN o 4OD (A.162)

A.4.3 Partial Linear Velocities

Partial linear velocities of the TMD mass are given as

EoN x 9P forr =1to 11

BpD — By9 1 { d, for r =23
(A.163)
0 otherwise
E'vtD =0

A.4.4 Linear Accelerations

The acceleration of the TMD mass is again written in terms of partial linear acceleration

as

23 23 d
EqP =N EyDj + E(Ev,’?)qr (A.164)
r=1 =1

The partial linear acceleration terms are given as

d

E(Ew,{v) X 1P L BN x (BN x r9P) forr=1to5
d g D d @ o .
o) = (o) BN o dy for r = 17

0 otherwise

(A.165)

A.4.5 Kinetics & Equations of Motion

The TMD will bring about generalized active and inertial forces will can be summed
up with the generalized active and inertial forces of the overall wind turbine system to

obtain the final equations of motion.
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The generalized inertial forces can be given as

E

=FoP . (—mpypFa®P)  forr=1to 23 (A.166)
TMD

F*

r

11
_E, D E,D.  E, D -
o = U [— mTMD{ ( g vV i t UTMDQTMD)

=1

" (A.167)
d .o d .
+ (Z E(E”zp)q@‘ + E(EUCII“)MD)(]TMD> }] for r =1 to 23
i=1
The system matrices are obtained as
IM(q, t)]’ (k,1) = mpapPoP - EuP for k,1 =1 to 11,23
TMD
=0 otherwise
uo
—_ ) = — E,,D . _— E D 1
{—f(q,q, t)}‘TMD(k) MTMD" U, [2 Vi )di (A.168)
d
+ E(Ev%w)q'Tm] for k,1 =1 to 11,23
=0 otherwise

Gravitational force on the TMD brings about generalized active forces on the TMD

F. — EvD .« (=morapg2a) (A.169)
[M(q, t)] (k1) =0 Vk, 1

GravlT' M D o (Al?O)
{—f(d,q,t)} TMDva(k) = Ywy + (—mrypg2a) for k1 =1to 11,23

The spring and the damper attached to the TMD brings about generalized active force
given as

avTMD

— 1 (g = = — f =2 A.171
=7, q’t)}‘TMDEZastic(k) gy Wrapgryp or k=23 (A171)
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Using Rayleigh damping technique the damping is assumed to be proportional to the

stiffness. The generalized active forces arising from the damping is given as

. Crmpkrvp |
—f(q,q,t k)= —>—— for k =23 A172
(Fa ], (k) = - AL g (A172)
Where mrayp, kryup, frup and (rap is the damper mass, stiffness, frequency of
the TMD in Hz and damping ratio respectively. Including these terms in the system
matrices of the wind turbine forms the global system matrices of the wind turbine with
the TMD placed on the nacelle. The following section shows some preliminary results

of vibration control of wind turbine tower.
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Appendix B

Kinematic and kinetic description of

the reduced degree of freedom system

B.1 Coordinate Systems for Reduced Order Model

A set of inertial coordinate system 2 is fixed to the earth/base of tower. For a onshore
wind turbine the base is fixed to the earth and hence the tower base coordinate system

is equal to the inertial coordinate system

a; Z1
&2 - 22 (Bl)
as Z3

The azimuth coordinate system is also attached to the low speed shaft but rotates with

the rotor is defined next as

é 1 0 0 a,
éx| = |0 cos(qgea:) sin(qgea.) as (B.2)
és 0 —sin(ggea-) coS(qgea-)] \@s

The rotation angle (generator azimuth angle, ggea.) is assumed to be constant. The

coordinate system for blade 1 is given as

gBt 1 0 0 é1
g2t | = |0 cos(m/2) —sin(m/2)| | &2 (B.3)
gPt 0 sin(r/2) cos(m/2) és

When blade 1 is pointing up, blade 3 is ahead of blade 2 and blade 2 is ahead of blade
1, and the blades are set 120° degrees apart. Thus the blade coordinate systems of
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blade 2 and 3 are given as

gt 1 0 0 é1

g8 | = |0 cos(m/2+2m/3) —sin(r/2+27/3)| | é2 (B.4)

g2t 0 sin(r/2+27/3) cos(m/2+ 27/3) és

gt 1 0 0 é1

g3 | = |0 cos(m/2+4m/3) —sin(r/2+47/3)| | é2 (B.5)

g2t 0 sin(r/2+47/3) cos(m/2+ 47/3) és

The aerodynamic loads are determined and returned in the blades global coordinates
(gB1, gP% & gP3) itself. There are no provisions made to estimate the loads in blade

element local coordinates.

