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Extended summary

The main pursuit of both the scientific community and the wind energy industry in the last twenty-five
years, is the compression of the cost of the energy (Levelized Cost of Electricity — LCoE) produced by wind
at comparable or even lower levels than those by the conventional energy sources. The effort to reduce
the cost of wind energy during the years of its explosive development was also accompanied by the
continuous increase in the size of the wind turbines. Up-scaling their size from 500kW (rotors diameter of
about 40m) in the early of 1990s, to 5 — 15MW (rotors diameter > 150m) today, had the consequence
of facing various technical challenges, the overcoming of which became possible through the introduction
of new innovative manufacturing approaches, the use of modern materials and the application of active
and/or passive load control techniques. Today’s economic and geopolitical environment makes it
imperative to further reduce the cost of wind turbines, entailing the design and development of very large
wind turbines (> 15MW) and very large scale wind farms (of hundreds of MWs). The path of the
continuous up-scaling of wind turbines has today become a one-way street and the installation of turbines
of 10 — 15MW rating is common practice in offshore applications. In order to render their cost
comparative to conventional energy sources, manufacturers have employed modern active load control
techniques, targeting both to enhancing power production (at the wind farm scale) and reducing loads.
However, standard active control techniques alone, usually based on pitch, are not sufficient to suppress
cost at desirable levels. This is why recently, the wind energy community has also tackled passive load
control methods based on “Aero-elastic Tailoring” (A/T).

A/T is a design technique through which geometric or stiffness properties of a structure are matched with
its aero-dynamic characteristics in such a way that overall structural loads are reduced. The subject of A/T
and its application to the modern large-scale wind turbines in the context of a holistic blade design
framework, is a very hot-field of the today’s scientific research. In general, the A/T methods can be
distinguished into two categories:

e Bend-Twist-Coupling (BTC): by this term the behavior of a structure that has been designed to
undergo torsion deformation under the action of bending loads, is described. The resulting change in
sectional angle will affect the aerodynamic loading through a change in the angle of attack. Its
materialization can be achieved either through material (by offset ply angle on uni-directional
material) or geometrical (so-called sweep) approaches.

e Flap-Edge-Coupling (FEC): is the design concept in which when the blade is excited and undergoes
vibrations in one bending direction (e.g. edge-wise) it also vibrates in the other bending direction
(flap-wise). As a result, a trading of aerodynamic damping from the highly damped flap-wise motion to
the poorly damped edge-wise motion is established and thereby edge-wise vibrations can be reduced.
This control method can be materialized either through the shift of the ‘caps’ of the shear box of the
blade internal structure (geometric approach) or by non-uniform change of the blades’ walls thickness
(material approach).

In the recent years, several EU collaborative projects such as the UpWind and the INNWIND.EU have dealt
with the application of BTC control on 5 — 10MW wind turbines, concluding that the use of passive
control can reduce the ultimate loads by about 15% in the occurrence of extreme turbulence conditions.
In this work, the alleviation of the loads has been utilized, to saving in manufacturing material for the
blades, resulting in the design of a rotor with 10% less mass. On the other hand, the FEC has proven to be
an effective approach for alleviating severe vibrations observed during the parked or idling state of the



rotors, in storm conditions. In the current thesis it has been shown that a uniform shift of ‘caps’ by 3%
(throughout the length of the blade) is sufficient to significantly reduce the vibrations of the blade of a
reference 10MW wind turbine.

An optimization framework has been established in the current thesis aiming to design a modified wind
turbine rotor based on the Reference Wind Turbine (RWT) DTU-10MW, which can achieve a minimum
Levelized Cost of Electricity (LCoE). Alleviation of loads using effective combinations of different passive
load control techniques is integrated in the optimization loop. Two pathways for reducing LCOE are
addressed in the work a) compressing CAPEX through reduced use of composite material and b) design of
rotors with higher S/P (as Specific Power has been defined the ratio of power to area of the rotor disk, so
increased S/P rotors implies larger rotor diameters for the same rated power) or increased annual energy
production. The numerical tools included in the above framework are listed below:

e Servo-aero-elastic analysis tool: in-house, multibody FEM solver hGAST provides ultimate loads along
the span of the blades through non-linear time domain aero-elastic simulations of the full wind
turbine system.

e Cross-sectional analysis tool: in-house, cross-sectional analysis tool, based on thin lamination theory
provides structural properties, stresses distributions and values of the Tsai-Hill failure criterion over
the various cross-sections of the blade.

e Cost model: a cost model has been synthesized with the aim to determine the cost of the full wind
turbine. It is based on actual cost data for modern wind turbines and existing in the literature
simplified cost formulas.

e Optimization framework: an optimization framework has been established using ready-made
functions from the published available scipy library of Python.

Some of the above numerical tools (e.g. hGAST) have been developed, used and validated in the context
of several research projects (EU and national), while others were either upgraded (e.g. cross-sectional
tool) or developed exclusively (e.g. cost model) in the framework of the present thesis.

The main result of the aforementioned process is a hybrid blade design with 8 — 10% less mass. The
‘caps’ of this blade has been shifted by 3% (FEC 3%) and a moderate offset angle (about 5° — 7.5%) in the
uni-directional material has been introduced along the whole blade (starting from 20 — 30% onwards) or
in two discrete segments, if the increase in the manufacturing complexity does not incur substantial
increase in cost.

At the next level, a multi-disciplinary optimization procedure, has been adopted with the aim of LCoE
minimization. In the above environment, in addition to the necessary materials mass and the parameters
of the passive control, the distributions of chord and twist as well as the length of the blade have been
considered as optimization parameters. The above approach results in a modified blade that is 1%
heavier, and 3.7% longer. In the same context, a gradually developing hybrid configuration, which
includes material BTC, material and geometric FEC and re-twist design, has been proposed. The result is a
modified rotor with 19.5% and 1.36% less mass and LCoE respectively, evaluating it through full-time
domain aero-elastic simulations of extreme turbulence (DLC-1.3) and parked or idling case (DLC-6.x).

Vi
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Abstract: The objective of this thesis is the optimal design of wind turbine blades. Various design concepts
have been tested, with special emphasis on the techniques involving passive control. Among them, the
possibility of reducing both the ultimate and fatigue loads, by applying Bend Twist Coupling or/and Flap
Edge Coupling, have been evaluated. The investigation has shown that, for the DTU-10MW RWTa 3 — 5%
reduction in the ultimate loads as well as 5 —10% in fatigue loads is feasibled by applying such
techniques. The above alleviation, creates the conditions for the capital cost compression, through the
reduction of the necessary materials mass. Nevertheless, these techniques are often in competition with
each other, while they also have a negative effect on the material strength. This problem is solve through
the application of optimization framework. This optimization framework includes various numerical tools
(some of them already existed, while most of them have been developed to satisfy the present work), has
been established. The main result from the aforementioned process is a hybrid blade design with 8 —
10% less mass, which has shifted the ‘caps’ by 3% (FEC 3%) and has introduced in one or better in two
parts (starting from 20 — 30% onwards) a moderate offset angle (about 5° — 7.5°) in the uni-directional
material. At the next level, a multi-disciplinary optimization procedure, has been adopted with the aim of
LCoE minimization. In the above environment, in addition to the necessary materials mass and the
parameters of the passive control, the distributions of chord and twist as well as the length of the blade
have been considered as optimization parameters. Approach results in a modified blade that is 1%
heavier, and 3.7% longer. In an alternative MDAO approach, the combined application of material BTC,
material and geometric FEC and re-twist design has been evaluated, proposing a lightweight rotor by
19.5%.
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Chapter 1: Introduction

Chapter 1

1. Introduction

Wind Energy progressed over the years by constantly increasing the size of wind turbines (W/T) in view
of compressing the Levelized Cost of Electricity (LCoE). This trend came along with several design
challenges invoked by the increase in loading that demand technology breakthroughs and innovations.
New and advanced materials, hybrid manufacturing methods, new inner-structure designs different
from the standard spar concept, new high performance thick airfoils and active or/and passive aero-
elastic control techniques. Among the above, passive control methods have been proven very promising
in alleviating loads and they have been employed in the current thesis as a mean for compressing LCoE
through their optimal combination. Towards this end, a novel multi-disciplinary servo-aero-elastic
optimization framework is synthesized, based on existing and newly developed models that simulate the
servo-aero-elastic response of the full wind turbine system, over the full spectrum of external and
operational conditions the machines encounter during their lifetime combined with cost modeling. Two
passive load control techniques are addressed. The Bend-Twist-Coupling technique (BTC), as a means to
alleviate operational loads, is considered first separately and then in an optimal combination the Flap-
Edge-Coupling (FEC) as a means to mitigate extreme loads under survival wind conditions, in which the
wind turbine is parked or idling.

1.1. History and background of wind energy technology development

The first experimental wind turbine designed for electricity generation, was constructed in July of 1887,
by professor James Blyth from the Anderson’s Collage of Glasgow [1]. However, the first large scale
installation of wind turbines took place in the 1940s, and was motivated by the increased energy needs
due to the 2™ World War. Early wind turbines have had much more in common with traditional wind-
mills than with modern turbines [2]. During the 2™ World War, the energy needs were so big that small
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wind generators were used on German U-boats to re-charge submarine batteries as a fuel-saving
measure [3]. In the years that followed, the interest in wind energy dropped and its use was limited to
agricultural applications [4], until the oil-crisis in the 1970s. Huge wind farms were installed in the
United States, however the experience of that time was disappointing. Without sound knowledge, the
industry ignored some important aspects such as wind farm effects, high vibrations due to turbulence
and stall. It took quite a while until wind turbine scientists and engineers realized that the accumulated
knowledge from aviation is not directly applicable to wind turbines, and that know-how specifically for
wind turbines should be built. Airplanes operate in most of their lifetime in “smooth” conditions well
away from the ground where atmospheric turbulence is high, while in aerodynamic terms stall should
never be approached. Most wind turbines of that time were stall regulated, and the passage to pitch
regulated ones became dominant some decades later.

Of course, a lot of the knowledge developed in aviation was extremely valuable and has fueled the fast
evolution of wind turbines which have reached the size of several MWW in less than 50 years [5]. In our
days wind turbines have been massively deployed in plains, hills, mountains and seas and they have
rotors with twice the diameter of the Airbus A-380 wing span. This development is understandable since
wind energy has become economically competitive to conventional sources of energy and at the same
time is renewable (R/W), which means that may contribute to the protection of the environment and
the reduction of CO, emissions.

1.1.1. Wind energy in Europe and Worldwide; Global policies

Although there has been much discussion on the need to reduce pollution emissions, according to
available data [6], the global community still relies on fossil fuels! In Fig. 1.1, the evolution of the
contribution of each source of energy in the global energy mix for electricity generation from 2000 to
2020 is presented. Based on this chart, the total energy demand is increasing. In response, the share of
every source except for nuclear, increased in the same way without a clear sign of behavior change in
favor for the renewables (wind, solar, other-R/W). As can be seen in Fig. 1.1, the penetration of wind
energy has become significant in the recent years, with very promising prospects. In the two “landmark”
years 2008 and 2016, wind energy rose from 7™ to 6 and from 6™ to 5™ place respectively. Then in
geographical terms, the 27-member European Union (Fig. 1.2) shows a greater participation of “green”
sources in their energy mix, proving in practice EU’s environmental concerns. The production of nuclear
power is mainly due to France and Germany, while the contribution of wind seems to occupy the first
place among all renewables. Although small, the contribution of solar energy, which is mainly coming
from the southern member-countries, is significant, while the gas imported mainly from Russia (at least
until recently) remains the protagonist, occupying 1/5 of the pie.
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Figure 1.1: Evolution of various energy sources
intended for electricity generation in the 2000-
2020 period, at World level.

Figure 1.2: The mixture on the European Union
of various energy sources intended for electricity
generation, at 2020.

Despite the steps taken towards further using renewable energy sources, the implications of our past
behavior to climate change are becoming apparent today without obvious relent. Therefore, the search
for alternative solutions and massive adoption of more environmentally friendly energy sources is
imperative. Various policies have been implemented in this direction, and targets have been set by
governments to reduce the use of fossil fuels. For example, by year 2030, at least 20% of the United
States energy is expected to be supplied by onshore and offshore wind farms [7]. At the same time, on
the other side of the Atlantic ocean - the European Union, recognized the severity of the challenge, and
introduced the Renewable Energy Directive 2018/2001/EU [8], that establishes a new binding EU target
by 2030 demanding that at least 32% to electricity production should come from renewable sources,
with a possibility of an up-wards revision. The recent geopolitical developments and the military
conflicts taking place in our neighborhood, led the Commission to publish the REPowerEU plan [9],
which aims at rapidly reducing EU’s dependence on fossil fuels. Based on this plan, the Commission
proposed to increase the target in the directive to 45% by 2030. This transition can only be made by
granting generous incentives (and in some cases dis-incentives) to both private individuals and industry,
to switch to renewable. Allies to that are, the newly developed efficient energy storage capabilities [10]
either based on Li batteries [11] or hydrogen [12] — the so-called “fuels of the future”, along with the
advances of other “green” technologies, the geothermal, solar and of course wind energy. According to
Eurostat, the contribution of the non-fossil sources (wind and hydropower are their main
representatives) to energy accounted for over two-thirds of the total electricity generated from

renewable sources in the EU, at the year of 2021 [13].
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From a technology stand point, vast deployment of wind energy, both onshore and offshore, will be
needed in order to fulfill the above targets. In fact it is recognized that a vast deployment can be
accomplished only with very large wind turbines, exceeding the rating of today’s commercial turbines
(the maximum rating of the single wind turbine unit today is 15MW). Wind turbines of > 20MW rating,
must be thoroughly optimized in order to be cost efficient. Thorough optimization should not
independently optimize the subcomponents, but instead optimizing the wind turbine as whole system,
by combining all underlying physics (aerodynamics, hydrodynamics, structural dynamics and control
system) in one simulation and optimization package. Furthermore, in order to beat the well-known up-
scaling cubic law [14] and further suppress costs, smart load reduction techniques will be necessitated.

1.1.2. State-of-art in W/T technology development and flagship research projects

In order to support its political targets and initiatives, EU has systematically funded large collaborative
research projects addressing the various aspects that could lead to more efficient and more cost
effective wind turbines. In these projects, research institutes, academia and the wind industry came
together in a cost and knowledge sharing context. Their aim was to achieve major advancement in
technologies and concepts and to generate new knowledge that was meant to fuel the wind energy
industry. There are five flagship research projects in which new improved numerical tools have been
developed and major advancements were accomplished in the areas of aero-elastic tailoring and wind
turbine cost analysis; they are listed and briefly described below. These five research projects, to a great
extent formed the basis for the developments presented in the present thesis:

e DAMPBLADE [15] (2001-2004): The program lasted for four-years and it was financed by the 5%
Framework Programme. The main goal was to develop wind turbine blades with high damping,

using mechanisms/techniques such as: (i) tailoring of laminate damping anisotropy, (ii) damping
layers and (iii) damped polymer matrices. Due to the above research, various composite materials
were evaluated and characterized, based on their damping properties. In addition, new technologies
were evaluated for the design and fabrication of damped prototype blades and their full-scale
laboratory testing, while the modeling of the composite structure were clarified in such a way that
its aero-elastic stability and fatigue life can be predicted. The result of the afore-mentioned
research, was the design, manufacturing and testing of a 19m long composite wind turbine blade,
made of glass/polyester. This blade was tested in the Greek Centre for Renewable Energy Sources.
The analysis of the tests, showed an ~80% increase in the damping ratio of both the first flap and
lag modes compared with the earlier standard design practice.

e STABCON [16] (2002-2006): The main objective of this project was to develop reliable design tools
and techniques, for the aero-elastic stability characterization of large wind turbines. The overall

budget has exceeded three-million euros, with EU contribution approaching 60% of the total
expenditure. In this way, the European wind turbine industry as well as the research community,
aspired to reinforce their position at the world map of the wind energy. This project had two parts:
(i) In Part-1, new stability tools were developed and used in predicting the stability limits of an
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existing 2.5MW turbine. These tools were evaluated against full scale stability measurements. The
main outcome of this part, was the thorough understanding of wind turbine instabilities (stall, blade
flap/lead-lag and low damped tower vibrations) and the compilation of design guidelines for passive
(built-in) suppression of these instabilities. (ii) Part-2 concerned the morphological study of possible
wind turbine control algorithms that enhance aero-elastic damping and mitigate loads. Specifically,
the project focused on three objectives: the instability suppression, turbulence and gust loads
alleviation and power enhancement, using active load control. The milestones of this project were:

— mapping of the aero-elastic stability of —establishment of a firm basis to evaluate
2.5MW wind turbine and further develop different concepts

— integrated design of aero-elastic control — aero-elastic control system for gust
based on site, grid and turbine specific alleviation, instability suppression and
conditions power enhancement

— knowledge of non-linearities for large — validated aero-elastic stability tools

wind turbines
UpWind [17] (2006-2011): This project had 40 partners from the industry (OEMs and others), service
providers, academia (universities and research institutes), R&D establishments and professional

organizations. This project has been identified as “Europe’s largest R&D wind energy research
project”! During the five-years of its life, the project delivered improved models and design tools of
the primary wind turbine components, that were validated. The above models are indispensable for
the industry, for the design and manufacturing of the modern multi-megawatt wind turbines.
Understanding the future potential and prospects in the sector of the renewable sources, the
project was aimed towards large-scale applications, e.g. offshore wind farms of several hundred-
MW . Such applications can only be realized using very large wind turbines with a power of 8 —
10MW and a rotor diameter of over 120m. At the time, traditional design approaches, conventional
materials and standard manufacturing techniques, were not considered adequate for this up-
scaling. Thus, in the context of the project and in order to achieve the necessary up-scaling before
the end of the 2010s, full understanding of external design conditions, innovative materials with a
sufficient strength to mass ratio and advanced control and measuring systems were addressed.
Various critical areas have been the subject of study and benefited by the above project, such as:

— metrology — foundations and support structures
— transmission and conversion — control systems
— smart rotor blades and rotor control — aerodynamics and aero-elastics

INNWIND.EU [18] (2012-2017): Foreseeing the strong expansion of wind energy in the sea, the EU
co-financed a big project of 19-million euros, with 14 million. The project aimed at ‘INNovative

WIND conversion systems (10 — 20MW) for offshore applications’ and was essentially the
ambitious successor of the UpWind project. The project lasted five-years, it was coordinated by DTU
and consisted a partnership of 27 European partners representing large wind turbine manufactures,
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certification bodies, consulting companies, research institutions and leading universities. Apart from
the collaboration between the wind energy researchers and the industry, INNWIND.EU developed
several innovative rotor designs in view and in reference to the anticipated very large rotors of the
future, drivetrain components, bottom fixed and floating sub-structures that greatly reduce the
LCoE for 10 — 20MW offshore wind turbines by 20% and 25%, respectively — as compared to the
existing 5MW offshore turbine. In summary, the most important innovations proposed by the above
project, were:

— low Induction Rotor, which constrains the — pseudo-Magnetic Direct drives that also
extreme loads at the blade root significantly increase transmission efficiency

— optimized aerodynamic and structural — advanced optimal jacket designs to support
platforms of blades for reduced blade root wind turbines at 10MW and 20MW capacities

and tower base fatigue

— active control with focus on blade trailing — guyed articulated sub-structure, that avoids
edge flaps and blade trailing edge section resonant excitation for 2-bladed and 3-bladed
morphing for load alleviation rotors

— high temperature super-conducting — novel triple-spar semi-submersible floating
generators to increase efficiency wind turbine for 10MW wind turbines

AVATAR [19] (2013-2017): One vyear after the beginning of INNWIND.EU, the AdVanced
Aerodynamic Tool for IArge Rotors was announced, which was concluded four-years later. The

overall budget of this project exceeded nine-million euros, with 2/3 of it being covered by EU. In
order to quickly achieve the aim of designing and implementing 10 — 20MW very large wind
turbines, radical innovations and reliable numerical tools are required. This has been the main
motivation of the current project. Specifically, aerodynamic and aero-elastic tools have been
evaluated, validated and improved, thus ensuring their applicability to high-scale turbines. The
ability of such models to produce valid load predictions at all levels of modeling complexity was
deemed imperative for a smooth transition to tomorrow’s wind turbines. In the AVATAR work-plan,
aerodynamic models are developed and calibrated for all aspects which play a role in the design of
large wind turbines. Thereto the entire chain of aerodynamic modelling is mobilized ranging from
computational efficient engineering tools to very advanced high fidelity but high cost-
computationally tools. The philosophy behind the development of new comprehensive models is
based on the concept of calibrating the lower complexity tools with the results produced by the high
fidelity tools. Additional measurements on wind tunnel or/and field are used to validate and
improve the models. A large-scale rotor with and without flow control devices has been used to
demonstrate the capabilities of the resulting tools. The project was carried out by a world class
consortium since it consisted of a selected group of participants from the sub-program
aerodynamics EERA Joint Program Wind (European Energy Research Alliance), in which all leading
institutes in the field of aerodynamics participated, complemented with two leading industrial
partners.
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The starting point of the afore-mentioned projects, is the need to increase the size of the wind turbine
rotors and their transition to offshore applications, which ensures the compression of LCoE. This
challenge calls for the development of new numerical tools and modern control strategies (e.g. passive
or/and active loads control). For example, in the context of AVATAR, MaPFlow [20] tool has been
finalized, the free wake vortex code GenUVP was coupled with the aero-elastic solver hGAST [21] and
the modeling of the ambient turbulence in a vortex particle context was performed. Furthermore, all the
above modeling options were validated against full scale measurements and wind tunnel tests.
Additionally, during INNWIND.EU, the thesis entitled “Hydro-aero-elastic analysis of offshore wind
turbine” [22] has been concluded. In this work, the aero-elastic modeling of very-large wind turbines is
revised and improved by introducing new models that expend the applicability of existing tools to
offshore applications. This work is of great relevance to the present thesis, because it developed
integrated and validated numerical tools that form the core of the multi-disciplinary optimization tool
developed by the present thesis.

1.1.3. Load control of wind turbines

In many cases, the up-scaling of the size of wind turbines is hindered by the high manufacturing, labor,
transfer and installation cost. This is a result of the cubic law [14] that dictates the increase in mass of
up-scaled components, which also drives gravitational loads. New materials and in general technology
innovations such as active/passive load control, may help circumventing this law. For example Bossanyi
[23], studied the individual blade pitch control for load reduction, based on a Linear-Quadratic-Gaussian
(LQG) controller. An alternative load control concept concerns trailing edge flaps proposed by Matthew
Lackner and Gijs Kuik in 2009 [24] and more recently by Mralleekrishnan and Fernado Ponta [25] in
2022. Inspired by aviation applications, a control system based on flaps (see Fig. 1.3a), has been
established on a 5SMW wind turbine with the aim to alleviate fatigue loads. This was combined with
cyclic control of the pitch.

sweep

(a) (b)

Figure 1.3: Sketches of active and passive loads control: (a) trail-flap application and (b) geometry BTC
through sweep.
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With regards to passive load control, they were first implemented through geometric Bend-Twist-
Coupling (BTC) based on blade sweep. Among the first who studied this technique, was the Wind Energy
Department of Sandia National Laboratories [26] and [27] — for more detail see Fig. 1.3b. The final
design concerned the STAR-27.1m, which was also fabricated and then tested in the laboratory and in
the field. The resulting static and fatigue loading, allowed re-dimensioning the rotor and gaining 10 —
12% extra energy, under the same level of critical loads. In 2014, a similar approach was adopted by
Scott Larwood et al. [28], for wind turbines in the range of 750kW to 3MW, resulting in an average
increase of 5% in energy production. In conclusion, this technique is applicable to small to medium size
wind turbines, either exclusively or complemented by other control mechanisms. The main drawback of
blade sweep, is that more material is needed in the fabrication of the blade as well as new curved molds
which generally entail additional manufacturing costs as compared to the traditional process.

The blades of modern multi-megawatt wind turbines are long, slender and flexible structures, fabricated
from composite materials. Such materials may mainly contain glass fibers and to a lesser extent carbon
fibers and various plastics (i.e. PolyVinyl Chloride — PVC, PolyVinyllsobutyl ether — PVI and
PolyMethacrylimide — PMI). An extensive review of the above materials has been performed in 2005 by
Brgndsted et al. in [29].
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Figure 1.4: The basic fiberglass layers used to construction the modern wind turbine blades: (a)
“UNIAX” [0°], (b) “BIAX” [+45°/—45°] and (c) “TRIAX” [+45°/0° /—45°].

Typically, industry uses the composite materials in the form of fabrics (i.e. TRIAX, BIAX and UNIAX — see
illustrations in Fig. 1.4) by placing them in successive layers on either side of a core of BALSA. Using resin
and a chemical exothermic process, the fabrics harden to form a stiff structure, fairly light, with
predictable mechanical properties. This procedure is known by the acronym VARTM (Vacuum Assisted
Resin Transfer Modelling). So, the glass or carbon fiber layers can be considered as the building material
of the wind turbine blades, determining the mechanical properties and so their structural behavior.
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Figure 1.5: Stresses over a layer form composite material.

In general, a separate layer of fiber reinforced composite material (see Fig. 1.5), can be approximated
(with good accuracy) as an orthotropic material due to the symmetry of its mechanical properties with
respect to several directions. In the special case that all the fibers are directed along the same axis (so-
called uni-directional material), the layer can be well treated as transversely isotropic material. The
classical Laminate Theory (L/T) as derived in-depth by Hyer W. in 1982 [30] and applied to wind turbine
blades, three decades later by Chortis [31], is able to capture the mechanical properties of the layer. In
case that fibers are parallel to one principal axis (x-axis or y-axis), the off-diagonal elements of the
stiffness matrix (see Eq. 1.1) become zero. The above indicates the case that shear stresses and strains
are fully uncoupled from the two other principal stresses/strains in the layer. In any other case, where
there is an offset angle between the fibers and the main axes, additional coupling terms arise (off-
diagonal elements in Eq. 1.1 are activated).

(a) (b)

Figure 1.6: Coupling mechanisms in composite beams: (a) extension-twist-coupling through “helical”

lay-up and (b) bend-twist-coupling through “mirror” lay-up.
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Smart tailoring of the coupling effects within the structure of a composite structure can offer new
possibilities for the passive control of loads. In materials science, two well-known tailoring methods are
considered:

e The Extension-Twist-Coupling: This effect was first observed by Campbell in 1919 [32] and Pealing in

1913 [33], and it is referred to as “bifilar effect”. This effect can be easily realized in a beam of
rectangular cross-section, having the fibers over the two flanges laid in an anti-symmetric
configuration — as shown in the Fig. 1.6a. The normal stresses (red arrows) that develop in response
to the extension force, simultaneously cause shear stresses (blue arrows) that twist the beam.

e The Bend-Twist-Coupling: This option has been studied in several developments [34],[35] and [31],

and can be realized by placing the fibers over the flanges (the horizontal walls) laid in a symmetric
configurations — as shown in the Fig. 1.6b. The mechanism of this coupling is similar to that of the
Extension-Twist-Coupling, except that it activated by bending and not extension.

The Extension-Twist-Coupling (ETC) has been studied over many years, and concerned cases with
significant extension stresses, as for example the stresses due to high centrifugal forces, which is often
seen in aviation and rotorcraft applications. Ozbay in 2006, in his PhD thesis [36], investigated the
possibility of applying ETC technique to the composite blades of the XV-15 tiltrotor aircraft. The aim was
to achieve suitable twisting deformations, so that efficiency attains its maximum. A few years later, an
optimization methodology to study ETC capability of composite rotor blades was proposed by the
Rensselaer Polytechnic Institute of Troy [37]. From this optimization study, an ETC rotor has been
proposed rotating at 20% lower rotor speed, thereby reducing the noise. Such intervention could
improve a wide range of rotor performance metrics, including power, hub vibrations and rotor bending
loads.

In cases that bending dominates the loading, Bend-Twist-Coupling (BTC) is mainly employed. Although
the concept of material BTC, originates from helicopter applications (see for example [38] and [39]), in
the literature it is often referred to as a passive means of load control on wind turbine rotors (see [40],
[41] and [42]). According to Lobitz in 1996 [43], a 10 — 15% increase in the rotor diameter is possible
(therefore also of the annual energy production) by applying a moderate offset ply angle on the uni-
directional material over the regions occupied by the caps (see Fig. 1.7). It is noted that through the
above intervention there will be no change in the rated power of the turbine nor any increase in the
mean loading of the rotor. So far, several research publications within the wind energy community dealt
with BTC, either by focusing on testing composite beams or actual blades. Among them, of outstanding
importance is the research work by Fedorov from DTU [44], in which the applicability of material BTC to
a blade segment of a commercial wind turbine was evaluated. In his work Fedorov verified the
theoretical models through comparisons against experimental studies and explored the range along the
blade length that such a technique may be applied in order to effectively reduce vibrations. Additionally,
Stablein [45] also from DTU, numerically assessed fatigue load reduction levels on BTC blades. Stablein
reported an annual reduction on blade root flap-wise moment of about 15% but also a small penalty in
the energy output (close to 1%). More recently, Roeleven [46] has investigated the optimal design of
10MW wind turbine blades including BTC effects. In this work, an optimization framework was

10
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established including a cross-section analysis software, finite element beam approximations and aero-
elastic coupling. The question set was to estimate the fibers angle distribution along the blade, under
specific structural constraints.

\\ X /
edgewisci\\/I/'
N~ vflapwise

L _,;,,,,,,,,,,,,_,,,,,,,

Figure 1.7: Ply angle of fiber orientation for BTC Figure 1.8: The directions (flap-wise and edge-wise)
blades. of blades.

Furthermore, a common problem observed during installation of wind turbines or in idling operation
mode, is the management of high angles of attack that trigger stall-induced vibrations. Wang at al. in
2016 published a paper [47], in which the rotor stability in slow idling operation is assessed on the basis
of non-linear time domain and linear eigenvalue analyses. The study focused on DTU-10MW RWT and
the stability characteristics were assessed using an eigenvalue stability tool, while the results were also
assessed through time domain aero-elastic predictions of loads for the idling turbine. Finally, the
analysis has shown that at the yaw misalignment of +30° the asymmetric out-of-plane horizontal/tilt
mode is negatively damped over the entire range of azimuth angles. Practical solutions to this problem,
are thoroughly addressed in chapters 3 and 4 of the current thesis, through the FEC technique (see Fig.
1.8).

1.2. Objectives and innovations of this thesis

The current thesis aims at developing new optimized rotor designs of 10MW wind turbines, of minimum
LCoE. The alleviation of loads, attained through application of passive load control techniques, is part of
the above optimal rotor design strategy, allowing either the reduction of CAPital EXpenditure (CAPEX),
and/or the increase of the Annual Energy Production (AEP), by increasing the rotor diameter within the
margin offered by the load reduction. So, various numerical tools have been employed in their original
form, others have been suitably modified and others have been developed from scratch (which
constitute novel contribution of the present work work), in order to finalize a consistent optimization
environment, appropriate for the reduction of LCoE. The main objectives of this thesis are summarized
below:
e In the first phase, the numerical tools employed are evaluated and validated through a number of
application examples and comparisons of their results against other similar existing in the literature

11
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tools. Ultimate load distributions along the span of the blades are obtained through non-linear time
domain aero-elastic simulations of the coupled turbine system using the in-house, multi-body, FEM
(Finite Element Method), servo-aero-elastic tool hGAST. In order to fill in hGAST, the 6 X 6 full
stiffness and mass matrices of the blades cross-sections is required. The necessary beam structural
data are provided by a cross sectional analysis tool. The corresponding software was formulated by
University of Patras and based on thin lamination theory [31]. In the present thesis, the software has
been up-graded to include three webs and the geometrical shape of each section. A-priori, it
provides beam equivalent structural properties, while once the simulations are concluded, it
provides stress distributions and the value of the Tsai-Hill failure criterion along the blades.

To develop a cost model that has been also synthesized with the aim to determine the cost of the
full wind turbine (plus additional Balance of Plant - BoP and Operational and Maintenance — O&M
costs). This model includes the estimation of the blades material and labor costs. The cost of all
other components of the wind turbine (e.g. tower, gearbox, generation and other) have been
estimated through existing in the literature empirical formulas. Finally, various optimization
methods have been evaluated. The most common methods, are available through scipy library of
Python, as the free-gradient method of COBYLA or the gradient-based method of SLSQP.

Initially the various passive load control techniques are parameterized and evaluated by
investigating the range of their applicability. Specifically, the operational loads are controlled
through the ply offset angle of the fibers on the uni-directional material of the spar caps — material
BTC. The results of the material BTC technique are compared to those of the geometric BTC (blade
sweep). Then strong vibrations during parked or idling operation are reduced through the non-
symmetric change of wall thicknesses — material FEC or by shifting the spar caps in opposite
directions — geometric FEC. Finally, parametric evaluation of CAPEX compression (blade mass
minimization) for various offset ply angles and the standard deviation of the edge-wise bending
moment at the blade root for different shifts of the caps, have been tested respectively.

An integrated framework that couples the above numerical tools has been established, with the aim
to minimize LCoE. The above framework has been designed so that it can estimate, in addition to
the parameters related to the passive control techniques (e.g. the offset ply angle of uni-directional
material or the internal structure of the blade), the design parameters of the blade geometry e.g.
the chord and twist distributions. The values of the above design parameters, constitute the design
variables of the problem and are manipulated by the optimizer, which sets as objective function of
the optimization, minimum values of LCoE. Optimization is performed in a Multi-Disciplinary servo-
Aero-elastic Optimization (MDAO) context where all underlying disciplines, i.e. the aerodynamics,
the structural mechanics and dynamics, the control system and most importantly their interactions
are treated within the same simulation package.

The final step of the present work is to test the MDAO procedure of rotor optimization in an holistic
manner (concurrent consideration of structural and aerodynamic design variables within the same
loop) and to assess the newly developed cost model. This is the main innovation of the present
thesis in comparison to most of the existing MDAO developments [48] of the last years, which
usually employ simplified, cost-based, objective functions but not an actual cost model which can

12
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provide realistic estimates of the LCoE. Another important innovation of the thesis, is the
quantification of the potential of reducing rotor’s specific power (S/P) as a result of combined
application of passive control techniques (BTC & FEC).

1.3. Thesis outline

The current thesis is divided into five chapters and includes two appendices:

Chapter 2: It contains the description of the different numerical tools that are employed in the
MDAO framework, followed by their validation in case they were revised either within the thesis or
in parallel outside of it. More specifically, the bundle of tools considered include: (i) the in-house
aero-servo-elastic solver hGAST [21], (ii) the 2D cross-sectional analysis tool based on lamination
theory [49], (iii) the overall wind turbine cost model [50] and (iv) the gradient based or/and
gradient-free optimization methods used in this thesis [51].

Chapter 3: This chapter refers to the use of passive control techniques employing BTC and FEC. Both
technologies are assessed on the reference turbine DTU-10MW RWT [52]. Also, the chapter
evaluates the potential of reducing the mass of the blade, because of the relief in loads attained
through passive control of loads.

Chapter 4: This chapter presents the formulation of an iterative multi-disciplinary optimization
process for minimizing LCoE. The set up has the passive control parameters (e.g. offset ply angle of
uni-directional material) as well as wind turbine geometric parameters (e.g. chord and twist
distributions), as design/optimization variables. At the end of this chapter, a set of optimized blade
designs is proposed.

Chapter 5: It contains the conclusions drawn from the current work along with recommendations
for future research.

Appendix_A: An extensive description in terms of dimensions and physical properties of the
reference wind turbine of the thesis, the DTU-10MW RWT is provided. This Appendix also includes
the results of the aero-elastic analyses of the reference turbine, both in terms of ultimate and
fatigue loading.

Appendix B: A detailed description of the thin lamination theory employed in this thesis is provided.
Also, the procedures for estimating the beam-equivalent properties and a posteriori stresses
distributions over thin-walled structures as well as the method for calculating Timoshenko shear
factors.
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Chapter 2

2. Numerical tools and validation

In the present chapter, the numerical models used in this work are presented. They are a set of
independent modules that are effectively synthesized into a multi-disciplinary optimization framework.
The first module is the servo-aero-elastic solver hGAST [21], which is used for the calculation of the wind
turbine design loads based on the provisions of the IEC 61400-1 standard [53]. It has been developed in
previous PhD projects [54],[22] and its results have been compared against measurements and
predictions of other similar aero-elastic design tools in as the context of the EU research projects
outlined in section 1.1.2. The other two modules are either extended or exclusively developed in the
context of the present thesis. These are: 1) a sectional thin lamination model which has been extended
to i) also consider cross sections with three shear webs instead of two in its original form ii) account for
the shear shape factors in deriving the shear rigidities and iii) provide stress results over the laminates of
the composite material as well as equivalent stress results on the basis of Tsai-Hill criterion, and 2) a cost
model for the evaluation of CAPital EXpenditures (CAPEX) of the candidate designs which is developed
by the present thesis. The presentation of the models includes the description of the underlying theory
and the demonstration of their prediction capabilities (with the exception of hGAST, which has been
sufficiently validated in previous works). The evaluation is carried out by comparing the predictions of
the herein models, against those from other similar tools such as the BECAS [55] in the case of the thin
lamination model and the WISDEM [56] in the case of the blade cost model analysis.