B.2 Kinematics of Reduced Order Model

This section describes the kinematics of the reduced order model. For that purpose the
important points that describes the motion remain the same. But, the assumptions

made lead to certain simplifications that will be shown in the following.

B.2.1 Position vectors

The position vectors of the various points are given in the following. The position

vector of a tower node at a distance h from the base of the tower is given as
r?T(h) = [¢1 " (h)grra1] @1 + haz + [¢]°°(h)grssi] as (B.6)

It is important to note hear how the axial deformation due to lateral deflection has
been neglected and only the first modes are used to define the fore-aft and side-to-side
motion of the tower. The position vector of the tower top from the tower base is given

as

770 = (grpa] @1 + TwrHtés + [grssi) @s (B.7)

Position vector from tower-top to nacelle center of mass following from the assumptions

made is given as

rOU = 0d; + 0dy + 0ds (B.8)
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Similarly, position vector from tower-top to apex of coning angle is given as
792 = 0¢&; 4 0dy — 0d3 (B.9)
Again, position vector from apex of coning angle to hub center of mass is given as
r?C = 0¢, (B.10)

With the assumed simplifications the position vector from apex of coning angle to blade

element node for blade 1 is given as

rQS1 :[ BlFl(r>qB1F1] gfn + [ {31E1(7ﬂ)quE1] QZBI

(B.11)
+ [r n HubRad] go

Where, ¢ and ¢P1EL are the first flapwise and edgewise mode shapes respectively.
Axial deflection of the blades have been neglected. Equations for 7?92 and @53 are

similar.

B.2.2 Angular velocities

The rotation of the tower and blades are neglected. Hence, this section is largely

simplified and the only angular velocity arises from the azimuthal rotation of blades
EuX =0 (B.12)
Angular velocity of tower node is neglected
EwF(h) = 0ay — Oas (B.13)

Angular velocity of tower-top/base-plate becomes zero
EwB = 0a, — 0as (B.14)

Angular velocity of nacelle in inertial reference frame where nacelle yaw is neglected

EoN =EuB 1 0a, (B.15)
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Angular velocity of low speed shaft at the rotor end in inertial reference frame where

drive-train torsion is neglected becomes
Bl = BN 4 Ggea.é4 (B.16)
Angular velocity of blade 1 element

FuM(r) = Pwl —0g7t — 0g3" (B.17)

EwM2(r) and PwM3(r) can be found similarly. The generator is neglected.

B.2.3 Linear Velocities

Linear velocity of tower element in inertial reference frame can be obtained from one

point moving on a rigid body formula as (Kane and Levinson, 1985)

E,UT _ E,UT + X,UT
(B.18)

:EwX % 'I"ZT—f-X’UT

where ZvT denotes the velocity in E of the point T of X that coincides with T at

the instant under consideration. For a fixed base wind turbine FwX = 0 therefore,

EyT = XoT given as

*oT(h) = [0 (M)drra] @1 — 0@z + [6{°° (h)drss:] as (B.19)

Similarly the velocity of tower top/base plate can be given as

v = [Grrar] @1 — 0@z + [Grssi] @s (B.20)

Linear velocity of the nacelle center of mass can be obtained from two points fixed on
a rigid body formula as (Kane and Levinson, 1985). Since all of the position vectors

are assumed to be zeros the resulting vectors multiplications are vastly simplified.
EpU = B0 f BN x pOU (B.21)
Linear velocity of apex of the coning angle is given as

EpQ = B0 Bl x p0€Q (B.22)
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Linear velocity of center of mass of hub can be given as

BpC = BpQ 4 Byl x Q€ (B.23)
Finally, the linear velocity of blade 1 element is given as

EpSt(r) = FuQ + Pl x pQ51 4 LyS1(y) (B.24)

where,

L’USI(T’) — [ 1B1F1(T)QB1F1} ngl + [ lBlEl(T)q-BlEl} QZBI —I—ngl (B25)
The linear velocities for blade 2, Fv52(r) and blade 3, Fv53(r) can be obtained simi-

larly.