2.1. Aero-elastic solver hGAST

Technological breakthroughs in material science, manufacturing methods and load control strategies
have led to an ever increasing size of modern wind turbines. The increase in size is mainly dictated by
the need for further increasing penetration of wind energy in the European and the global energy
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systems. The excessive increase in size entails the design of highly flexible, long and slender blades, with
low mass — relative to their size — which in normal operation conditions undergo large bending
deflections (in some cases they can even exceed 10% of the radius of the blade) and high torsion angles
which can affect their performance and stability. Every new wind turbine design (as with any new
product), must be certified for safety and reliability. Therefore, an important requirement for a safe
design is the accurate determination of the design loads of a wind turbine. The more accurate is the
estimation of the design loads, the more safety factors can decease and so does the cost. So, the current
section begins, with the presentation of the in-house high-fidelity servo-aero-elastic solver hGAST which
is used in this thesis for determining wind turbine’s lifetime loads.

2.1.1. State-of-art in aero-elastic solvers and hGAST

Since the 1980s and mainly from the middle 1990s, several aero-elastic solvers for wind turbines have
been developed, adopting simple linear beam theory [57], with some corrections for non-linear effects,
as for example the effect of centrifugal stiffening due to the rotation of the blades. Many of the existing
tools are based on the application of the Finite Element Method (FEM) to the full system of the dynamic
equations [58],[59] and others, with the aim to compress computational cost, have adopted simpler and
reduced order models like Craig-Bampton modal method [60]. The need for substantially reducing
computational cost in conjunction with the requirement by the standards of performing several design
simulations within the certification loop, led some codes to even neglect torsion deformation degree of
freedom [61], assuming that blades are rather stiff in torsion. Although such an assumption would be
convenient due to the large amount of simulations required by IEC standard, it is not valid in modern
multi-megawatt wind turbines.

In the new generation of aero-elastic tools, higher order non-linear beam models have been adopted,
either based on truncation methodologies which allow reducing non-linear contributions to the most
important and relevant ones [62], or on generalized geometrically exact Timoshenko methodologies
[63]. The above beam models are combined with multi-body dynamic formulations [64] that account for
complex kinematic and dynamic constraint conditions and rigid body motions. Beam equations are
derived through the application of an extended form of Hamilton’s principle. The models belonging to
the second category (geometrically exact formulations) are usually based on intrinsic formulations of the
beam theory [65] (they consider deflection velocity and angular velocity as primary dofs instead of
displacements and rotations). On the other hand, some methods are based on first order linear beam
models but they divide each flexible component into a number of interconnected sub-bodies that each
one follows the deflected body state. The sub-bodies are either considered as flexible beams or as rigid
bodies. In this way, condition of the geometrically exact beam is satisfied at the level of the discrete sub-
bodies and not at every single position along the beam.

hGAST is a servo-aero-elastic simulation toolbox, that has been entirely developed at NTUA and it is
based on the latter approach [21]. The core of this solver, consists of a non-linear aero-elastic solver for
the full wind turbine system in the time domain, in which there is provision to also include the control
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equations and the dynamics of the floater. Essentially, hGAST is an upgraded version of the GAST solver
[66], in which dynamic equations are derived under the assumption of the homogenous isotropic
material. In hGAST the full stiffness matrix [67] of the composite lay-up (e.g. the detailed inner structure
of the composite materials), is considered. This is a necessary modeling feature for simulating blades
with aero-elastic tailoring and passive load control capabilities [67],[68]. Major contributions were made
by Manolas in his PhD [22] where more details can be found regarding the capabilities of hGAST. In
particular, it was based on the PhD thesis by Riziotis [54], while the control equations were added and
the toolbox was extended to offshore concepts both bottom fixed and floating. In that form hGAST
supported the AVATAR [19] and INNWIND.EU [18] research projects (see section 1.1.2.). In [21] and [69],
extensive cross comparisons of hGAST results against HAWC2 code [70], on NREL-5MW RWT [71] can be
found.

The hGAST simulation toolbox consists of:

e an aerodynamics module for the analysis of rotor aerodynamics.
e astructural dynamics module that applies FEM beam modeling of all flexible components.
e a multi-body dynamic module that also considers the floater motion.

e a hydrodynamic module for incorporating current and wave loading on offshore sub-structures.

All the above modules (except for the hydrodynamic since the present thesis deals only with onshore
turbines) are briefly described in the following sections.

2.1.2. Aerodynamic module

The aerodynamic module of hGAST consists of several modeling options of varying fidelity. Available in
hGAST are:

e alow fidelity Blade Element Momentum Theory (BEMT) module [72].
e amedium fidelity free wake vortex model [73].

e a3 high fidelity Computational Fluid Dynamics (CFD) model [74].

The last two options have been used in aero-elastic analyses mainly for predicting challenging conditions
that exceed the limits of BEMT validity [75]. They have also been used for tuning engineering correction
models in BEMT which allow them predicting the above challenging conditions. However, because of
their excessive computational cost, they are not suitable for multi-disciplinary (multi-point) optimization
simulations. The BEMT model on the other hand, is well suited for that kind of optimizations and so it is
the only aerodynamic model adopted in the current thesis.

As mentioned above, the BEMT method includes empirical add-ons and corrections in order to account
for the following effects which originally are not supported by the theory, but are crucial for the
accurate estimation of the aerodynamic loads:

e actual blade geometry (cone, pitch, pre-bend and pre-sweep blade angles).

17



Chapter 2: Numerical tools and validation

consideration of the deformation velocities in case of aero-elastic coupling.
correction of the thrust coefficient Cr for highly loaded rotors.

reduction of energy extraction due to tip losses.

dynamic inflow.

shed vorticity effects and dynamic stall.

correction for skewed wake (yaw and tilt).

Rotor Disk
Plain

Figure 2.1: Definition of co-ordinate systems.
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Figure 2.2: Local velocity triangle definition.

2.1.2.1. Implementation of BEMT in hGAST
Two coordinate systems (c.s.) are defined for every strip of the blade:

i) the rotor disk (RD) c.s. (see Fig. 2.1) which has the z-axis normal to the rotor disk, pointing towards
the wind direction, the y-axis along the radial direction pointing from the blade root to the tip and
the x-axis normal to the other two, lying over the rotor disk plain and pointing opposite to the
direction of rotation.

ii) the local to the blade section c.s. (BLD) (see Fig. 2.1).

The first is attached to the rotor disk plain following the tilt and the yaw rotations of the nacelle, the
azimuthal angle of each blade (including the initial azimuthal angle) and the rotational deformations of
the tower and the shaft. The BLD local coordinate system includes in addition to RD the rotations for the
coning angle, the pitch angle of the blades and the build in curvature (x-axis: pre-bend, z-axis: pre-
sweep) angles.

Let Agrip denote the transformation matrix from the RD c.s. to the BLD c.s.:
Astrip = Acone 'Apitch “Acyrve (2.1)

where Acone, Apitcn and Agyrye denote the elementary rotational matrices for cone, pitch, pre-bend
and pre-sweep angles. It is noted that the twist and the torsion angle of the blade are not included in
Astrip‘

The total velocity vector, defined with respect to the RD c.s. is,

Urp = [(UW — Up)xrp(1 +2"), (Uw — Up)y rp, (Uw — Up)z pp (1 — a)]T

= [Uy rp(1 + '), Uy gp, Up rp(1 — )]”

(2.2)
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where Uy, rp are the three components of the wind velocity including shear, yaw, inclination and
turbulence, and Up 4y, gp are the three components of the body velocity including rigid body motions
(i.e. the rotation) and elastic deformation velocities both defined with respect to the rotor disk system,
while a and a’ are the axial and circumferential induction factors.

The total velocity with respect to the local BLD c.s. is defined as,

Ugp = Astrip * Urp = (Ut pps Uy 1Dy Un BLp) " (2.3)

where n,t,r refer to normal, tangential and blade-wise directions of the BLD system (corresponding to
z,x,y). The local effective velocity, the local flow angle and the angle of attack are defined as,

Uesf BLD = \/Ur% o + Ufsip (2.4)
U
@ = tan_l I:ﬂ] (25)
Ul' BLD
a=¢, =0 =V — Ve (2.6)

where the radial component has been neglected in Eq. 2.4 as U,f p1p corresponds to the 2D sectional
effective velocity. The angles ¥, 9, and 9., denote the twist, pitch and the torsion deformation defined

with respect to the BLD c.s.

In case of a rotor with cone and pre-curvature and also accounting for the hub and the tip losses, the
BEMT equations are written as,

o
Npiade 2 Uesz BLpCnBpCdTpLD = 47TQU£ roTRDATRp a(1 — @) Fipgs (2.7)
Cr
o '
Npiage 2 Uesz LD Ct RoCTRpATBLp = 470U gpUp gpa’ (1 — a)1Epdrrp Floss (2.8)

where Npjq4e is the number of blades, g is the density of air, ¢ is the airfoil chord, C,, and C; are the
normal and tangential force coefficients respectively, Fj,¢s is the tip loss factor, drg;p denotes the
actual width of the annular tube and drgp is the projected width on the rotor disk plane (see Fig. 2.1).

Considering A the local tip speed ratio and ¢ the local solidity given by:

U N cdr

A =LED (2.9.a) o = —2ade” ~ BLD (2.9.b)

Un rp 2nrgp drgp

Eqg. 2.7 and Eq. 2.8 are cast in the form:
CZ
Cr —0Cyhrp —ECJZ P -0 (2.10)
nRD

Ul s BL (2.11)

43,(1 - a)/lFloss —0Cerp =0

2
Un RD

20



Chapter 2: Numerical tools and validation

The local C; and C,, coefficients are defined as,
C; = Cpsingp;, — Cpcosq,
(2.12)
C, = Crcosq@; + Cpsingy,

where C; and Cp are the lift and drag coefficients respectively. When transformed to the RD c.s, local C;
and C,, are defined as,

Cerp = Astrip(lvl)ct - Astrip(lr:)’)cn
Carp = Astrip (B.3)Cn — Astrip GBDC;

Note that the positive direction for C; is opposite the x direction by convention.

(2.13)

2.1.2.2.Tip loss

In Eq. 2.7 and Eq. 2.8 F,5 denotes the tip loss factor originally proposed by Prandtl [76] and defined as,

_MM) ( )
2.14

2
Floss(’") =—cos1{e 2  rgrpsingg
T

where Ry, denotes the projected radius of the tip of the rotor blade.

2.1.2.3. Correction of the thrust coefficient Cy for highly loaded rotors

The thrust coefficient Cr in Eq. 2.7, including the correction for high values of the induction factor a
(exceeding the value of 1) [77] is defined as,

4a(1 — a)Fjygs ,a<0.33
_ 2.1
Cr {(0.425 +1.39a)F},ss ,a > 0.33 (2.15)
2.1.2.4. Dynamic inflow modeling
In case of dynamic inflow modeling, Eq. 2.10 becomes,
R T UZz
422 ¢ (ﬂ)éw Cr — 0Cp pp L2 — 0 (2.16)
Uw " \Rgp Uy rp

fo term originates from the integration of the unsteady momentum equation and accounts for the
inertia of the wake [78] defined as,

-1
"rRD
r 2m 1-— R—c051/1 dy ]
£ (ﬂ> - Zn[f ( = ) 7 (2.17)
0 TRD)" _ 5 TRD. J
[1 + (RRD) 2 Rep cos l/)]
where Y is the azimuth angle.
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2.1.2.5. Shed vorticity effects and dynamic stall

In order to capture the effect of the unsteady flow due to the shed vorticity emanating from the blade,
as well as dynamic stall effects on the aerodynamic coefficients C;, Cp and Cy;, a dynamic stall model is
applied. The coefficients do not retain their steady values based on the angle of attack a but instead
they are defined by solving the ONERA [79] or the Beddoes — Leishman [80] dynamic stall model
equations. Details can be found in [54].

2.1.2.6. Correction for skewed wake (yaw and tilt)

A simple cylindrical skewed wake model is considered. Based on the expression originally proposed by
Glauert [81] the axial induction factor a in Eq. 2.7 and Eq. 2.8 is modified as,

Askewed = @ [1 + K(0FE, (;;RT[;) sin 1/)] (2.18)

where K is a function expressed in terms of the wake skew angle y and F, the flow expansion function.
Eq. 2.18 introduces a radial (due to F,) and an azimuthal (due to sin ) variation of the induction factor
and in turn of the induced velocity.

In the current implementation two possibilities are available. The first adopts the K function by Coleman
(82],(83],

X
K(y) = tan (E) (2.19.a)
and the flow expansion function by @ye [84],
TrRD TrRD Trp \> Trp \°
() < T2 4 g () 4 (22 2204
“\Rgp Rgp Rrp Rgp

while the second adopts the K function by Drees [85]

4 siny\2 X
K(p) = §[1 - 1.8( - ) ]tan (E) (2.19.b)
and the linear flow expansion function by Glauert,
) TRD
F, (—) =— 2.20.b
“\Rep) ™ Rep (2:20.5)

The wake skew angle y is defined as,

1 Uy siny ]

Uy cosy (1 —a) (2.21)

X =tan

where y denotes the skew angle, defined as the angle between the vector normal to the rotor plane and
the mean wind velocity due to yaw and tilt.

22



Chapter 2: Numerical tools and validation

2.1.2.7. Solution procedure

The system of the two non-linear equations Eq. 2.10 and Eq. 2.11 is solved with a Newton Raphson
method, providing for each individual strip the induction factors a and a’. It is noted that all the
aforementioned corrections and add-ons (dynamic inflow, shed vorticity and dynamic stall model) are
coupled to the BEMT solution and are considered during the iterations loop.

2.1.2.8. Loads calculation

Once the iterative process has converged the normal and the tangential force and the pitching moment
with respect to the BLD c.s. along the blade span-wise direction are calculated as,

Q

_ 2
FopLp = 5 LnBLD UZsr BLp € ATBLD

o
Fipip = _ECt BLD Uesz BLD € ATBLD (2.22)

0

Mpp = 2 Cm BLD Uesz BLp € dgp

2.1.3. Structural dynamics module

The full wind turbine is a multi-component dynamic system having as components the blades, the drive
train and the tower, all approximated as Timoshenko beam structures. The assembly of the above

Ill

components into the full system is carried out in the framework of the so-call “multi-body approach”. It
consists of considering each component separately from the others, but subjected to specific free-body
kinematic and loading conditions, imposed at the connection points of the components. The multi-body
formulation may be also extended to the component level. Highly flexible components, such as the
blades can be divided into a number of interconnected “sub-bodies”, considered as an assembly of
linear beam elements. Large deflections and rotations gradually build up, whereas non-linear dynamics
are introduced by imposing to each sub-body the deflections and rotations of preceding sub-bodies as
rigid body-non-linear-motions. This approach allows capturing the geometrical non-linear effects due to
large deflections and rotations using linear beam theory at the element level, but considering non-linear

effects at the sub-body level.

2.1.3.1. Multi-body dynamics model

Multi-body dynamics is adopted in the modelling of all the structural components/elements of the wind
turbine assembly. In the present multibody dynamics analysis, all flexible components are represented
as 1D flexible (beam) structures, whereas numerical discretization employs non-linear FEM. Multi-body
dynamics can concurrently accommodate rigid body motions and structural flexibility, together with the
non-linear inertial and structural effects and geometric couplings that large deflections of highly flexible
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components may cause (e.g. blades). Rigid motions are imposed by either the control system (e.g.
blades’ pitch motion, drive train rotational speed) or by external excitations (effect of
inflow/environmental conditions to wind turbine kinematics).

2.1.3.2. Multi-body kinematics model

The main structural components of a wind turbine assembly are the blades, the drive train system and
the tower. All the above flexible components, which are usually sufficiently elongated, are approximated
as a collection of linear Timoshenko beam structures. In multi-body dynamics, assembly of the
components into the full system is carried out by imposing appropriate kinematic and loading conditions
at the connection points. In brief, at any connection point one of the connected components specifies
the position (displacements) and orientation (rotations) while all others contribute their reaction loads
[69].

A local coordinate system [Oxyz] (see Fig. 2.3) is assigned to every component (body) with respect to
which local elastic displacements are defined. The y-axis of the local body system is chosen to coincide
with the body elastic axis. The local frame of each body (e.g. blades) is subjected to (a) rigid body and (b)

elastic motions. For the k'™ body, let g* = {q’t‘,q’r‘]T (index "t" stands for translations and "r" for
rotations) denote a set of time invariant and/or time variant displacements and rotations that define the
origin and orientation of the local system of the k™ body in the undeflected state. The gq* vector
contains, i) all constant translations and rotations that in the still/undeflected state define the local co-
ordinate system of the body with respect to the inertial frame, ii) time variant body self-motions (e.g.
pitch angle of the blades), iii) global rigid body kinematic d.o.fs that apply to a collection of bodies
including the k-th body (eg. rotor rotational speed, yaw motion undergone by all blades of the rotor)
and iv) translations and rotations induced by other bodies, in particular elastic motions induced by other
bodies connected to the k" body (see Fig. 2.4).

The (global) position vector r’(‘; of any arbitrary point P over the deflected k" body with respect to the
global inertia frame [O;x;ys2¢] (see Fig. 2.3) is expressed through the (local) position vector of P in the
un-deflected state r¥ = (xlk,ylk,zlk)T and the vector of the local elastic deflections (displacements and
rotations) uk = (uk,vk,wk, 0k, gk, HR)T (both defined in body local co-ordinates - see Fig. 2.4), and the
motions g* as follows:

rf = R*(q%¢) + T*(q¥; t)[rf + S - uk (D] (2.23)

where, R¥ is the position vector of the origin of the local coordinate system of the k-th body with
respect to the global system, T¥ is the rotation matrix from the local system of the k-th body to the
global co-ordinate system and § matrix is given by:

100 |0 z 0
$S=10 1 0 |-zF 0 «xf (2.24)
000 1 o —xF o
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Where the right 3 X 3 part of § is related to displacement induce as the result of the elastic rotation. It
is noted that both T¥ is expressed as a sequence of consecutive elementary rotations each about a
single axis:

T =T(q) T2(q2)  Trn-1(@7™ ) - T (@) (2.25)

Moreover, R¥ is expressed as a sum of elementary rotations (around one axis) multiplied with
elementary translations:

R =Ri(q}) + T1(gP){R2(q?) + T2(q?) - [Rm-1(qf"™") + Trn—1 (@7 1) " Rin (@M -+ 3 (2.26)

Of particular importance is that the above multi-body formulation is extended to the body level. Highly
flexible bodies, such as the blades, are divided into a number of interconnected sub-bodies, each
considered as a single or as an assembly of linear beam elements. Large deflections and rotations
gradually build up and non-linear dynamics are introduced by imposing to each sub-body, the
deflections and rotations of preceding sub-bodies as rigid body motions. Dynamic coupling of the sub-
bodies is again introduced by communicating the reaction loads (three forces and three moments) at
the first node of every sub-body to the free node of the previous sub-body as external load. Illustration
of the extension of the multi-body framework at the level of a body is illustrated in (Fig. 2.4). Fig. 2.4
shows how a body (local co-ordinate system [0, X;n VimZm] of the m-th body) can be discretized into a
number of interconnected sub-bodies (local co-ordinate system [Oxyz]) and eventually every sub-body
into a number of linear Timoshenko beam FEM elements.

sub-body k+1

Ye
R (Pz)
Ry K
XTU (qq,50
............ (P2 t (P1 )
_‘.71 k k
k-1 _Fel - Md

Zg
s (P =r(P2)
6;(P1) =6, (P2)

Og
, X Xg
Zg, Z
Figure 2.3: Simple model of a wind turbine. Figure 2.4: Application of multibody kinematics at the
Examples of local body co-ordinate systems. body level (connected sub-bodies). Connection of sub-

The local co-ordinate system of the blade the  bodies k — 1 and k in body m.
tower and the drive train are indicated.
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2.1.3.3. Timoshenko beam model

k of

Linear Timoshenko beam modeling is applied in order to account for the local deflections vector u
every flexible body/sub-body. The coordinate system [0'én{] shown in Fig. 2.4 is the cross section local
system. Around the axes of this system, local bending and torsion rotations take place. The set of
dynamic equilibrium equations per unit length of beam (the first express the 3 force equation and the

last the 3 moment equations) of the k-th body takes the form:

_ E! k
F3; external loads including
FI
f 0dAST - Tk . K = M.+ F Z_ Ewk| * reaction loads communicated (2.27)
A x z Yy
M, by connected bodies
| M, + F, — Bu'™ ]

where () = a/ay denotes derivatives with respect to the beam-wise local y direction. The terms

k. . . . ,
" in the moment x and z equations are the only non-linear terms considered in the

'k
E,w'™ and Eu
analysis. This is because they are expected to contribute significantly, especially in the case of rotating
beams in which axial force increases due to the centrifugal effect. The two terms give rise to virtual

stiffening of the beam as rotational speed increases.

It is noted that equilibrium equations Eq. 2.27 are written with respect to the local body or sub-body co-
ordinate system. The acceleration of an arbitrary point P of the k-th body is expressed as:

TH 7k = TF . RE 4 TR fk[rk 4 5 uk(0)] + 2T - Th - S ak(6) + § - itk (£)

S~———
acceleration centrifugal Coriolis local
of origin

(2.28)

As indicated under every term of Eq. 2.28, besides local acceleration due to local deflection of the
body/sub-body, the acceleration of the origin of the local body/sub-body co-ordinate system and the
centrifugal and Coriolis terms due to the rotation of the local body/sub-body co-ordinate system are
taken into account in the analysis. It is noted that the first, second and third term of Eq. 2.28 depend

. T .. . .
non-linearly on vectors g* = [q’t‘, q’r‘] (time dependent translations and rotations).

The constitutive relation between the generalized structural loads over a cross section of a beam and
the strains-curvatures is given by:

Fk = K¥ - &k (2.29)
where,
Fe=[Ef Ef B Mk ME ME]

T
=¥ e vk kk kY KE]
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(Kiy Kfy Kfs KP
Kf, Kis K3
Kk = K K3
Ky
sym.

and,

gy=v,;yx=u,+gz;yz=W,_9x/kx=99,clky=93,nkz=92,

for the k-th body (2.30)

In Eq. 2.29 K* is the sectional Timoshenko full stiffness matrix. With respect to a standard Timoshenko

beam approach the elements Kﬁ and K§43 represent transverse shear rigidity, K{’Z axial stiffness, I(1D1

and K2, flexural stiffness in flap-wise and edge-wise directions respectively and K2, torsional stiffness.

The off-diagonal elements K2 and K2 are responsible for the activation of bend-twist coupling. By

introducing Eq. 2.30 into Eq. 2.29, K* can be split as follows:

Fk = K*- e = K™ + KXuk

where,
K% = K*

and,

_KlAg
—K{
—K{;
—K3)
—KZ5

B
_K33

o o o o o o
o o o o o o
== ===

S ©O O o o o

(2.31)

K|
Kf
Ky
Kty
K7

B
K13

By substituting Eq. 2.31 into Eqg. 2.27 the dynamic equations are expressed with respect to the local

deflections dofs in the form:

f odA ST T ik = (Kku™) + (Ksuk) + (Kku™) + (K5ub) +
A

where,

[ 0 0 0

| 0 0 0
0 0 0

K _ |
Ks=1 k&5 k4 Kkf-F

0 0 0

_KlAl + Fy _KlAé —K1A3

external loads/
(2.32)
reactions

0 0 ]k
0 0 |
0 0 |

K K3 |
0 0
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In the case of a uniform/isotropic material beam the matrices K'l‘, K% K%, Kif take the form:

K

=
S
Il

o o o © o o

o o o o o o

o © © ©

o o o © o o

S O O O O O

—G,A+F,

S ©O ©O O O O

S ©O ©O ©O O O

o ©O O o o o

S O O O O O

0
0
0
0
0
0

A
K13

0 0
0 —EA,
G,A 0
0 Elyx
=G4, 0
0 —EI,
0 o O
0 o O
0 -G,A 0
0 0 0
0 GAz ¢
o 0 o
0
0
0 0
G,A—F, 0
0
0
0 0
0 0
0 0
0 —-G,A 0
0 0 0
0 0 0

0
0
0
K
0
—Kij]

GxAx 0
0 EA,
- GZAZ 0
0  —EI,
GJ 0
0 El, |
-k
G, A
GxAx
0

—G, Al

_k

(2.33.3)

(2.33.b)

(2.33.¢)

(2.33.d)
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where,

EA=f E dA EAx=f EzdA
A A
EIZZ=f Ex?dA EAZ=f Ex dA
A A
Elxx=f Ez?dA Elxz=f ExzdA
A A
GxA—f G,dA GZAzf G,dA
A A
G A, :j G,zdA G,A, =f G,xdA
A A

In order to apply FEM, the above set Eq. 2.33 is written in weak form by applying the principle of virtual
work:

T T
f suk” U 0dAST - T"T-i'"’(‘;] dy =f su'’ (Kku'™)dy +f su'™ (Kkuk)dy
L A L L

+f suk” (K5u'™)dy +f suk” (KXu*)dy +
., i (2.34)

+ work of external loads + boundary terms

2.1.3.4. FEM analysis

The approximation of the local deflections along every element (of length L,) of the beam is expressed
through nodal dofs u:

u(y,t) = N(y) - u(t) (2.35)

where N is the shape function matrix of the beam. 15¢ order shape functions for extension and torsion,
and modified C! Hermitian functions for the two bending displacements that prevent shear locking [86]

are used(by satisfying static equilibrium compatibility relations).

In Eq. 2.35,
u(o) = [ul,vt,wh, 9;,9;,eg,uz,vz,wz,eg,eyz,e;]T (2.36)

and
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(N, o0 O 0 0 N, NG 0 O 00 NG
o N 0 0 0 o o N O 0 0 o
0 0 le N2w 0 0 0 0 le NZW 0 0

NQy) = 0 1 1 0 0 0 2 2 0 0 (2.37)
0 Nig, Nog 0 Nig, Nz

0 o * * N3O 0 o * * N O
N1 0 0 y N2 N2 0 0 y N2

[Vig, O 0 0 0 20, Nig, O 0 0 0 26,

where, with & = y/L
e
N3 (@) =Ng () =1-¢ Ni(§) =Ng () =¢
Nllu,w(f) =1- E(px,zl - 3fz(px,22 + 253(px,22 leu,w(f) =1- Nllu,w(g)
Nzlu,w(f) = (_f + 0-5€¢x,zl + 0-5€2d)x,21 + zfzd)x,zz - ESd)x,ZZ)Le
N22u,w(€) = (0-5€¢x,zl - 0-5€2d)x,21 + Ez(px,zz - ESd)x,ZZ)Le
Py 21
Nig, p,(§) = 6§(1—¢) z'z Ni, 6,(§) = —Nig_g (§)
e
]\]216',6,9Z @ =1- §Pyz1 + §(3¢ - 4‘)d)x,zl Nzlex,ez = =Py + $(3¢ - 2)(px,zl
Px,z 1 12E1
d — f @ _ _ XX,2Z
x,z1 1 + (px,z X,z2 1 + (Px,Z gox,z —GXIZAL%

In the above, EI,, ,,, Gy ;A are the average bending stiffness and shear rigidity over the element.

Non-linear equations Eq. 2.34 are linearized and written in perturbed form with respect to a reference
(steady or periodic) state denoted by the index (0). It is thereby assumed that:

qk — ko +6qk’qk — ko +6qk and qk — ko +6qk
wk = ukO 4 §uk, ik = ik + Sk, ik = ik + Stk

Thereby, the different non-linear terms in Eq. 2.28 can be written in the following form with respect to

the reference state:
T - R = (TKT - %) 4 8, (THT - RY)" - 5% + 04(TKT - R¥)° - 8¢ + 95(T*T - R¥)" - 5"
T -k = (TFT - 7%)° 4 3, (T¥T - T%)° - 5q* + 9,(T*T - T%) - 54" (2.38)
THT -k = (TR - %)° 4 9, (TFT - 7%)° - 8¢ + 95 (T¥T - T%) - 8¢ + 85(T+T - i) - 5"

Using Eq. 2.34, Eq. 2.35 and Eq. 2.38 the local linearized mass, damping and stiffness matrices of every

FEM element along the beam are written:

M,

f U (QdA)NT-ST-S-N]dy (2.39.a)
Lo L/A

e = f U (QdA)NT-ST-Z-(TkT-Tk)O-S-N]dy (2.39.b)
L, L/a
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Q.

J
J
J

+f U (odAY NT - ST - 33(TT - )" - (v + 5 - w?) | dy

Le A

f U (edA)NT - ST - 9, (T " - Rk)o] dy

Le A

+f j (edAYNT - ST~ 94(THT - 7%)" (g + S - ul*) | dy
Lo L/a

+f f (dA)NT - ST - 2+ 9, (TKT - T%)° .s.uko] dy
Le LYA

L[] wonrsacr 7

Le A

+[ ] eddNT ST 0, (1 1) (v 4 50 -u) ay
Lo LYA

+f f (QdA)NT'ST'Z-Bq(TkT-Tk)O.SO.ilko] dy
Lo LYA

-], |], etmnmsT (T"T-I"?")O] dy
Lo LYA

[ || NS (074 (vt 4 5w ay
Lo LYA

[ || w5z 1) s ik ay
Lo LYA

_f f (QdA)NT'ST'S-il"Ody—Ke-ﬁko+f NT-Qdy
L, YA

N’T-Kl-N’dy—f

e

e

N'T-Kz-Ndy+f

Le Le

f (odA) NT - ST - (TKT - 7%)" . 5 . Ne] dy
[V A

[ 5o, kk)O] dy
|/ A

Le

NT-K;-N’ dy—f NT-K,,-Ndy (2.39.c)

Le

(2.39.d)

(2.39.e)

(2.39.)

(2.39.g)

(2.39.h)

31



Chapter 2: Numerical tools and validation

2.1.3.5. Multi-body constraint equations

Kinematic constraints are applied to the end nodes of connected bodies/sub-bodies, as shown in Fig.
2.5, where P2 end nodes of the sub-bodies (sb) 1 and 3, are connected to P1 node of sub-body 2. If two
sub-bodies are rigidly connected to each other, one sub-body (node) defines the kinematics (in the
example sub-body 1) and the other provides reaction loads. These reactions loads (3 forces and 3
moments) are applied as external point forces/moments to the node which defines the kinematics.

y

Zsh3

o X

Figure 2.5: Example of constraint equations Figure 2.6: Definition of unit bases e] and e]" of
applied at the end nodes of connected two connected sub-bodies.
bodies/sub-bodies.

For two rigidly connected bodies/sub-bodies sbr and sbm, 3 translation and 3 rotation non-linear
constraint equations are defined:

r;(Plor P2) = rZ(P1or P2)
(2.40)
0."™ = const., relative angle between P1 or P2 of sbr and P1 or P2 of sbm

where 1 in Eq. 2.40 is given by Eq. 2.23, while ;""" = (6,1",0,5",6,3™)" is a column matrix containing

relative rotation angles between connected nodes with respect to the 3 local axes of sbr. The above
combination of connections covers all possible assemblies of connected sub-bodies realizing multiple
load path configurations.

The relative angles 6, are given by [87]:
cos 0" (e} - eft) —sinf, " (e} -ef) =0
cos 65" (e%-ef") —sinf,;" (e -ef) =0 (2.41)
cos Hrrém (el -elt) —sin Hrrém (eh-ef)=0
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where e} and e]" are two unit vector bases defining the local co-ordinate systems of the connected
nodes of the sub-bodies r and m respectively (see Fig. 2.6).

It is noted that vectors e; appear as columns in the rotation matrix T, when referring to P1 or as
columnsinT - T; where:

1 ~6,(P2)  6,(P2)
T, =| 6,(P2) 1 —6,(P2)
~6,(P2)  6,(P2) 1

When referring to P2, the definition of T; implies that local deflection angles at the end node P2 are
small.

Figure 2.7: Free or elastic constraint equations.

For the simulation of a free or elastic constraint equation between two sub-bodies r and m (as shown in
Fig. 2.7), the following conditions are satisfied:

kfc’y‘z[(Tr)T e (P2) — (TMT - r*(P1or PZ)]x,y,Z +
dat;,y,z[(Tr)T ' 1"2 (PZ) - (TT)T ' ‘iﬂgn(Pl or Pz)]x,y,z = Fx},ay,z (2.42)

k;,y,z [911:,m - 9:(’)m]x,y,z + d;,y,z [eg,m] = My}g,y,z

X, Y,z

where, kfc’y,zand dfc_y_z are the linear and kj, , and d,, are the angular stiffness and damping
properties of the elastic connection, ), , and Mg, , are the reaction loads at the connection point and

;5™ is the initial relative angle of the connected sub-bodies.

Along with the relative rotation angles between sub-bodies, the global angular velocities of the sub-
body r, expressed with respect to its local co-ordinate system can be calculated through:
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0 -85 6,
7T =6 0 -6} (2.43)
—0L 6 0

. . . . T
where 0] = (9[1, 0, 9[3) is the vector of global angular velocity of sbr expressed with respect to the

local co-ordinate system of the sub-body.

It is noted that reaction loads QF = (FR,MR)" where FR=(Ef Ff FZR)T and MR =

(M,’f Mff M§)T are the vectors of the reaction force and reaction moments at the connection points,
can be expressed as linear functions of the local deflection dofs # and the global = q dofs respectively of
the sub-body m and its element (e) on which reaction loads are calculated using linearized matrices of
Eq. 2.39.

m(e)

R . .
2 (1)] = M8 4+ CISHME) 4 (K, + KS)5TmE)

Q*(2) (2.44)

+MI5G™ + C15¢™ + K15q™ - Q.

where QR (1) and Q7 (2) are the reaction loads on node 1 and 2 of any (e) FEM element (matrix 12 x
1) of sub-body m.

2.1.3.6. Aero-elastic coupling

Aero-elastic coupling consists of the interaction between the aerodynamic and elasto-dynamic modules
within every time step of the numerical process. In order to materialize such an interaction, there are
two different options of similar fidelity. The first one (full coupling) is to combine the two systems and
solve them as one; alongside with their off-diagonal coupling terms. There is a formulation issue when
combining everything in one system, that one should mention. The flow equations are 1% order in time
and therefore the structural equations must be recast (the size however doubles) in first order state-
space form. An advantage is that the system may reveal coupled aero-elastic modes and their
corresponding damping. Alternatively, the two systems can be solved separately. Internal iterations are
required in both formulations. In the first one, until the unified non-linear aero-elastic system
converges. In the second approach until convergence is achieved for both systems. It is also noted that
in the second approach, within every internal iteration, compatibility information will be exchanged
between the systems (strong coupling). In this way, it is easy to interchange between various
aerodynamic or structural models of varying fidelity. Even though / in any case, every pair of models will
need an interface protocol of its own.

In the strong coupling context, the aerodynamic code will have to feed the elasto-dynamic module with
loads, whereas the structural model will communicate kinematics to the aerodynamic one. More
precisely, the distribution of the aerodynamic loads calculated by the aerodynamic model over the strips
along the body reference aerodynamic line is fed to the structural dynamic module. In turn, the
deformed coordinates of the reference line and the deflection velocities of the blade, calculated by the
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structural analysis, are communicated to the aerodynamic module. This procedure is repeated within
every time step until convergence of both the aerodynamic and elastic solution is attained.

The reference line of the aerodynamic loading is commonly chosen to be at the quarter-chord, ¢/4 line
of the blade. The structural reference line is considered to be the one with respect to which structural
properties of the blade are defined. In general, the two lines can be offset with respect to each other.
Due to the above offset an extra twisting moment should be communicated when transferring loads
from the aerodynamic line to the elastic line. The above offset must also be taken into account when
transferring deflections and velocities from the elastic line to the aerodynamic line, as rotations around
the structural axis induce translations at the c/4 points.

In general, the 1D discretization of the aerodynamic and structural reference lines is different. In the
aerodynamic model, the reference line is divided into a number of aerodynamic strips over which
aerodynamic loads are calculated and considered uniformly distributed. With regard to the structural
model and in the multi-body context, the elastic line of a single blade can be shared among several
connected sub-bodies, which in turn are discretized into a number of linear FEM elements. The above
definitions for the aerodynamic strips, the structural elements and the corresponding grids are shown in
Fig. 2.8. The correspondence of the aerodynamic and structural grids is defined based on the material
co-ordinate s, in the un-deformed state (see Fig. 2.7). The material co-ordinate s, represents the arc-
length that positions the point along the deformed reference it belongs and has a unitary numbering
along the blade, no matter how many sub-bodies have been used to describe it. If the blade is straight,
Sp coincides with the radial y co-ordinate of the blade local system. If the blade is curved, s, is the arc
length along the curved reference line (see Fig. 2.8). The need for introducing the material co-ordinate
Sp stems from the fact that when the blade is deformed the structural nodes are displaced in all
directions and, depending on the deformation field, the length of the deformed blade changes
(increases in case of pure tension, decreases in case of bending deflection).

Undeformed state Deformed state
e 4
o Sub-body nodes Aerodynamic =
o FEM nodes reference line T
p4:) o
»¥B e
o 'Sy material coordinate arc /"Q\D u(so) Aerodynamic
T length along reference line e L i reference line
Structural axis (defined either for straight 3 o . e %t;ral axis
or curved blade) 7 e V(So)
o 14 T
O S0 X Correspondence of M(SO) - (u(SO)’ V(SO)’ W(SO))
N\ « aerodynamic and structural Deflection fleld at
XB grids with respect to the . o,
material coordinate so given pOSItIOﬂ S()

Figure 2.8: Definition of aero-dynamic and Figure 2.9: Definition of aero-dynamic and
structural grids. Un-reformed state. structural grids. Deformed state.