B.2.4 Partial Angular Velocities

According to (Kane and Levinson, 1985) all linear velocities can be written as a com-

bination of the partial velocities as

9
PwNi(q,q.t) =Y PwlNi(q, thu, + Fwl¥i(q,t) (B.26)

r=1

for each rigid body N; in the system. Where FwlNi(q,t) are the partial angular ve-
locities. u, are called generalized speeds according to (Kane and Levinson, 1985) and
in general their choice brings the linear velocities in A.2.2 and A.2.3 into particular
advantageous form. Here, time derivatives of the DOFs in equation 3.1 are chosen as
the generalized speeds (i.e. u, = ¢,). The choice of generalized speeds renders all the
EulNi(g,1) terms as zeros as will be shown.

The partial angular velocities for the platform can be given

E

wr =0 for r=1t09

(B.27)
=0

E

X
'S
X
Wy

All partial angular velocities for the platform are zeros since the platform is fixed to

the base. The partial angular velocities for the tower element is given as

5
3
g
=
I

EwoX 40 for r=1ton
(B.28)
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The partial angular velocities for tower-top/base-plate can be given as
E,,B_E, X
w, ="w. +0 for r=1t09
" " (B.29)
EoP =0
The partial angular velocities for nacelle can be given as
EoN =EuB 10 for all
N (B.30)
w; =0
The partial angular velocities for low speed shaft can be given as
é, forr=_GeAz
Bl =Pl + '
0  otherwise (B.31)
Eul =0
The partial angular velocities for blade 1 element can be given as
EoMi(ry =Eul 10 for all
(B.32)

Puti(r) = 0

The equations for FwM2(r) and PwM3(r) are similar. It can be observed in this

sub-section that the complexity of these quantities has been greatly reduced.

B.2.5 Partial Linear Velocities

Similar to A.2.4 the linear velocities of each point X; in the system can be written in

the form
FoXi(g,q,t) = PoXi(q t)u, + Po (g, 1) (B.33)
r=1

where, PvXi(q,t) are the partial linear velocities. Again, the choice of generalized

speeds u, renders all the ¥ 'viv i(q,t) terms as zeros as will be shown. The partial linear



B.2. Kinematics of Reduced Order Model

175

velocities for the tower element can be given as
oI 4(h)ay for r = TFAL
Byl(h) =< 6795 (h)as for r = TSS1
0 otherwise
EvI(h) =0

The partial linear velocities for tower top

a; forr=TFAl
EpO =@y forr=T551
0  otherwise

EpP =0

The partial linear velocities for nacelle center of mass is given as

E N ouU
w. Xr forr=1to 2
E’UE = Ev? —+ " )
0 otherwise
By =0

The partial linear velocities for apex of coning angle is given as

Bl xr9? forr=1to?2

Ep@ = EpQ 4+ { &y x 799 for GeAz
0 otherwise
E'th =0

The partial linear velocities for hub center of mass is given as

Bl x rQC¢ forr=1to?2
EpC = EoQ + { &, x Q€ for GeAz

0 otherwise

(B.34)

(B.35)

(B.36)

(B.37)

(B.38)
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The partial linear velocities for blade 1 element is given as
(Ew,{‘XerSl for r =1 to 2
é, x r9°¢ for GeAz
Evfl(r) — EU? + 115’1F1< )ABl + ¢BlSl( ) B1 for r = B1F1 (B 39)
231F1( )ABlFl +¢BlSl( )ABl for r — B1E1 '
0 otherwise

\
Epdt(r) =0

Equations for Pv2%(r) and PvP3(r) can be obtained similarly.