It is noted that appropriate interpolation procedure shall be defined in order to deal with the different
grids and more particularly with the transfer of loads, deflections and deflection velocities from one grid
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to the other. The transfer of loads from the aerodynamic grid to the structural grid is schematically
illustrated in Fig. 2.10. Aerodynamic loads are integrated over all strips lying within one FEM of the
structural grid. Partial integration is performed over the elements that are not entirely lying within the
same FEM (see Fig. 2.10). The overall load is renormalized based on the length of the section and gets
redistributed as piecewise constant load over it. The loads communicated to every section of the
structural grid consists of span-wise (radial) distributions of a normal and tangential force components
and the twisting moment contributed by the aerodynamic pressures. When a direct integration does not
apply and look up tables are used, the twisting moment includes the quarter chord pitching moment
plus the moment due to the offset between c¢/4 and the structural reference point.

The interpolation method presented here satisfies conservation of the total thrust force; however, it
does not ensure full conservation of flap-wise moments. Nevertheless, the accuracy of the approach is
reasonably good for the standard grid resolutions considered both in the aerodynamic and structural
analysis.

Deflections and deflection velocities are calculated on the aerodynamic control points based on the
degrees of freedom (dofs) of the neighboring elastic grid nodes and on the FEM interpolation functions
(cubic for bending and linear for extension and torsion). As in the case of the loads, the offset between
the two axes will generate additional displacement and linear velocity components induced by the
rotational degrees of freedom.

F nstrip F nstrip+1
aer aer

. / Fe
Aerodynamic '
reference line

e nstripy

nstrip

nstrip+1
) + Faer Lnstrip+l ) / Lc
Structural axis

Figure 2.10: Interpolation of aero-dynamic loads to the structural grid.

2.2. Cross-sectional analysis tool

While in the early years of wind energy, i.e. before and immediately after World War I, wind turbine
blades were manufactured from aluminum and wood, the blades of a modern multi-megawatt wind
turbine are thin-walled multi-cell structures, made of fiberglass (TRIAX, BIAX and UNIAX) layers (see [52]
and [88]). The use of composite materials offers many advantages, among which the low cost of
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material and the low ratio of mass over strength. The extensive use of composite materials in
aeronautical and wind energy applications, led to the establishment of composite mechanics theories
while many numerical methods have been developed to support them. Among them, the most
computationally intensive are based on 3D FEM [89],[90], while other more cost effective methods have
been developed and presented in [91],[92],[93].

Many components in aeronautics as well as in wind energy (i.e. blades, shaft and tower), can be
considered as one-dimensional beams, thereby making it possible to split the 3D problem into two
lower order problems: i) the 1D problem which provides the internal resultant loads (internal forces and
moments) along the beam, and ii) 2D cross-sectional analysis which has the dual purpose of deriving the
equivalent properties that feed the 1D beam problem and on the other hand, of providing the stresses
field over the section resulting from the application of corresponding load resultants. The above
approach has been adopted by many of the well-known analysis packages (e.g. VABS [94] and BECAS
[55]). The above models are based on asymptotic analysis, producing for each cross-section a full mass
and stiffness matrix, which among other, describes every possible coupling arising between different
deformation directions. In the above models, a 2D mesh is generated over every cross-section along the
span of the beam, which accounts for the geometric and composite material lay-up details of the
section. Equations of elasticity are solved on this mesh using FEM discretization and either stresses field
for given input resultant loads or cross-sectional beam like properties are provided as output, feeding
any aero-elastic solver, for example the hGAST code, which has been described in-depth in the previous
section. 2D FEM models are able to handle a large range of cross-section geometries and determine the
coupling effects due to the in-homogeneous and anisotropic nature of the material distributed along the
blade span. Different regions over the section can be defined, having different lamination sequences
(wall thickness, orientation of the fibers and material type of each layer) and different mechanical
properties per anisotropic composite layer. The main advantage of the approach is that it substantially
suppresses the computational cost of the 3D analysis to some seconds/minutes, while the output results
remain sensitive to the computational mesh (both density and quality).

Another alternative is to use analytical thin-walled (thin-lamination) theory [95], referred to as L/T.
Computation of equivalent beam properties in these methods is based on the consistent integration of
the structural properties over the walls and laminates (in case of composite structures as the blades) of
the cross-section. This approach, is an ideal choice for optimization purposes, because although less
accurate than the FEM approach (since it is based on many approximations such as the anisotropy of
material or the multi-cell theory), is faster and insensitive to meshing parameters and therefore more
robust. In the present multi-disciplinary optimization framework the latter approach has been adopted
mainly due to its robustness, which is an indispensable when large numbers of evaluations are required.

2.2.1. Lamination theory

Thin Lamination Theory, is adopted in the calculation of the structural cross sectional properties along
the blade span. It is based on previous works by University of Patras [96],[97] and it has been further
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upgraded to include an additional shear web (three in total) and to account for the effect of the shape of
the cross-sectional geometry on shear rigidity properties. The developed tool provides fully populated
stiffness matrices, taking into account all material driven coupling effects and it can be used for the
modelling of blades with rotated material plies by angle 6 (see Fig. 2.11) with respect to their axis (i.e.
material BTC) or blades with shifted spar caps (i.e. geometry FEC). In addition, this tool provides the
stresses distribution and the Tsai-Hill failure criterion [98] over the plies of the cross-section, based on
the resultant sectional loads provided at a reference position (i.e. ultimate loads calculated through
aero-elastic simulations of the turbine).

Wind turbine blades are constructed by composite laminates that form a thin-walled shell structure (i.e.
the cross-section). Each laminate is consisted of various material layers (i.e. TRIAX, BIAX, UNIAX and
BALSA) as shown in Fig. 2.11. Furthermore, every cross-section consists of a number of cells, depending
on the number of webs (see Fig. 2.12). Specifically, for the cross-section shown in the last figure (see Fig.
2.12) in which three webs are considered, four cells (closed loops) are defined in total. Each cell is
formed by a sequence of segmented elements over the skin and the webs of the cross-section. In the
present section, i, j and k denote the index of a cell, laminate element and material layer, whereas
Neeyi, Nep and Nigyer denote the total number of cells, elements and material layers respectively. Three
coordinate systems (c.s.) are define, i) the material layer c.s. x;y;z; (x; represents the fiber direction),
ii) the laminate c.s. xyz and iii) the cross-section c.s. XYZ, as shown in Fig. 2.12.
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Figure 2.11: Typical material layers layout of a Figure 2.12: Definition of the cross-section
composite thin-walled laminate of wind turbine regions of the DTU-10MW RWT blade.
blade’s shell.

For every material layer Hooke’s law is written with respect to the material layer coordinate system
x.y.Z;, (shown in figure 2.11) in the form:

0 Gs O
0 0 Gy

0'=qL'£=

E;; O 0
] £ (2.45)

In above equation, q; is the local stiffness matrix, € is the strains tensor, g the stresses tensor, E; is the
modulus of elasticity along the fiber longitudinal direction, while G;3 and G;, are the out-of-plane-
longitudinal and in-plane shear moduli respectively.
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In order to determine stiffness properties with respect to the local skin coordinate system xyz, the
rotated by @ stiffness matrix q. is calculated (for more information, see [97]). Then, by integrating the
stiffness properties along the thickness of the skins and webs (under the assumption of a sufficiently
thin shell) the following 3 X 3 stiffness matrices associated with 47, bending D/ and their coupling B’ of
the jt* element of a laminate are obtained:

Niayer Niayer Nigyer hz
Al = Z Gerchi B/ = Z GcichiTr D) = Z qcichi (1_;+f1%> (2.46)
k=1 k=1 k=1

In Eq. 2.46, hy, is the thickness of the k" layer and is the distance of the mid-line of the k" layer from
the mid-line of the skin (see Fig. 2.11) given by:

he —H

Jfork =1
(2.47)

where H denotes the total thickness of the laminate.

By integrating laminate stiffness properties of Eq. 2.46 along the skins and the webs of the cross-section,
the stiffness matrix K, relating resultant section forces and moments F, M with global section strain and
curvature characteristics &, k, is obtained with respect to the cross-section coordinate system XY Z:

r i A A A B B B 1
Kll K12 K13 Kll K12 K13

() €x
F, ki Kfs K KB KB|(e
F € F, Kis K§i K3, K3 l &2 L
=K = = 2.48
{M} {K} %x K2 KB KB :x ( )
y sym. K, K2 Lcy
Ml KBl

Indicative expressions for the bending and torsional stiffness elements of the K matrix of Eq. 2.48 are
given below:

Net

KlDl =Ely = Z 1“01'(‘4{121'2 - 2Bljlzj cos 9]' + Dljlsz)
j=1

Nep
K = Elyy, = XK1 — ZocKzq + Z ¢;(~Al,AW Z; + B, (AW cos 6; — 2Z;) + 2D, cos 6;)
=1
(2.49)
Net
K3 =El, = z 2,(A],X;Z; + B],(Z; sin§; — X; cos 6;) — D, sin ; cos §;)
=1
Nej
KD = GJ = 25,Gy Ay + x5:G,A, + Z ¢ (445(and)” + 4BL;An0 + 4D},)
=1
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where x,. and z;. denote the position of the shear center with respect to the cross-section c.s. The
reader can find more details concerting the derivation of the equations of L/T method in appendix B.

2.2.2. Timoshenko shear factor prediction method

The original form of L/T, as presented in section 2.2.1. and detailed in appendix B, does not account for
the shear factors related to the shape of the cross section geometries. The effect of the shear factors
can be introduced using the Saint-Venant’s semi-inverse method, which provides two distinct shear
factors k, and k, with respect to x and z shear directions respectively, for an arbitrary cross-section
shape made of isotropic material (the reader is cited to [99] for details). The two shear factors directly
affect the diagonal terms of the stiffness matrix that represent transverse shear rigidity, Kﬁ = G, A and
K4, = G,A, while they indirectly affect all shear related stiffness elements — all this terms are indicated
in the Eqg. 2.48 with red color. The estimated shear factors are applied within the cross-sectional analysis
tool, so that shear center and coupled stiffness terms, as well as the stresses field, are consistently
calculated by taking into account the corrected for the shape of the geometry shear properties. Apart
from the isotropic material assumption, in this analysis the webs are not taken into consideration.
However their effect on shear factors is minor as demonstrated in the following paragraph for the case
of a wind turbine blade. Details on the implementation of the method can be found in appendix B.

2.2.3. Evaluation of the shear factor prediction method

In the following, predictions of the beam stiffness properties (integrated over different cross sections)
for the blade of the reference wind turbine of the present thesis, DTU-10MW RWT, are compared
against predictions by running BECAS tool. In connection with the previous discussion on shear factor
calculations, in Fig. 2.13 the model predictions of the span-wise distribution of the flap-wise (along z-
axis) shear rigidity term K3} (i.e. direct effect of k,) and of the shear force-torsion coupling term KZ,
(i.e. indirect effect of k,) of the DTU-10MW RWT blade are shown, with and without taking into account
the application of the locally calculated shear factor. It is noted that in the present example the results
pertain to cross-sections of varying geometry along the blade span, having non-uniform composite
material. Application of the shear factor bridges the gap between the baseline L/T model and BECAS in
the prediction of both stiffness properties. In line with the good agreement of the two models in the
prediction of the shear-torsion stiffness term is also the agreement in the prediction of the shear center
(both x- and z- co-ordinates) shown in Fig. 2.14 of section 2.2.5.
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Figure 2.13: Span-wise distribution of the stiffness matrix elements mostly affected by the
Timoshenko shear factors (T.S.F.); comparison between present work (L/T) and BECAS for the DTU-

10MW RWT blade.

2.2.4. Cross-sectional stress analysis and equivalent stress criteria

Finally, the cross-sectional analysis tool can estimate the developing stresses, produced for a given set of
internal loads {F M}, through inversion of Eq. 2.48 and calculation of the generalized strains
{e K}T. Then, the distribution of normal (a,,) and shear (o) stresses are calculated over the material
laminates through application of Hook’s law. The above two stresses are consolidated and related with
the material strength (S;-longitudinal strength and S,-shear strength) through the Tsai-Hill failure
criterion, by considering a material safety factor of y,,, = 1.2. Failure occurs for criterion values
exceeding 1, whereas the criterion is given by:

o3

5

o oo

=— — 2.50

2.2.5. Thin lamination model application examples —DTU-10MW RWT blade analysis

The purpose of the current section is to verify the present tool (L/T) against BECAS, through comparisons
of predicted beam properties, eigen-frequencies, loads and stresses considering as application example
the DTU-10W RWT (for more information, see appendix A). This comparison indicates that, besides
being cost effective, it is also a reliable tool which can be trusted for optimization analyses. During the
verification of the tool, emphasis is put on the prediction of the shear rigidity parameters which are
linked to the improvements performed in the original model and the cross-stiffness parameters (off-
diagonal elements of the 6 X 6 stiffness matrix) which are responsible for the activation of the BTC and
FEC cross-directional couplings. Both the methodology followed and the results described above, are
part of the published work [49].
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Figure 2.14: Span-wise distribution of basic sectional characteristics of the DTU-10MW RWT blade
provided by present work (L/T) and BECAS: a) shear center, b) torsional stiffness, c) flap-wise bending
stiffness, d) edge-wise bending stiffness, e) bending-torsion stiffness coupling and f) structural twist.

In Fig. 2.14, predictions by the two models of the span-wise distribution of the two bending stiffnesses
KP, (flap-wise) and K2, (edge-wise), the torsion stiffness K2, and the two cross stiffness K2, and K5 are
compared. The latter is represented by the so called “structural twist” angle given by the Eq. 2.51.

0 ! tan™? 2K (2.51)
=—tan~ " | ——— .
T2 K{y — K3y

An almost excellent agreement is noted in the prediction of the diagonal elements of the stiffness matrix
(KP, K2 and K2,). What is more important though, is the good agreement obtained in the results of
the cross stiffness terms. This is directly linked with the objective of the present work to assess aero-
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elastic tailoring techniques dictated by material driven coupling. These terms are responsible for the
activation of the couplings between flap-wise bending and torsion (K2) and between flap-wise and
edge-wise bending (K%) and they determine the tailoring capacity of the structure (passive control
authority). It is noted that K2, term in Fig. 2.14 is plotted for two different ply offset angles (5° and 10°)
of the UNIAX material over the upper and lower caps of the spar-box. As expected, the increase in the
ply offset angle from 5° to 10° leads to increased values of K all along the blade span. Small
deviations of the order of ~1° are seen in the prediction of the structural twist angle Oggc. It is noted
that the present comparison of Opg predictions concerns the baseline blade with zero angle of the

plies.
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Figure 2.15: Effect of ply offset angle on the natural frequencies in [Hz] of the DTU-10MW RWT
blade: (a) 1° flap-wise, (b) 1% edge-wise, (c) 2" flap-wise and (d) 2" edge-wise. Comparison between
present work (L/T) and BECAS. Percentage relative differences with respect to BECAS are shown

above the bars.

The comparison of the blade’s lowest natural frequencies (of the 1 and 2™ flap-wise and edge-wise
modes), using the above compared sets of beam data (generated by the present model and BECAS) is
shown in Fig. 2.15 with parameter the ply offset angle of the UNIAX material over the caps. A very good
agreement in all frequencies is obtained up to the ply angle of 10°. The maximum recorded difference is
2.5%, obtained in the first flapwise mode. Beyond 10° ply angle, deviations begin to grow, in particular
in the prediction of the frequencies of the flap-wise modes. At the ply angle of 209, the difference in the
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two flap-wise frequencies is 9% in the first and 8.2% in the second, while the maximum difference in
the two edge-wise frequencies is 2.2%. Apparently, the offset of the plies deteriorates the stiffness
capacity of the blade in the flap-wise direction. The present model predicts a reduction in the flap-wise
stiffness as the ply angle increases (seen through the reduction in the frequency of the flap-wise
modes), however it underestimates the effect as ply angles increase, compared to BECAS. As will be
made explicit in the sequel, ply offset angles greater than 10° are impractical for the reason that
reduction in the flap-wise stiffness diminishes blades’ ability to carry flap-wise loads. Therefore, the
limitation of the present method to correctly predict K2 at high ply offset angles is not expected to
have any important implications in the capability of the established procedure to predict bend-twist
coupling effect on actual blade designs.

Table 2.1: Comparison between the present work (L/T) and BECAS of the ultimate loads
distribution (forces are shown in [kN] and moments in [kNm]) along the blade half span in case of
extreme turbulence wind at 13m/s wind speed (safety factors y;, applied).

Edge-wise shear force Extensional force Flap-wise shear force
r/Ryy,  BECAS L/T diff. BECAS L/T diff. BECAS YT  diff.
0.0 -247 -245  -0.8% 1148 1145 -0.3% 1271 1268 -0.2%
0.1 -212 211 -0.7% 1178 1175 -0.2% 1259 1259 +0.0%
0.2 -179 -178  -0.4% 1112 1110 -0.2% 1232 1234 +0.1%
0.3 -147 -147  -0.4% 990 988 -0.2% 1176 1177 +0.1%
0.4 -128 -128 -0.8% 841 842 +0.1% 1057 1056 -0.1%
0.5 -122 -122 +0.1% 661 659 -0.3% 907 910 +0.3%
Flap-wise moment Torsion moment Edge-wise moment
r/Ryy,  BECAS L/T diff. BECAS Uyt  diff BECAS Ut diff.
0.0 66997 66898 -0.1% 547 494  -9.6% 8160 8093 -0.8%
0.1 56049 55969 -0.1% 538 487 -9.6% 6182 6131 -0.8%
0.2 45352 45268 -0.2% 526 476  -9.5% 4511 4468 -1.0%
0.3 35161 35067 -0.3% 510 464 -9.1% 3121 3079 -1.4%
0.4 25740 25685 -0.2% 430 387 -9.8% 2604 2565 -1.5%
0.5 17652 17641 -0.1% 306 268 -12.4% 2043 1986 -2.8%
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Next, ultimate loads (forces and moments) of the blade are predicted using again both sets of structural
data (generated by L/T model and BECAS). They are compared in Table 2.1. Ultimate loads are derived
through aero-elastic simulations of DLC-1.3 of the IEC-61400-1 standard at the wind speed of 13m/s,
using hGAST tool. These conditions have been found to stress the RWT more, see appendix A. The above
mentioned load case corresponds to normal operation of the turbine (power production mode) under
extreme turbulence conditions. This load case, in particular at the wind velocity of 13m/s (close to
rated wind velocity), has been identified in previous studies [100] as the most critical power production
case that drives maximum loads on the blade. In Table 2.1 maximum instantaneous forces and moments
along the blade span (up to mid-span) are compared for the two sets of beam data (safety factor y; =
1.35 has been applied to all loads in accordance with the provision of the IEC-61400-1 standard). The
highest differences are noted in the torsion moment M, (order of 10%). They are attributed to the
combined effect of a small offset in the prediction of the mass center position and small deviations in
the predicted mass distribution. Small differences up to a maximum of 2.8% are also noted in the edge-
wise force F, and the edgewise moment M,. They are again due to deviations in the predicted mass. The
agreement in the predicted flap-wise force F, and moment M, is almost prefect. The predicted
maximum loads of Table 2.1 are fed back to both tools and equivalent stresses distributions are

determined.
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Figure 2.16: Stress analysis results; distribution of maximum and contemporary Tsai-Hill criterion
values on the a) TRIAX and b) UNIAX material layers at the cross-section at r/R;;, = 40% and c)
span-wise distribution of the maximum and averaged along the cross-section circumferential
distribution Tsai-Hill criterion values. Cross-sectional loads are taken from Table 2.1.