B.2.6 Angular Accelerations

For every rigid body N; in the system the angular acceleration can be written as

9

9
o . . d , . d .
Fati(d d.0,0) = ) e (@ 0+ ) 7P (@0} + g (P (0.0} (BA0)
r=1

d
Only the terms E{Ew,{v (g,t)} to be found since the other terms are known at this

stage. The partial angular acceleration terms for the platform/tower-base

d
E{Ewﬁf} =0 for all

1 (B.41)
E{Ewix }=0
The partial angular acceleration terms for the tower element is given as
d g r
—{ w, (h)} =0 for all
d (B.42)
B ,F
h)} =0
S Ewl )
The partial angular acceleration terms for the tower-top/base-plate is given as
d g B
d—{ w, } =0 forall
t (B.43)

d
E{E%B} =0
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The partial angular acceleration terms for the nacelle is given as
d d
—{FwlNY = —{FWBY 10 for all
Cgf dt (B.44)
E{Ew?’ }=0
The partial angular acceleration terms for the low speed shaft is given as
d d BN x Bwg 4, =0 forr=GeAz
TPl = PNy + “l
dt dt 0 otherwise (B.45)
d
E{Ew{“ }=0
The partial angular acceleration terms for blade element is given as
Eol x EuML =0 forr=BI1F1
d d
E{Ewyl} = E{Ew,{‘} + Pl x PuML =0 for r = B1E1
0 otherwise (B.46)
d
E{Ewiw }=0
~ d g M2 d g, M3 .,
Equations for a{ w,'?} and &{ w,”'?} can be found similarly.
B.2.7 Linear Accelerations
Linear accelerator for each point X; in the system can be represented as
9 9.4 q
@t = 32 Fo a0 + 3 g a0+ (" @) (B.47)

d
The only terms required to be found are E{E vXi} which are vector functions of (¢, ¢, t)

d . : e :
and all the E{E v;¥*} terms are zeros as will be shown. The partial linear acceleration

terms for the tower element can be given as

d
E{EU,T (h)} =0 for all

d E, T _
SAPT (0} =0

(B.48)
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The partial linear acceleration terms for the tower-top/base-plate can be given as

%{Evro} =0 for all

q (B.49)
E{E’Uf p=0
The partial linear acceleration terms for the nacelle center of mass given as
d d
d—{Evff} = d—{Ev,?} +0 for all
d’f t (B.50)
E{Eth p=0
The partial linear acceleration terms for the apex of coning angle are given as
0 r=1to2

d d d
E{EU?} = E{EU?} + &{Ew:’} x 199 4 Bl « (EwL X 'rOQ) r = GeAz
0 otherwise
d
E{EU?} =0
(B.51)

The partial linear acceleration terms for the hub center of mass are given as

0 r=1to2
d g dg g d g 1 QC | E, L E L QC _
dt{ U'r}_dt{ v+ E{ w, } X r% +Fw X (Fwt X 7T r=GeAz
0 otherwise
d
g{E’UtC} =0
(B.52)
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The partial linear acceleration terms for blade 1 element are given as

(O r=1t%o 2

C{Fwk) x 9o

E{E,USI(T)} _ E{EUQ} n +EwE x (Lv51(r) + Fol x rQSl> r=GeAz
e a Ewl x Byl r = B1F1
B1F1
Bl x Bogh oy r = BlE1
k0 otherwise
CFo ) =0
(B.53)

d d
Equations for E{Evfl('r’)} and &{E'vfl (r)} can be obtained similarly.

B.3 Kinetics of Reduced Order System

Similar to section 3.4, in this section the equations of motion for the reduced order
3-bladed wind turbine will be derived. Here, we do not need to include ggea. in
generalized coordinates and equations of motion can be derived for the 8-DOFs model.

Following section 3.4
F,+F:'=0 forr=1to8 (B.54)

where, F, and F are the generalized active and inertia forces respectively. While the
description of the terms remain same the contribution of the generator in generalized
active and generalized inertial forces are neglected. Also, following from the assump-
tions made, the contribution of internal (elastic) forces in the low speed shaft and yaw
spring and damper is neglected. Following similar steps the Kane’s equations of motion

can be written in matrix form as
[M(a,t)]{d} + {f(a,a,t)} = 0= [M(q,?)] {d} = {-f(q,q,t)} (B.55)

Tower

The distributed mass of the tower and the associated elasticity, damping and aero-
dynamics brings about generalized inertia and active forces associated with it. Using

similar method as used for the derivation of the full order system the elements of the
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system matrices can be obtained as
TwrHt
M@l (kD= [ AT 0P - B (i
+YBM Fo? . EyP for k,1 =1 to 2
=0 otherwise
TwrHt T BT 2 BT
Craan],=— [ o= (30 Gt i)
2. d
— YBM.Py0 . (; &{Ev?}qi) for k =1 to 2
=0 otherwise
(B.56)

where, the indices k, [ are used to denote the row and column respectively of the
matrix. Generalized active forces arise from the elasticity and damping of the flexible
members. The generalized elastic forces can be obtained from the potential energy
stored in the member as
_ovt

ElasticT 0,

F‘ for r =1 to 8 (B.57)

—kﬂFAqTFAl fork=1
{_f(éla q, t)}‘T(k) = —lelsqu551 for k=2 <B58)

0 otherwise

where, kTF4 and k155 are the generalized stiffness of the tower in the fore-aft and side-

to-side directions respectively when gravitational de-stiffening effects are not included

TwrHt 2 . TFA J2 . TFA
kﬁFA :/ EITFA(h)d QSI d ¢1 dh
; dn? dh? .
TwrHt d2¢TSS d2¢TSS ( 59)
kﬂSS:/ EITSS(h) 1 1 dh
; anz i

Using Rayleigh damping technique where the damping is assumed proportional to the

stiffness, the generalized active forces arising from the damping in the member can be
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obtained as

CTFA kTF‘A .

— STt drRAl forr=Fk=1
. TSS1.TSS
{—f(q, q, t)} T(k) = 7rffss grssi  forr=Fk =2 (B'GO)
0 otherwise
where (74 and (1% represents the structural damping ratio of the tower for the
1** mode in the fore-aft and side-to-side direction respectively. And, ff¥4 and f{°

represent the natural frequency of the tower for the 15 mode of the tower in the fore-
aft and side-to-side directions respectively without the tower-top mass or gravitational

de-stiffening effects.

kTFA
TFA _
1 T TFA
T or miq
= (B.61)
TSS _ ki
1 TSS
T or mi;

TFA and mflss

where, m;{ represents the generalized mass of the tower for 1% mode in

fore-aft and side-to-side directions respectively without tower-top mass as follows

TwrHt
mlFA = / W () STFA(R)GTEA () dh
0 TwrHt (B 62)
mEs = / T () STSS (R)GTSS (h)dh

Generalized active force arising from gravity acting on the tower is given by

F,

GravT

TwrHt
:/ EvT(h)-{—pr(h)g22} dh—Y BM.g.PvP.2, forr=1to 2 (B.63)
0

Thus, the system matrices are

[M(q, )]

(k,1)=0 Yokl

GravT

{—f(a,q,0)}

GravT

TwrHt . T
0 == [ PoE ) - gz} an B0
—~YBM.g.Fv? - 2, for k=1 to 2

=0 otherwise
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Generalized active forces due to aerodynamic loads on the tower can be given as

TwrHt
Pl = / (BoT(h) - FT., 2(h) + PwE (h) - ME, ()] dh for r =1 to 2
0

(B.65)

AeroT

where, FX_ +(h) and M%_ _.(h) are aerodynamic forces and moments applied on the

tower expressed per unit length. Thus,

[M(q, t)] V k1

(k1)

AeroT

0
Tert
vaT / )+ Facror(h) (B.66)
+F

wE(h)- MAemT(h)] dh  fork=1to2

{_f((.L q7

=0 otherwise

Nacelle

The rigid lump mass of the nacelle brings about generalized inertia forces and gener-
alized active forces associated with nacelle weight. The generalized inertia forces can

be obtained as

S el e
+EwN [ ~IN. { (Z wavdz) + (Z %(EW{V)CIJ } (B.67)

—EwafN-EwN] forr=1to8

F*

T
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Thus,

[M(q, t)]‘N(k,l) =mV By Eol + BN . JIN. EoN fork,l=1to05

=0 otherwise
. d
_ _ . NE, U E, U
{~t@an} (k) of > Z(Fol)i,
E, N N ~d 5 N (B.68)

_ _IN. — ;
—EwNXfN-EwN] for k=1 to 2
=0 otherwise

The generalized active force brought about by the gravitational force is given as