Equivalent stresses distributions (cross-section-wise and span-wise) in terms of Tsai-Hill criterion of Eq.
2.50, are provided in Fig. 2.16a and b. This figures compare “cross-section-wise” (i.e. along the cross-
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section perimeter) predictions by the two models (L/T and BECAS) of the maximum Tsai-Hill values on
the “TRIAX” and “UNIAX” materials at the radial position /R.;;, = 40%. It is noted that the differences
between the two models is due to the way that BECAS handles the transition adjacent between regions.
BECAS can not handle the step change in the thickness or the material and applies a ramp type
transition adding this material that in reality does no exist. Fig. 2.16c compares span-wise distributions
of the mean and maximum Tsai-Hill values over different cross-sections along the blade span. It is noted
that higher stresses (Tsai-Hill exceeding 0.8) are obtained over the span-wise range of 30% — 60%.
Both models predict that the absolute maximum Tsai-Hill value is obtained at the 40% cross-section. As
seen in Fig. 2.16 this occurs on “UNIAX” material of the cap on the suction side of the blade. Comparing
cross-sectional equivalent stresses distribution, it is seen that a fair agreement between the two models
is obtained over the trailing edge area and the pressure side cap, while some bigger deviations (~15%)
are noted at the L/E-nose region and the suction side cap. The L/T model predicts about 10% higher
equivalent stress on the cap of the suction side. Given that the maximum stress occurs on the cap of the
suction side, this 10% difference is also transferred to the overall maximum equivalent stress predicted
by the two models.

2.3. Overall wind turbine cost model

A prerequisite for the feasibility study and assessment of innovative wind turbine concepts and new
technologies (material, control etc.) is the existence of models that estimate the cost of the wind turbine
sub-components and eventually of the wind turbine as a whole. Such models have been proposed in the
literature in numerous scientific papers [101], books [102] and technical reports [103]. In recent years
cost models are becoming more and more detailed, including information about the cost of the different
material used in the manufacturing of the sub-components, information about labor cost etc. The
purpose of the newly developed cost models is to replace existing over-simplified global sub-component
cost functions used in the past (e.g. based on quantities such as the blade or turbine total mass or rotor
diameter) [49],[100]. Apart from the wind turbine industry, which focuses on developing as accurate as
possible cost models for obvious reasons, interest in the above models is also shown by the research
community, as it is an ingredient of utmost importance for multi-disciplinary optimization tools. Most
existing wind turbine design optimization frameworks (see for example [42] and [104]), include cost
models of the various components, usually based on simple semi-empirical mathematical formulae (e.g.
for the generator, the gearbox, and the tower) or even on more elaborate calculation processes (e.g. for
the blades) due to the inherent complexity of their desigh and manufacturing. The aim of integrating
cost models within multi-disciplinary optimization processes is to set objective functions which are
directly related to cost metrics such as: compressing CAPEX like in [105], or minimizing the LCoE like in
[106], which also stresses out other than the manufacturing costs, such as: the Balance of Plant (BoP)
cost, the maintenance and OPeration EXpenses cost (OPEX) and eventually weights all these costs by the
Annual Energy Produced (AEP).
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Next, a complete cost model is described, including the step-by-step detailed costing, in 2019 USA
dollars, of multi-megawatt wind turbine blades as well as simpler formulae for other individual
components, with the aim to determine Levelized Cost of Electricity (LCoE).

2.3.1. Cost model of modern wind turbine

In the last decade, three interesting wind turbine costing models have been proposed in the literature.
The simplest model, has been proposed in the Wind Energy Handbook [107] uses simple mathematical
up-scaling expressions based on a reference wind turbine. This model has been adopted by the current
thesis to determine the cost of the most heavy and bulky components of the wind turbine; the tower,
the gearbox and the generator. The second model, developed by NREL [108] in 2006 (henceforth
referred as NREL-2006), describes the mass or cost of the various components of the wind turbine
through semi-empirical exponential expression which relate them with the radius of the rotor. In this
work, the above model is used to estimate the cost of the complementary components of the rotor
(hub, pitch mechanism and spinner) as well as the labor cost of the manufacturing of the blade. Finally,
due to the complexity of the blade construction, a variant of the costing procedure described by NREL
[109] in 2019 (hereafter NREL-2019) has been incorporated into the present study.

2.3.1.1. Cost of tower, gearbox and generator

In 2011, a cost model of the various components of a wind turbine has been proposed in [107]. This
model, is based on a known already costed reference wind turbine (which is denoted by ‘ref’) and
various empirical scaling relations for the various sub-components. Briefly, for the rotor and tower a
mathematical expression considering a fixed cost part plus another cost component scaling with rotor
diameter, following the “3™ power” rule is proposed. This approach has been used in previous research
projects [18] and it is based on the partial correlation of cost (and mass) with the size of the rotor. At the
same time, for the gearbox and generator, formulae involving the ratios of power and rotational speed,
while the cost of the remaining components (i.e. referred as other parts like the foundation and
electrical systems) is considered equal to 80% of the total cost of the rotor, gearbox and generator (this
approach has been adopted in [18]).

The present thesis adopts as reference wind turbine the onshore 1.5MW developed and costed in the
technical report of [108] and presented in Table 2.2. Also, this thesis, used the relations that have been
proposed by the Wind Energy Handbook, for the tower, gearbox and generator, with minor
modifications on the value of the exponent (y,_,, = 2.16).

o (2.52)

Ys—u
R..
Tower = Tower™ef [0.90 X < tlp) + 0.10
tip
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pares
Gearbox = Gearbox™ prer (2.53)
pares
Generator = Generator™f (2.54)

Pref(

where, P and (2 denote the nominal power and rotation speed respectively.

Table 2.2: Basic parameters of 1.5MW RWT described
in [108] and the costing of its main components.

Parameters
Rated power 1.5MW
Rated omega 20.5rpm
Radius 35m
Hub height 65m

Cost of components [in 2019 USA $]

Rotor 336540
Tower 208740
Gearbox 217260
Generator 139160

2.3.1.2. Cost of labor, hub, pitch mechanism and spinner

An alternative approach is proposed by NREL-2006, in which the cost of the blade is estimated as a
function of its length raised to the third power. In this report (NREL-2006), the labor cost is
approximated by the expression to Eq. 2.55, with the exponent close to y; 50 = 2.52.

Labor & Others = 3.898 x Rz'ig&o (2.55)

The above model, in addition to the cost of the blade and construction labor, is able to provide

estimates, through simple mathematical relationships, for the other components of the rotor: hub, pitch
mechanism and spinner.

hub = 5.757 X Blade Mass + 34280.61 (2.56)
pitch mechanism = 4.303 X R7;5°® (2.57)
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spinner = 292.65 X Ry, — 4116.84 (2.58)

2.3.1.3. Cost of blade manufacturing

The complex structure of modern wind turbine blades raised the need for more elaborate cost models.
The National Renewable Energy Laboratory (NREL), developed such a complex model, in 2019 and is
presented in the technical report NREL-2019 [109]. This report describes in-detail the manufacturing
process of the blade and it can provide accurate estimates of the billing of the materials, the cost of
consumables, the number of labour hours and the cycle time based on industry data. The above tool is
coded in Python and it is freely available in the repository of the Wind Plant Integrated System Design
and Engineering Model (WISDEM) framework [56]. The current work has adopted a variation of the
procedure for determining the cost of blade manufacturing and consumables, relative to that described
in NREL-2019. This variant includes the grouping of various consumables into three categories
(proportional to blade radius, surface area of molds and the outer surface of the blade), as well as
simplifying the estimations, as for example the distinction of adhesives suitable for the skin (trailing and
leading edge) or the webs.

—— wall boundary === nose == |eading === tail ——= web
== mold oo Caps trailing == tail.v === adhesive
'sand!th__structure
(JRIAX P
i_BIAX ‘ ‘
i TUNIAX Y | | \
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© 5 e : - >
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Figure 2.17: The industrial construction of the modern wind turbine blades is based on
VARTM modeling and involves placing fiberglass with a resin mixture and glue on molds.

The blades of the multi-megawatt wind turbines consist of thin-walled cross-sections of two or three
cells and are usually fabricated using fiberglass and infusion of resin, the shape of which is determined
by a mold (see Fig. 2.17). The skins of the blades form a “sandwich” structure with the TRIAX, BIAX and
UNIAX materials placed in symmetrical positions on either side of the BALSA core. So, estimating the
mass/costing of the materials used to build the blades is an easy task, when the layout of the blade
inner structure is known (thickness of material layers). This is done considering the properties and costs
of the primary raw materials presented in Table A.3 of the appendix A. However, the conventional
manufacturing approach also includes the building of a matrix from epoxy, made of resin and hardener.
Both resin and hardener are in liquid form, but when mixed in a given mass ratio, they initiate an
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exothermic chemical reaction that brings them to a solid state. In this model, the volume of the matrix
that will be needed is considered as the sum of the volumes of the primary materials (TRIAX, BIAX and

UNIAX) multi-plied by one minus the volume fraction of each material:
Vinatrix = Vfiberglass X (1- FFV) (2.59)

In the sketch of the blade cross-section in Fig. 2.17 (two open halves of the mold), the locations where
adhesive is applied are shown in red shade. So, by defining an “adhesive area” over the 2D plane of
70mm X 7mm, one can get an estimate of the adhesive cost per meter blade length by multiplying with
the adhesive density and the unit cost ($/m3) of the adhesive.

Table 2.3: List of mathematical expressions that describe blade consumables, proportional to Ry;,.

Consumable Formula Standard values of parameters

Roll Width = 0.127m

Nonsand 9 % Roll Width * Ry, * Unit Cost , ,
Unit Cost = 1.67$/m
tape 1 — waste
waste = 10%
Mass/Unit Length = 0.037 kg/m
Ch d ; i
oppe Riip * Mass/Unit Length * Unit Cost Unit Cost = 2.16$/kg
strand 1—waste

waste = 5%

Length/Blade Length = 5m/m
Length/Blade Length * Ry, * Unit Cost

Tubing Unit Cost = 0.23$/m
1 — waste
waste = 5%
Roll Cost = 21.22$/roll
Tacky 10 * Ry * Roll Cost
Roll Length = 3.5m
tape Roll Length * (1 — waste)
waste = 5%
) Roll/Length = 0.328m
Masking Reip * Roll/Length + Roll Cost
uip * Roll/Length « Roll Cos Roll Cost = 5.50$/roll
tape 1 — waste

waste = 10%

Besides composite materials, modern blades also contain certain metallic parts as the root bolts
connecting the blades to the hub and the lightning protection system. The lightning protection system is
compulsory and it consists of a metal button, often named puck or interceptor, located at the blade tip
and connected to the ground via a metallic cable. The present model assumes a unit cost of 40 $/m
based on a 61.5m-long blade, following the approach of [109]. However, the greatest amount of metal
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is concentrated at the blade root. This model, assumes that the connection of the blade with the hub of
the rotor is materialized by using T-bolts and barrel nuts (with total cost of 37$ per each pair), equally
spaced (every ~15cm) over the circumference of the blade root. Of course, during the manufacturing of
the blades, a number of consumables are required. The current cost model groups the various
consumables into three categories according to: the length of the blade (Rtip), the mold’s area
(Apo1as) and the blade’s outer area (A,,:). A summary of the mathematical expressions, indicative
values of unit costs and estimation of waste for all the consumables required during the building of a
modern wind turbine blade, is presented in Tables 2.3-2.5.

Table 2.4: List of mathematical expressions that describe blade consumables, proportional to A;,0145-

Consumable Formula Standard values of parameters
A s Unit Cost Unit Cost = 194$/m2
Peel ply molds
1—waste waste = 15%

V.Bulk/Area = 3.1 X 1075 m3/m?

Tackifier V.Bulk/Area * A * Unit Cost
/ molds Unit Cost = 6762.8$/m>
adhesive 1 —waste
waste = 5%
| Vol./Area = 2.57 x 10~>m3 /m?
Release Vol./Area * A Unit Cost
/ * Amotds * Unit Cost = 15691.82 $/m3
agent 1 — waste
waste = 5%
Flow 0.70 * Amoigs * Unit Cost Unit Cost = 0.646$/m*
medium 1 — waste waste = 15%

The application at the end of this section, confirms the high fidelity of the cost model. However, neither
the exact model by NREL-2019, nor the simplified model adopted in the current work, can estimate
additional costs related to the application of passive control loads techniques. For example, an estimate
of the additional material and labour-hours required to insert an offset ply angle on the uni-directional
material over the ‘caps’ (application of Bend-Twist-Coupling) or the economic burden for the
construction of a mold with built-in curvature aiming at load control through blade sweeping is missing
in the existing literature. Perhaps a future research developing cost models of passive systems would be

of interest.
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Table 2.5: List of mathematical expressions that describe blade consumables, proportional to 4,,;.

Consumable Formula Standard values of parameters

Mass/Area = 0.00976 kg /m?

Chop Mass/A Ay * Unit Cost
ass/Area * Ay * Unit Cos Unit Cost = 6.19$/kg
fibers 1 — waste
waste = 10%
Vol./Area = 2.04 X 107> m3/m?
White Vol./Area * A, * Unit Cost
/ out Unit Cost = 3006.28 $/m3

lightning 1—waste

waste = 10%

Tubes/Area = 0.012 #/m?
Tubes/Area * A,y * Unit Cost

Hardener Unit Cost = 1.65$/tube
1 — waste
waste = 10%
Mass/Area = 0.0244 kg/m?
M A A Unit Cost
Putty ass/Area * Aoy * Unit Cos Unit Cost = 6.00$/kg
1 — watse
waste = 10%
Mass/Area = 0.00488 kg /m?
Putty Mass/Area * A,y * Unit Cost Unit Cost = 7.89$/kg
catalyst 1 —waste

waste = 10%

2.3.2. Estimation of LCoE

According to [110] LCoE can be estimated by the following expression:

CAPEX .
—t l
o8 = AEP

where ICC denotes the Initial Capital Cost based on the model that has been described in detail above,
BoP in this thesis has been taken equal to 281$/kW, OPEX is usually taken equal to 5% of the initial
capital cost and finally AEP, estimated by means of aero-elastic simulations. Modern wind turbines are
designed for a life-time of N = 20 years and a typical fixed charge rate of i = 6% is considered.

As an extension to the cross-sectional analysis tool described in the previous section (see section 2.2.),
an in-house tool which computes the geometric details of a blade such as: the area of the blade outer
surface, the area of the molds and the thickness of the fiberglass materials has been developed. This
tool takes as input the unit cost of the consumables, the lightning system, the T-bolts and Nuts as well as
the building materials. Based on the method described in the present section, estimation of the capital
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expenditure associated with the rotor itself can be made. The remaining components of the ICC, are
estimated using formulas Eqg. 2.52 to Eq. 2.58.

The power curve of the wind turbine is obtained through time domain simulations using hGAST, for
different wind speed bins (2m/s) within the operational range of 5 —25m/s. Then the AEP is
calculated for a Weibull distribution with C = 11m/s and k = 2.

2.3.3. Verification of the cost model

In the present section the cost analysis of the DTU-10MW RWT is performed. The reader can find a
complete description of the reference wind turbine with its necessary details, in appendix A. In addition
to the blade construction details this appendix provides the costs of the materials gathered over the
literature (see Table A.3).

Table 2.6: Cost analysis of the DTU-10MW RWT blade [103$].

WISDEM Present work diff. [%]

UNIAX 16.4 16.3 -0.2%
BIAX 9.4 9.6 1.7%
TRIAX 12.0 12.2 1.2%
BALSA 36.4 36.9 1.4%
Resin & Hardener 231 231 0.0%
Adhesive 6.6 6.5 -1.0%
T-bolts & Nuts 4.1 4.1 0.0%
Lightning 3.7 3.6 -2.6%
Painting 4.5 4.4 -0.7%
Other 14.7 14.4 -1.6%

consumables

Labour & Others 323.5 323.8 0.1%
Total cost 454.3 455.0 0.1%

Table 2.6 provides the cost of the materials and the labour cost of the DTU-10MW RWT blade, based on
the approach described above. The estimations of the present cost model are compared against those
of the original cost analysis tool WISDEM. The differences of the two models are i) the simplifications
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made in WISDEM in connection to the 2D area of the adhesive points, ii) the grouping of consumables
and iii) the structural grid built in the present model in order to accurately estimate the outer surface
area of the blade and the volume occupied by the materials. The overall agreement is found to be
satisfactory (0.1% total difference), while the maximum relative difference of the individual cost
components does not exceed 2.6%. Table 2.7, presents the cost breakdown of the complete 1.5MW
reference turbine based on data which described in Table 2.2. So, in the following table, the up-scaled
cost values for the DTU-10MW RWT are also provided. It is seen that the total cost of the 10 MW turbine
is 14.67 X 10°$, being almost 10 times higher than that of the 1.5MW RWT. It is also found that the up-
scaled turbine produces 11 times more energy while its LCoE is 12.7% reduced with respect to the
reference.

Ys-u _ 1356.44 + 3.39 x R%>? (2.61)

Cost of Blade = 0.571 X Rtip i

Table 2.7: Cost and APE breakdown of the 1.5MW RWT (which
is described in Table 2.2) and DTU-10MW RWTs [103$].