E| =PvY.(-mVg2,) forr=1to2 (B.69)

N

Thus, the system matrices are

[M(q, )] GmN(k, )=0 vkl
{~faaq}| (k)= By - (—=mNg2,) for k=1to2 (B.70)
=0 otherwise

Hub

The rigid lump mass of the hub brings about generalized inertia forces and generalized

active forces associated with the hub weight. Generalized inertia forces are given as

one Lol () (o)
+ Pwll [ ~I7. { (Z wa@) + (Z %(wa’ m) } (B.71)

—EwaiH-EwH] forr=1to 2

F*

T
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Thus,

[M(q, t)]’ (k1) = mNEuS  Byf 4 B JIH . Bl fork,1=1to02
H

=0 otherwise

(-f@a 0} (1) = -m"Eof -3 L (EoC)

= 3. d (B.72)
S )
—EwHXfH-EwH] fork=1to?2
=0 otherwise

The generalized active force brought about by the gravitational force is given as

E| =FuC. (—m"g22)  forr=1to2 (B.73)
H
Thus,
Mi(q,t k,1) =0 vV k,l
a0 (D) |
{_f(c.l’ q, t)} G H(k) = E’Ug . (—mHgﬁ2) for k=1 to 2 <B74)
=0 otherwise
Blades

The distributed properties of blade 1 brings about generalized inertia forces and gener-
alized active forces associated with blade elasticity, damping, weight and aerodynamic

loads. Generalized inertia forces can be given as

F;

B1

BldLen 5 5 d
—— [ R [P i+ 3 P )|
=1 =1

forr=1to 8

(B.75)
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Thus, the elements of the system matrices can be found as

BldLen
M@l (k0 = [ 0P ) P ) for kD=1 to 4
0

B1
= otherwise
BldLen
(faan, w== [ were (.76
. (ii{Evsl(T)}q'>dr for k=1 to 4
=t z
=0 otherwise

The generalized elastic forces can be obtained from the potential energy stored in the

member as
B1
Fr‘ = o forr=1to08 (B.77)
ElasticB1 dq,
—kBY g1y for k=3
=f(@.q. t)}’ElasticBl(k> =~k Papp for k=4 (B.78)

0 otherwise

where, kBY and kBE are the generalized stiffness of the blade in the local flapwise
and edgewise directions respectively when gravitational de-stiffening and centrifugal

stiffening effects are not included

BldLen d26B1F 2
kﬁlF — / E]BlF(T) |: qb(li - (T):| d?"
0 /rl

BldLen 2 BIE 2
d
ﬁw:/‘ mﬂamLﬁ%Qﬁ}m
0 T

(B.79)

Using Rayleigh damping technique where the damping is assumed proportional to the
stiffness the generalized active forces arising from the damping in the member can be

obtained as

CBleBlF .
— S dB1F for k=3
. B1ELBIE
{—f(a,q.1)} DampBl(k) = —%Qmm for k=4 (B.80)

0 otherwise
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where (P and (PP represents the structural damping ratio of the blade for the

first mode in the flapwise and edgewise directions respectively. And, fZ'¥ and fP'F
represent the natural frequency of the blade for the first mode in the flapwise and
edgewise directions respectively without the centrifugal stiffening or gravitational de-

stiffening effects.

B1F
B1F __ 1 kll

1 Dy W

(B.81)
pp_ 1 [ERF
e R

where, m¥4 and mT%% represents the generalized mass of the blade for first mode in

flapwise and edgewise directions respectively as follows

BldLen 9
mp " = /0 pP(r) o7 (r)] " dr

BldLen 9 <B82>
mfE = [ ) o) ar
Generalized active force arising from gravity acting on the blade is given by
BldLen
F, = / EpSi(r) - {—ppi(r)g22}dr forr=1to 8 (B.83)
GravB1 0
Thus,
[M(q’ t)] GravB1<k’ l) =0 v k7l
BldLen
{(—£(q,q,1)} (k) = — / EySt(r) - {upi(r)g22} dh for k=1to 8 (B.84)
GravB1l 0

=0 otherwise

Generalized active forces due to aerodynamic loads on the blade can be given as

BldLen
Bloo= | 00 B () + Podtir) - M3, (1] dr
0

AeroB1

(B.85)
forr=1to 8

where, F51 . (r) and M3t o (r) are aerodynamic forces and pitching moments ap-

plied on the point S1 on the blade receptively expressed per unit length. M2}1L o (r)
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can include effect of both direct aerodynamic pitching moments (i.e. C,,) and aero-
dynamic pitching moments caused by an aerodynamic offset (i.e. moments due to
aerodynamic lift and drag acting at a distance away from the center of mass of the

blade element along the aerodynamic cord) Thus,

[M(q, )] (k1)

0 Ykl

AeroB1

BldLen
E Sl
- F
AeroBl \/0' ) Ae'roBl( ) (B86)

+PwM () MY g (r)]dr for k=1to 8
0

{_f((.la q, )

otherwise

Similar to blade 1, the distributed properties of blade 2 and blade 3 bring about

generalized inertia forces and generalized active forces associated with blade elastic-

Y

B2

ity, blade damping, blade weight, and aerodynamic loads. The equations for F*
F*

)
FElasticB3

, By

DampB?2

, By

DampB3

) ) )
FElasticB2 GravB2 GravB3 AeroB2

and Fr‘ can be found similarly.
AeroB3

Equations of Motion & Ad-hoc requirements

The equations of motion obtained from the previous sub section is in the form

[M(q,?)]{a} +{f(a,aq,¢)} =0 (B.87)

which can be easily rearranged to be written down in the form in second order form
because the equations of motion are vastly simplified by the assumptions made. This
form is useful in many types of dynamic analysis and control problem. One particular
topic of interest is the effect of centrifugal stiffening of the blades and the gravitational
stiffening/softening effect on the blades and the tower. Since, axial deflection was
neglected in the formulation, the above effects were not included in the formulation
inherently. Ad-hoc provisions are often made in literature to cater for these require-
ments. Since the tower is much stiffer than the blades and the lateral deflections are
as significant, the gravitational stiffening/softening effects are neglected for the tower.
Let, the lateral deflection of the blades in out-of-plane and in-plane directions be de-

noted by u and v respectively. Then, the axial deflection denoted by w can be obtained
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as

R du(r',t)1? ., 1 [TTov(, )] .,

1 [T [04BIF(', t)]% 1 (" [o¢BIE(, 6)]% |, 4 (B.38)
=3 / [a—} 4rdmr t 3 / [a—] e
Potential energy due to the rotation of the blades
R—Ry
Viotation = 0 { /0 ps(r)(Re +r)w(r, t)dr] (B.89)

Where, ) is the constant rotational speed of the wind turbine. Thus, the generalized

active force is given as

8‘/7"01‘,ation
b= — B.90
aq, ( )
_f ¢ t kj =
{ ((L e )} CentTfBl( )
( B : a2
Q2 foR Ry s (r)(Ry + 1) fo [‘%1361—5(@} Ar'dr| qpie k=3 o

_ : 72
V= [ ) (R 7 fy |25 EE ] drdr | gpip k=4

0 otherwise

\

Similarly, the potential energy due to gravitational force acting of the blades can be

given as

R—Ry
VGravBl = —g |:/ ,UB(’I“)'LU(T’, t)dT:| COS(QG’eAz) (B92)
0
Hence, the generalized active forces can be given as

(k) =

GravB1

_ . 12
—gcos(qgea-) fOR fn ps(r) [, [%B;—:j(’t)} dr'dr] ggiri k=3

- r r’ 2
—gco8(qGen:) foR e 1s(r) [y [%B;—g(’t)] dwld?”} qpip1 k=4

{-f(q,a.1)}

(

(B.93)

-

0 otherwise
\
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Once these terms are included in the equations of the motion, the resulting set of

equations match completely with those widely available in literature.