1.5MW RWT DTU-10MW RWT

Wind turbine cost 1456 14665
e Rotor 337 2308
— 3xblades 216 1365
— pitch 54 656
— spinner 6 22
— hub 61 265
e Gearbox 217 3075
e Generator 139 1970
e Tower 209 1431
e Other parts 554 5882
AEP [MWh] 4312 47182
LCoE [$/MWh] 54.84 47.83

In the last part of this application example, a mapping of the blades’ cost as well as the comparison of
the individual costs of two wind turbines of 10MW, is established. Specifically, in Fig. 2.18, two curves
define the cost estimation range of the blade (for y,_,, = 2 — 3), in relation to its length, as proposed by
NREL-2006 (is expressed by the equation Eq. 2.61). The cost of DTU-10MW RWT has been estimated
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using the cost model that has been described above, while the blade cost of the rest of the turbines
have been calculated using the WISDEM tool. It follows that an exponent value slightly below 2.5 in the
semi-empirical equation of Eq. 2.61, is able to give a very good first approximation of the blade cost, as
long as its length is known. Since the necessary data and tools are available, a full comparison between
two similar land-based wind turbines is possible. In Fig. 2.19, the comparison of the basic parameters of
the IEA-1IOMW RWT and DTU-10MW RWT are presented. The first turbine has 19.7m larger rotor
diameter, which gives 9.0% higher annual energy while the total cost of the machine is 6.1% higher.
This results in a 3.2% compression of the LCoE in comparison to the DTU-10MW RWT.
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o ® IEAWind Task37-3.4MW Area of Rotor _W 253%
— 6009 e pru-10MWRWT o [®10%m?]
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Figure 2.18: Mapping the cost of wind turbine Figure 2.19: Comparison of the basic parameters
blades, relative to their length. of two land-based wind turbine of 10MW/.

2.4. Optimization methods

Empirical wind turbine design has been out of date for many years. The size of modern wind turbines
has imposed limits on the optimization of individual parameters. So, the modern trend is the concurrent
optimization of various parameters, which affect both the structural and aerodynamic behavior of the
turbine, in the context of a multi-disciplinary optimization process (MDAQ). The formulation of an
optimization problem runs in two levels: (i) in the appropriate definition of the optimization problem
(objective function, design variables, constraints) and (ii) the selection of the most appropriate
optimization methodology. Over the years, numerous ready to use optimization packages have been
developed. These are usually publicly available and free to use (open source or open executable).
Among them, the following can be distinguished: (a) EASY [111] which uses genetic algorithms or
evolutionary strategies. It offers the freedom to the advanced user to specify and control all parameters
of the optimization procedure while it offers “presets” for the beginners and (b) OpenMDAO [112],
which is an open-source tool that has been developed by NASA. OpenMDAO in contrast to EASY is
available and aimed at providing the framework for easy and fast implementation of optimization
problems and solutions. In this section, the utilization of the most popular ready made optimization
packages are discussed: (i) COBYLA, (ii) SLSQP and (iii) traditional Newton’s method (as well as the most
popular quasi-Newton of BFGS) is described. The first two methods are freely available in SciPy library of
Python [51], while the last one needs to be programmed.
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2.4.1. COBYLA method

The need for easy-to-use, understandable and simple optimization techniques made the gradient-free
methods particularly attractive. The most widespread technique of the above family (until the end of
the 90s), and one of the first gradient free methods was proposed by Nelder and Mead in 1965 [113].

The aim of the method was to calculate the smallest value of a function Faim(l_;),l_; € R™, when there
are no constraints on the variables. Since then, various more effective techniques that include the
possibility of introducing constraints have been proposed, the most famous of which is the Constrained
Optimization BY Linear Approximation (COBYLA) [114],{115]. In this method, only inequality constraints
are allowed, while the idea of generating the next vector of variables from function values at the
vertices {Bj:j =0,1, ...,n} of a non-degenerate simplex in R™, is maintained. The non-linearity of the
objective and the constraint functions is treated through the construction of linear polynomial
approximations, by interpolation at the vertices of simplices (a simplex in n being the number of
variables). Therefore, COBYLA has addressed constrained optimization problems that are expressed in
the form:

min Foim(D) (2.62)

s.t: C(h)=0,i=12,..,m

Every optimization algorithm is based on an iterative process, while the determination of the value of
the initial variables vector is necessary. A neighborhood value of this vector, in terms of the optimal
solution, ensures its stability and faster approach and for this reason, a manual mapping of the space of
possible solutions usually precedes the initiation of the optimization process. In every iteration, a new
vector of variables is calculated, which may replace one of the current vertices, either to improve the
shape of the simplex or because it is the best vector that has been found so far, according to a merit
function that gives attention to the greatest constraint violation. The mathematical expression of this
function is given by:

o(b) = F(b) + pmax{—C,(B):i = 1,2,..,m}",b € R (2.63)
where p is a parameter adjusted automatically, and the superscript “+” means that the expression in
brackets is replaced by zero if and only if its value is negative. Therefore, vector 51 € R™ is considered a
“better” solution than 52 € R™ if and only if ¢(51) < @(52) holds. Furthermore, in each iteration, a
trust-region radius p is reduced when the approximations of a well-conditioned simplex fail to yield an
improvement to the variables. The process is stopped when p reaches a pre-determined value. In the
literature, the COBYLA method is a very widespread optimization method, in a wide range of scientific
and industrial applications e.g. aerodynamics [116] and structural dynamics [117], providing very good

results for a single-digit number of variables, because for more variables the linear approximations can
be highly inefficient.
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2.4.2. SLSQP method

The relatively large number of optimization variables and the need for compressing computational cost,
in the field of mechanical engineering design, make gradient-based methods in many cases
indispensable. Such methods have been proven in practice to ensure stability and often lead to the
optimal solution in a shorter time. This is the reason why the above methods are preferred by the
scientific community for solving optimization problems in the sector of aerodynamics and design
engineering (see [118],[119] and [120]). The related python library, provides an extremely popular and
directly applicable optimization approach, which wraps in Sequential Least Squares Programming
(SLSQP) optimization subroutine originally implemented by Dieter Kraft [121] in 1963. This method
minimizes a function of several variables with any combination of bounds, equality and inequality
constraints. So, the non-linear optimization problem has the general form:

min Foim (B) (2.64)

s.t.: Gj(E) =0,j=12,...k
Gi(h)=0,j=k+1,..,m
blower < by < b'PPTi=12,..,n

where b is the vector (with size n) of optimization variables, m represents the number of equality and
inequality constraints and k is the number of equality constraints. The last inequality equation,
expresses the upper and lower bounds for each design variables.

Generally, in a Sequential Quadratic Programming (SQP) algorithm each next step is determined by
solving a quadratic sub-problem. So, in every iteration the initial optimization problem Eq. 2.64, is
approximated by a Quadratic Program (QP), as an optimization problem with quadratic cost function
and linear constraints. Therefore, the quadratic programming is the core unit of the SQP algorithm. An
equality constrained QP program has the form:

1 - - -
min=b"Hb + hTh (2.65)
bERM
S.t.: ATI_)) =B

Under Karush-Kuhn-Tucker (KKT) optimal conditions, the solution (b*,A*) can be found by solving the

a o= (256

Assuming that AT has full row rank and the Hessian matrix H is definite positive, the above system has a

linear system (see [122]):

unique solution that corresponds to the global optimum (b*,A*). By solving the linear system the
solution of an equality constrained QP is provided. To deal with inequalities, an active set method is
used. This method is an iterative process: (i) at every step an equality QP is solved using as constraints
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only the equality constraints and some of the in-equality ones, (ii) once a step is generated by the
solution of the equality QP, it is checked whether a new inequality must enter or leave the active set:

e If the step violates an in-equality that was not active, it is shortened to remain feasible and the
blocking constraint becomes active in the next iteration.

o If an inequality that already belongs to the active set is preventing further minimization of the
objective function it becomes in-active.

Often SQP methods use a merit function to decide the length of the step for generating the next
iteration. The merit function is a weighted sum of the objective function values and the constraint
violation. The value of the step, can affect the convergence speed as well as the stability of the
minimization process.

The SLSQP is the algorithm implemented in the optimization module, which is available from Python
library SciPy and it is a minor variation of the original SQP. Specifically, in the SLSQP, the quadratic sub-
problem is replaced by a linear least squares one (which in its general form takes the mathematical
expression that described in the relation of Eq. 2.67), so that a dedicated solver for least squares
optimization can be used.
1 2
min - ||Eb - Faim” (2.67)
bER™ 2

s.t. ATh>BandCTh=D

This problem has been extensively treated by Lawson and Hanson [123]. In the context of SQP methods,
square matrices E with dimension n and with special structure are considered. The matrices A” and CT
are of dimension (m — k) X n and k X n respectively.

2.4.3. Newton’s and quasi-Newton methods

Except from finding solutions to a function (which is approached through Newton-Raphson method),
one of the first problems to which Sir Isaac Newton was called to treat, was that of finding the maximum
or minimum of a function. He noted that the extremum (i.e. the local maximum, the local minimum or
the saddle point) of a function is characterized by its gradient being equal to zero. The idea of the
Newton optimization algorithm, is based on the approximation of a function with a quadric function of
the form:

- 1 - - -
Fam(b) = EbTAb +BTb +a (2.68)

So, if it is assumed that the function Faim(i;) is twice differentiable and continuous, its approximation

through a Taylor expansion is described by the mathematical expression:

- - N 1 - ST oy o o
Faim(b) = Faim(b.) + VFqim(b.)(b — b.) + E(b —b.) VFgm(b)(b—b,) + - (2.69)
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*

where the index denotes the reference point where the value of the function is calculated and
without any index, a neighboring point is indicated. Then, focusing on the gradient of the function

instead of the value itself and omitting any terms of 2" order and higher, it is obtained:

- - - - - - - - -1 -
VFuim(b) = VEgim(b.) + V2 Fyim(b.)(b — b.) = b = b, — [V?Fyim(b.)]  VFaim(D.) (2.70)

If the function is quadratic, the transition to the extremum point can performed by a single step
(without iterations required). Otherwise, if the function is not quadratic, the solution is sought through
the following iterative relation, that is obtained by appropriate modification of the Eq. 2.70:

- - - -1 -
bie = b = M [V*Faim (br)] ~ VFaim(bi) (2.71)
P
The subscript “k” defines the number of iteration and the quantity p is called the “direction”. This is a
vector describing a segment of a path from the starting point to the solution were the inverse of the

second Frechet derivate (Hessian matrix VzFaim(I;k)) determines the “angle” of the direction and the

gradient (VFaim(Bk)) determines its “size”. The coefficient 7, is called “step length” and is a scalar
factor, which affects the convergence process. Often, the value of the above coefficient is chosen to
have a constant value (regardless of the iteration), while a more correct approach is carried out by

solving in each iteration the single-parameter minimization problem mi>r(1) Faim(Bk + nkﬁk) (see [124]).
Nk

The main goal in constructing such algorithms is to preserve the balance between convergence and rate
of convergence, so in practice, the last prompt is avoided because it significantly delays the convocation.
Instead, in each iteration a small number of 7, is selected by choosing the one that gives the smallest
value of the objective function, without necessarily meaning that it is the value that gives its minimum
value.

In general, Newton’s algorithm belongs to the unconstrained optimization methods and is seen as a
traditional approach rarely applied nowadays, due to the difficulty (in terms of CPU-time and availability
of computer cores) of calculating the Hessian matrix in each iteration. The literature proposes a number
of approximate expressions of the Hessian matrix, which in this thesis will be symbolized by H. The first
attempt to obtain an estimate of the Hessian matrix was made by Davidon in 1959 [125] and later was
made popular by Fletcher and Powell in 1963 [126] and led to the Davidon-Fletcher-Powell (DFP)
method. Since then, other variants were proposed, the most widespread being the Symmetric Rank One
(SRO) in 1968 [127] and the Broyden-Fletcher-Goldfarb-Shanno (BFGS) in 1970 [128-131], but also more
recent modified approaches, like hybrid-BFGS (HBFGS) in 2014 [132], aimed at faster convergence of the
optimization process. The original BFGS algorithm is based on the formulation of a recursive
relationship, where the matrix (ﬁk+1) will be calculated based on the (ﬁk) in some other adjacent

point. As a result of Taylor expansion, the secant method gives the following mathematical relationship:

V2Fgim (bi+1) (i1 — bie) = VFqim (brsr) — V£ (By) (2.72)

B4 Sk Yk

and according to BFGS method, the recursive relation is given by:
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i‘i _ i‘i ﬁk§k§£ﬁk y)k}-}lz
k+1 — Yk 7 "oy - ST =
Sk Hy S Vi Sk (2.73)

s.t. Sty >0
where the last constraint is called “curvature condition” and this ensures that the BFGS updating matrix
(ﬁk+1) is positive definite. The above recursive relation, needs an estimate of the hessian matrix
(ﬁk=0) as a starting. Where possible, it is preferred to compute the exact Hessian matrix only during the
first step of the iteration, otherwise any positive definite matrix (often the identity matrix) is considered
as first approximation. In general, the choice of starting matrix is left to the operator and expected to

affect the course of the process.

2.5. Optimization framework

The definition of the general optimization problem is given as follows:

Minimization of the objective function f({vs, v4},{cs, ca}) with design variables vg, v, and fixed
parapeters cg, ¢4, subject to the following geometric constraints:

ga(vy) < 0,g5(vs) < 0,gw 7 (vy,vs) <0 (2.74)
and to the following loading constraints:
Ls(vg, vs) < 0,8y (v, v5) <0 (2.75)

where index A is used to denote aerodynamic parameters, S structural parameters and W/T global wind
turbine parameters. The scalar objective function f can be either the total mass of the wind turbine or
the LCoE of the entire turbine that requires as input the material distribution and mass of the turbine
components as well as the AEP. The objective function depends on a number of structural design
variables, v (e.g. thickness of skin and webs, position and angle of the shear webs, fiber angle etc.) and
aerodynamic design variables, 174, (e.g. chord, twist, relative thickness and sweep distributions), a set of
fixed structural parameters cs (e.g. lay-up sequence on different regions on the section) and
aerodynamic parameters ¢4 (e.g. airfoil shapes and lift-drag polars selected from database).

During the optimization loop, the following types of constraints are satisfied, as illustrated in Fig. 2.20:

e geometric constraints that concern (i) the outer geometry of the blade and directly affect the
aerodynamics ¢, (e.g. maximum chord of the blade or maximum /minimum relative thickness), (ii)
the inner-blade structure g (e.g. maximum plausible displacement of the spar caps or the offset ply
angle of the UD material over the spar caps) and finally, (ii) the overall turbine characteristics, gy /7
(e.g. maximum deflection of the blade tip or maximum shift of the blade natural frequencies).

e loading constraints that are (i) maximum stress £ along the blade and (ii) overall turbine loads £y

as for example maximum rotor thrust or maximum blade root bending moment.
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Communication interfaces are established between the different modules in the optimization loop. An
inner-structure geometry parameterization routine is integrated into the cross-sectional analysis tool.
This routine is responsible for defining the inner shape of the blade through the global set of design and
fixed variables vg and cs. A global, span-wise parameterization of the geometry is defined on the basis
of Bezier curves for inner-structure parameters, such as the thickness of the skin walls or the
position/orientation of the shear webs. A similar parameterization approach is defined for the
representation of the external blade shape on the basis of 14 and ¢4 using Bezier curves.

In the present thesis, the aim of the optimization framework is to minimize the objective function (mass
of W/T or LCoE) of the reference wind turbine, through the optimal design of the rotor (including
various passive control techniques) — details will be found in the next two chapters (chapter 3 and 4).
Apart from the rotor, the remaining wind turbine components remain unchanged, while only loading
constraints concerning the maximum stresses along the blades are considered.
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Figure 2.20: Overview of the optimization process.

The AEP is calculated through a series of time domain aero-elastic simulations with hGAST (see sub-
section 2.1.) over the whole range of the operating wind velocities (from the cut-in to the cut-out).
Additional time domain simulations of selected load-driving DLCs of the IEC standard, including both
normal operation and parked-idling operation cases, provide ultimate design loads for the candidate
optimum solutions. The ultimate loads are then transformed into stresses and Tsai-Hill criterion values

61



Chapter 2: Numerical tools and validation

(equivalent stresses) by the thin lamination tool (see section 2.2.) over the blades cross-sections. The
imposed constraints to the optimization process demand that the Tsai-Hill criterion values do not
exceed the corresponding values of the reference blade. In this way, the thickness of the component
walls and the design parameters (e.g. passive load control methods) tested by the optimizer (see section
2.4.) are determined. Knowing the dimensions and the material distribution in the load carrying
elements of the components the overall CAPEX of the candidate solution can be estimated using the
cost model (see section 2.3.).

2.6. Summary

The current chapter described the individual numerical tools and models being used in the following as
ingredients of the multi-disciplinary optimization algorithm, namely the:

e Servo-aero-elastic analysis tool: an in-house, multi-body FEM solver hGAST that provides ultimate

loads along the various components of the wind turbine through non-linear time domain aero-
elastic simulations of the full wind turbine system in realistic operational and non-operational
conditions.

e Cross-sectional analysis tool: an in-house, cross-sectional analysis tool, based on thin L/T theory that

provides structural properties, stresses distributions and values of the Tsai-Hill failure criterion over
the various cross-sections along the components of the wind turbine.

e Cost model: a cost model aiming at determining the cost of the full wind turbine. It is based on
actual cost data for modern wind turbines and existing in the literature formulas.

e Optimization methods: various optimization approaches that are used in the optimization

framework, some of them are gradient based, while others are gradient-free. Most of the methods
are publicly available through the scipy library of Python.

The numerical tools that have been devised or upgraded in the framework of the present thesis are
validated through comparisons with other well established tools in at least one example. More
specifically predictions of the thin L/T model are compared against BECAS code results while predictions
of the new cost model are compared against WISDEM. Finally, an integrated wind turbine blade design
and optimization framework has been described. In this framework, the aforementioned tools are
synthesized into a unified tool, in view of performing optimization studies aiming at either compressing
blade’s mass or the LCoE.
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Chapter 3

3. Design of lightweight rotor of a
10MW-scale wind turbine

The goals of up-scaling modern turbines towards the vision of a 20MW machine (or greater) and to
compress Levelized Cost of Electricity (LCoE) of wind energy to levels far below those of conventional
power generation means, can only be achieved through technological breakthroughs and new
innovative turbine concepts that render wind turbines lighter and cheaper. Over the last years the target
of reducing wind turbines loads and therefore their cost, has been predominantly and effectively
supported through breakthroughs in control. There are two distinct categories of load control methods,
namely the passive and the active. The objective of the current chapter is to present these methods,
placing though special emphasis on the first category — which in the last decade seems to have attracted
the interest of both the scientific community and the industry. Through various developments, it has
been demonstrated that application of passive load control techniques can significantly reduce the
ultimate loads of the blades of a wind turbine during normal operation. So, the cost reduction (by
compressing the CAPital EXpenditure - CAPEX), can be achieved through the reduction of the mass of
the materials required to build the blades, as a result of the alleviation of their loads. This aspect has
been addressed in [100] and [49] and it is also stressed out in the application examples of this chapter.
In these examples it is shown that besides alleviating operational loads, passive control methods can
also compress loads in parked or idling operation.
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3.1. Active and passive control techniques — state-of-art

The most commonly applied load control method is the active one. This is usually realized through
Individual Pitching Control (IPC) of the blades or by controlling the torque of the generator, based on
different types of sensors (i.e. load sensor, accelerometers, lidars or spinner anemometers) [133]. Active
aero-elastic control of loads based on pitch and torque actuators is considered proven technology
(especially when combined with standard load or acceleration sensors), which has already been
implemented in commercial turbines. Other, innovative actuators such as deployable flaps have also
been given a lot of attention by the wind community, mainly at the level of proving the concept through
simulations. Individual Flap Control (IFC) but also combined IPC&IFC methods have been numerically
tested by several researchers in the past years [24],[134]. Recently some experimental tests, aiming at
verifying flap actuators capabilities to reduce wind turbine loads, have also been performed [135].