191

Appendix C

Equations of motion of the reduced

order model

The linearised equations of motion of the 6 degree of freedom system is described in
this section. To derive the equations of motion first it is assumed that the wind turbine
is rotating at a constant speed. Hence, the generator speed error is basically zero and
it is not a degree of freedom. The equations of motion of the 5 degree of freedom
system is then augmented by the generator speed error degree of freedom to obtain the
final 6 degree of freedom system. Understandably, the generator speed error degree
of freedom is decoupled from the rest of the system. This approach is undertaken
since the inclusion of the generator speed error as a degree of freedom introduces non-
linearities in the form of cosine and sine terms which cannot be linearised using small

angle approximation. We first look at the generator speed error degree of freedom

QE =00 = Q0 — (GeAz
t t
s = / qut = / (QO - QGeAz)dt (Cl)
0 0
q'a = 59 = éjG’eAz

Where, ) is the rated rated rotor speed of the FOWT. The equation of motion of this
degree of freedom assuming only intergal action K; can be obtained from (Jonkman,
2007) as

) B\ . 1 OP,
I A —— e T~ | — Ngear e — 2
DTq+< Qg>q+90( ae) GearK1G: =0 (C.2)

Where, Ipr = Irotor + Néew[g@n is the drive-train inertia cast into the low speed
shaft, Irior is the inertia of the rotor, Ig., is the inertia of the generator relative to
the high speed shaft, Ngeq,r is the gear box ratio. F is the rated mechanical power.
As recommended by (Jonkman, 2010) the integral gain K is selected such that the
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frequency of this degree of freedom is 0.2 rad/s. Therefore, the stiffness term can be

written as
1 0P,
o (—8—00) Neear K1 = 0.22Ip7 = k.. (C.3)

The mass, stiffness and damping matrix of the linearised six degree of freedom system

are obtained as

(mpp mpr mpp mpss mpps 0
mrr Mrp1 Mrp2 MTB3 0
0 0 0
M = mBB (C4>
mpp 0 0
sym MEBB 0
L O IDT_.
[cpp 00 0 0 ]
crr 0 0 0
CBB 0 0
C— C.5
CBB 0 0 ( )
sym CBB 0
&
L Q3 )
kpp O 0 0 0 O]
krr 0O 0 0 0
kt 0 0 0
k%, 0 0
sym ks 0
0 kea
Where, the rotational inertia of the platform can be given as
L 3 L
mpp = 12Ht2/ pP (r)dr + Z 4Ht/ B (r)dr cos(;)
0 — 0
=l (C.7)

L
+ / 2B (r)dr cos?(y) | + HE(mY +m") + Ip + 13
0
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The inertial coupling between the platform and tower can be given as

mpr = 6H, /0 pB(r)dr + /0 thuT(h)qﬁt(h)dh (C.8)

The inertial coupling between the platform and the blades can be given as

L L
Mmpp; = 2Ht/ qﬁb(r),uB(r)dr—i—/ oy (r) i (r)dr cos(v;) fori=1t03 (C.9)
0 0

The inertial coupling between the tower and the blades can be given as

mTB:/O oy (r) P (r)dr (C.10)

The translational inertia term of the tower fore-aft degree of freedom can be given as
L Hy
mrr = 3/ p(r)dr + orp” (R)dh 4+ mN +m! (C.11)
0 0

The translational inertia term associated with blade flapwise degree of freedom can be

given as

mBB:/O o ()P (r)dr (C.12)

Where, H; is the height of the tower and L is the length of the blades. p?(r) and
pT(h) are mass per unit length of the blades and tower respectively. 1; is the az-
imuth angle of the i*" blade. Ip is the rotational inertia of the platform and I3 is
the hydrodynamic added mass coefficient associated with the platform pitch degree of
freedom. ¢,(r) and ¢;(h) are the normalized fundamental model shapes of the blades
and tower in the flapwise and fore-aft directions respectively. cpp is the linear hydro-
dynamic damping coefficient associated with the platform pitch degree of freedom, cpp
and cgp are structural damping coefficient of the tower and the blades respectively.
kpp is the summation of hydro-static and linearised mooring lines stiffness associated
with the platform pitch degree of freedom. kpr is the elastic stiffness of the tower and
kisp = kS g+ kS + k%5 cos(1;) is the summation of the elastic stiffness, k%, centrifu-
gal stiffness, k4, and, gravitational stiffening/softening, k%, of the i blade. More
details on these terms can be found in (Fitzgerald, Basu, and Nielsen, 2013; Fitzgerald,

Sarkar, and Staino, 2018; Sarkar and Chakraborty, 2018).
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