On the other hand, the passive methods for controlling loads have been described by the wind scientific
community through the term “Aero-elastic Tailoring” (A/T). A/T is a design technique through which
geometric or stiffness properties of a structure are matched with its aerodynamic characteristics in such
a way that the structural loads are reduced, overall. In wind turbines engineering A/T appears as a
passive control design option either based on Bend-Twist-Coupling (BTC), or Flap-Edge-Coupling (FEC)
[136],[42]. The term BTC describes the behavior of a structure that has been designed to undergo
torsion deformation under the action of bending loads. The resulting change in sectional angle will affect
the aerodynamic loading through a change in the angle of attack. Modern approach to BTC is to twist
the blade sections towards decreasing the angle of attack, which corresponds to the so-called twist-to-
feather concept. Apart from ultimate load alleviation, this method has demonstrated significant fatigue
reduction potential. On the other hand, FEC is a design concept in which when blade vibrations are
excited by the wind in one bending direction (e.g. edge-wise) the blade also vibrates in the other
bending direction (flap-wise). As a result, a trading of aerodynamic damping from the highly damped
flap-wise motion to the poorly damped edge-wise motion is established and thereby edge-wise
vibrations are reduced.

There are two alternative ways for designing the so-called “aero-elastically tailored blade” with BTC or
FEC:

e Material Based: by exploiting the anisotropic mechanical properties of the composite material.

Composite-blade elastic anisotropy can be varied along the span through appropriate selection of
the uni-directional “UNIAX” material ply angle (see Fig. 3.1), thickness, and span-wise lay-up.

e Geometry Based: the blade outer shape or the inner structure geometry can also be tailored to

attain performance, load reduction and stability benefits. BTC coupling can be achieved by sweeping
the elastic axis of the blade with respect to the pitch axis. BTC and FEC can be also accomplished by
displacing the spar box (see Fig. 3.2).
Passive control methods have been investigated both numerically [42],[45],[137],[138], and
experimentally [26],[44], and they have proved their ability to reduce blade loads.
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Figure 3.1: Ply angle of fiber orientation of BTC

blades.
Figure 3.2: Geometrically based FEC (right). Upper
right figure shows the reference cross-section,
while lower right figure introduction of FEC by the
appropriate displacement of the spar cap nodes.

Extreme wind conditions frequently dictate design loads of wind turbine blades. Such extreme wind
conditions are specified by the IEC-61400-1 standard [53] through a set of Design Loads Cases (DLC). The
most common source of ultimate loading of an operating wind turbine is extreme turbulence (which in
IEC standard is addressed through DLC-1.3 — see in appendix A the effect of DLC 1.3 on the loads of the
DTU-10MW RWT). According to the existing literature [67],[68], aero-elastic tailoring techniques based
on BTC have proven adequate for alleviating the loads due to DLC 1.3 . However, there are cases where
the ultimate loads are produced by extreme (survival) winds when the turbine is parked or idling (these
conditions are addressed by the IEC standard through the DLC6.x load cases). Such extreme wind
conditions, can be either combined (DLC-6.2) or not (DLC-6.1), with some failure of the grid or
malfunctioning of the control system. A typical fault for wind turbines is the loss of the grid connection,
combined with a failure in the Uninterrupted Power Supply (UPS) system. In this circumstance, the rotor
fails to track the wind and therefore, high yaw misalignment angles and high angles of attack in deep
stall may occur. A similar condition can be encountered during the installation of the turbine before its
electrification.

Aero-elastic simulations of idling rotors indicate that maximum blade loads (combined bending
moments) appear at yaw angles in the ranges [—40°,—15°] or [+15%,4+40°] [47]. Yaw misalignment
angles of +15° are likely to occur even in normal idling operation (DLC-6.1), while higher yaw angles can
only be encountered as a result of some fault in the wind-tracking system (DLC-6.2). Aerodynamic loads
in such conditions (i.e. in deep stall) can be accurately estimated using engineering tools that rely on
tabulated airfoil data (i.e. the so-called polars), only if a valid dynamic stall model is employed.
Nevertheless, the uncertainty in the prediction of the aerodynamic loads in dynamic stall is a widely
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recognized concern within the wind energy sector [139],[140],[141] and it is the main cause of the
subsequent uncertainty in the prediction of the stall-induced edge-wise vibrations. Different state-of-
the-art dynamic stall models (e.g. Beddoes-Leishman [80] and ONERA [79]) can give significantly
different load results in the onset of dynamic stall due to the quite different aerodynamic damping
predicted by the stall models. Therefore, extreme loads of an idling rotor might substantially deviate,
especially when the overall aerodynamic damping of certain modes of the system is very low or even
negative. This explains why a blade that has been designed using a specific dynamic stall model may
appear not to be able to with-stand the loads of DLCs-6.x when a different dynamic stall model is
considered. However, it is not easy to identify which model is the most appropriate for idling rotor
analyses or which model provides the most conservative predictions. Dynamic stall measurements at
very high angles of attack that could be used as a means to calibrate engineering state-of-the-art
dynamic stall models are scarce.

One possible remedy for mitigating the above-discussed uncertainty in load prediction is to tailor the
blade design in such a way that the damping of the poorly damped edge-wise modes is enhanced. The
results of the different dynamic stall models tend to converge when the damping of the rotor modes is
well above the onset of the instability. An effective way to enhance the damping of the poorly damped
edge-wise modes is by means of FEC. Previous studies [142] have shown that, under certain conditions,
the coupling of the edge-wise and flap-wise motion, in the low-damped edge-wise modes, increases
their aerodynamic damping. The most effective way to enhance FEC is to increase the structural twist
angle of the blade, which is achieved by enhancing the cross-bending stiffness along the blade span.

In the present chapter, the capabilities of active and passive control methods are assessed and cross-
compared. Moreover, parametric studies aiming at exploring the design space of the passive load
control methods, before proceeding to systematic optimization analyses, are performed. At the end of
the chapter, three structurally focused multi-disciplinary optimization studies are presented, based on
passive load control techniques and aiming at minimizing the mass of the blades. The above signifies
that although all disciplines, aerodynamics, structural dynamics, controls, are taken into account in the
simulation chain, the design variables only include structural parameters (inner structure thicknesses
and passive load control parameters). The chord distribution of the blades is not considered as a design
variable while twist is only re-adjusted to moderate power losses and it is not optimized.

3.2. Assessment of load control techniques that alleviate blade loads

In the present section, combined application of different A/T and active load control techniques is
performed with the aim to assess maximum load reduction potential. A comparative analysis of
different combinations of load control methods is conducted for the DTU-10MW RWT. Both geometric
(through blade sweeping) and material (through spar cap “UNIAX” material ply angle offset) BTC are
considered, applied separately or in combination. Furthermore, geometric FEC is also considered
through displacement of the spar-caps is opposite directions (see Fig. 3.2).
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Active load control is based on standard IPC, as well as on combined use of IPC and IFC. Both IPC and IFC
are based on the decomposition of the blade root out-of-plane moments of the three blades (measured
in the rotating reference frame) into the yaw and tilt moments in the hub fixed system (expressed in the
non-rotating frame) by means of Coleman’s transformation (Fig. 3.3).

Out-of-plane moments at the
root of the blades

M Transformation
Ba outl v, matrix {Colleman’s)
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Figure 3.3: Block diagram of the IPC and/or IFC controller. The out-of-plane bending moment signals at
the blade root are transformed into yaw and tilt moments. Then these moments are filtered and return
as pitch and flap angles of the individual blades.

The reason behind combining different passive control methods lies in the fact that usually geometrical
design limitations, associated with the manufacturing process, pose constraints that narrow the limits
within which key defining parameters of the above methods can vary. For example, sweeping of the
blades cannot exceed certain limits because the manufacturing cost of the curved mold would then
become excessive and/or smooth lay-up of the fiber sheet rolls could be hampered. Not to mention
transportation constraints. Also, very high material offset angles, besides leading to substantially
reduced stiffness characteristics they can also result in increased material wastage. In this respect a
combined application of various concepts could sum up to the same amount of overall load reduction,
without necessarily exceeding functional and cost effective ranges of the design variables.

Fatigue as well as ultimate load reduction potential is assessed through time domain aero-elastic
simulations of the DTU-10MW RWT for a representative subset of IEC DLCs consisting of DLC-1.2 and
DLC-1.3. Simulations are performed using NTUA’s in-house multi-body, FEM, servo-aero-elastic tool
hGAST (see section 2.1.) that is capable of simulating both material and geometric BTC [67], as well as
active Trailing Edge (T/E) flaps [143].

3.2.1. Active aero-elastic control

Active load control is based on standard IPC and on combined use of IPC and IFC [143],[144] that are
superimposed on the standard power speed controller of the DTU-10MW RWT. The out-of-plane
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bending moment signals at the blade root are transformed into yaw and tilt moments M,,q,, and M;;;
by appling the Coleman transformation. 3p and 6p band-stop filters are applied to M, and My;;;. The
filtered moments are then passed through the integral control element (I) and the cyclic 4, and By
angles are obtained. These angles are then back transformed into pitch (8,) and flap angles (ff) of the
individual blades via an inverse Coleman transformation. The block diagram of the controller is
illustrated in Fig. 3.3. Since both controls are based on the same working principle, IPC and IFC use the
same loop; however integral gains K,,; and Ky, are tuned separately for every control combination (IPC
or IPC&IFC) [143]. In the combined IPC&IFC, the aim of flap control is to assist pitch control and
therefore reduce pitch duty cycle (a key objective for very large blades). As shown in Table 3.1, the
isolated IPC and the combined IPC&IFC are first applied on the reference model of the DTU-10MW RWT
in order to assess their load reduction capabilities.

Table 3.1: T/E flap layout applied on the DTU-10MW RWT.

chord-wise extent 30%

deflection angle limits +10°

deflection speed limit 20°/sec

span-wise length 20m (~22.5% of blade radius)
span-wise location 60m — 80m (from hub center)
Airfoil FFA-W3-241

T/E flaps are placed in the outer part of the blade of the DTU-10MW RWT. The blade of the reference
turbine comprises FFA-W-xxx series airfoils. The relative thickness of the outer 35% of the blade is
constant and equal to t/c = 0.24. The T/E flap extends to 30% of the section chord length and 22.5%
of the blade radius (see details in Table 3.1).

Table 3.2: Controller gains for the IPC and combined IPC&IFEC loops.

IPC Ky = 1.0 x 10~° deg/sec/Nm

IPC&IFC Ky = 0.6 x 10~° deg/sec/Nm

Kr =7.0x107°deg/sec/Nm
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In the present analysis constant controller gains have been used both for IFC and IPC. They have been
selected on the basis of a sensitivity analysis performed over the wind speeds range of 5 — 25m/s.
Controller gains used in the different control loops are summarized in Table 3.2. Flap motion is bounded
in the range [—10°,+10°]. In addition, saturation limits have been imposed on the velocity of the flap
motion to 20°/sec. In all configurations a delay of 0.1sec has been imposed on the flap motion in order
to account for the dynamics of the flap actuator (through a first order filter in flap response).

Fatigue loads are assessed based on the Damage Equivalent Loads (DELs) calculated assuming the
following Weibull parameters: C = 11 m/s and k = 2. In Table 3.3, the lifetime DELs of the reference
DTU-10MW RWT are presented together with the percentage relative differences of the considered
designs (IPC and IPC&IFC), with respect to the reference configuration.

Table 3.3: Lifetime DELs comparison of DTU-10MW RWT between reference (absolute
values [kNm]) and active load control designs (relative differences [%]) based on DLC-1.2,
calculated for twenty years lifetime with Weibull parameters C = 11m/s and k = 2,

Wohler coefficient m = 10 for the blades and m = 4 for the tower and Ny, = 108 cycles.

designs Blade Root Tower Base

Flap Edge Torsion Fore-aft Side-side Yaw
reference 31051 24219 382 84986 49299 20218
IPC -25.5% -2.6% -11.6% 1.8% 5.4% -1.5%
IPC&IFC -27.6% -2.5% 52.7% 2.4% 6.6% -1.7%

IPC configuration significantly reduces flap-wise DELs by 25.5%, while the combined application of
IPC&IFC provides a further decrease by 2%. Overall blade root edge-wise DELs are not significantly
affected. Specifically, both active control configurations can only reduce the edge-wise DELs by 2.5%.
This is because these DELs are mainly driven by gravity loads which are not affected by either the use of
pitch or flaps. However, a large decrease in torsion moment DEL by 11.6% is noted when IPC is solely
applied. On the other hand, combined application of IPC and IFC, significantly increases torsion moment
by 52.7%. This is a known shortcoming of flap based control as the T/E-flap motion locally increases
twisting moment of the blade sections that are equipped with flaps. However, it is important to note
that the torsion moment is not expected to significantly contribute to the overall cross-sectional
stresses, as compared to the two bending moments, in particular the flap-wise one. Therefore, the
above reported increase in torsion moment is not expected to give rise to significant design implications
at least as far as blades are concerned. It will only affect the design or selection of the pitch bearing
which has to withstand increased fatigue loading. It is noted that the present analysis is restricted to
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resultant internal load computations, and does not analyze the stresses that develop over the blade
sections which is done in the following sections.

With regards to the tower, a slight increase by ~2% is observed in the DEL of the fore-aft bending
moment. The reason is that active control loop has been only designed to reduce blade loads, so no
control logic exists in the control loop that could effectively be used for the alleviation of the tower
loads. If additional logic is implemented, adding also flap motion at 2p frequency, tower loads would
also decrease. A small increase is also observed in side-side DEL by about 5 — 6%. while the tower
yawing moment DEL appears to be slightly reduced by ~1.5%.

Table 3.4: Ultimate loads comparison of the DTU-10MW RWT between reference (absolute values
[kNm]) and active load control design (relative differences [%]) based on DLC-1.3 (safety factors y;, =
1.35, have been applied).

design Blade Root Tower Base

Flap Edge Torsion Combine Fore Side Yaw Combine
reference 65708 29537 652 67919 341248 130961 66528 342157
IPC -4.5% -88% -0.6% -4.3% -0.3% -0.6% -19.1%  -0.4%
IPC&IFC -7.4% -9.1%  38.8% -5.5% 8.2% -1.8% -18.8% 8.1%

In Table 3.4, the ultimate loads of the DTU-10MW RWT are presented along with the percentage relative
differences with respect to the reference. In the application of IPC, ultimate flap-wise bending moment
decreases by 4.5%, while a 2.9% further reduction occurs if IFC is additionally applied. Edge-wise
moment decreases by 9% while a significant increase by 39% is noted in the torsion moment through
the combined application of IPC&IFC. The latter is again attributed to the increase in the twisting
moment that yields as a result of the T/E-flap deployment. Sole application of IPC results is a slight
decrease in torsion moment by 0.6%. Overall, the ultimate combined blade root moment decreases,
following the same trend as the flap-wise moment. Pure IPC reduces ultimate tower fore-aft and
combined bending moments by 0.3 — 0.4%, while combined IPC&IFC increases both moments by about
8%. Ultimate side-side bending moments are slightly reduced by IPC and IPC&IFC (0.6 — 1.8%), affected
by the blade edge-wise moments. It is noted that the side-side ultimate moment is about 1/3 of the
corresponding fore-aft and therefore it does not significantly contribute to the overall combined
ultimate loading of the tower. Ultimate tower yawing moment is significantly reduced by about 19%
through both IPC and IPC&IFC.
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3.2.2. Passive aero-elastic control

In this section, ultimate and fatigue loads alleviation capabilities of passive control methods are
assessed. Application of two passive load control methods on the reference turbine DTU-10MW RWT, is
performed. The first is the so-called material BTC method [67,68], in which one can achieve a structural
coupling between the flap-wise bending and torsion directions by applying an offset angle to the plies of
UD material over the spar-box caps of the blade (see Fig. 3.1). The second method, mentioned as FEC, is
based on the enhancement of the coupling between the two bending directions of the blades. In the
present work, FEC is attained by shifting the upper and lower caps of the spar-box in opposite directions,
as shown in Fig. 3.2. Previous developments by the wind energy team of NTUA [47] have indicated that
enhanced FEC can substantially improve the aerodynamic damping of the poorly damped rotor edge-
wise modes due to the damping trading from the highly damped flap-wise direction towards the poorly
damped edge-wise direction. This is especially true in stall conditions. Modern turbines are pitch
regulated and therefore high angles of attack within the post stall region are not foreseen in normal
operation conditions. However, when the wind turbine is parked or in idling mode the blades may
experience very high angles of attack (positive and negative) within stall regime. Since parked or idling
operation is combined with extreme winds, in many occasions the corresponding load case drives design
loads. Thus, combined application of the above techniques can potentially (i.e. if properly designed)
reduce ultimate and fatigue loads of the turbine during both normal and parked/idling operation (see
section 3.2.2.1.).

3.2.2.1. Re-twisting of the blades in the application of BTC

As the blade undergoes BTC induced torsion, the deformed shape no longer maintains its aerodynamic
optimum twist. Therefore, the twist of the blade needs to be re-adjusted so that the blade shape is
optimum at the deformed state. Stablein [145], has proposed two methods for “correcting” the twist
distribution of a wind turbine blades when using passive control techniques:

e In the first approach, the optimal aerodynamic twist distribution is first determined. This is done for
the optimum tip speed ratio, while a reference wind speed is selected (often in the range 8 —
10m/s). Then, the necessary adjustment of the twist is sought, so as under the action of the
aerodynamic loads at the reference speed, the deformed blade obtains the optimum twist
distribution. This procedure does not ensure maximum efficiency of the rotor at wind speeds far
from the reference wind speed — however, the ease of its application renders this option first choice
for the designers. The above approach has been followed by Bagherpour et al. in [67], while it is the
option adopted in the present chapter in the structural focused multi-disciplinary optimization
analyses. The above approach is schematically demonstrated in Fig. 3.4.

e The second approach is more straightforward but also more complex in its implementation.
Additional design variables are introduced for determining the optimal twist distribution of the
blade, thus ensuring maximum attainable efficiency of the rotor at all wind speeds below the rated
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wind speed. This approach is well suited when, besides structural design variables, also aerodynamic
design variables are considered in the analysis. Such variables could be, in addition to the twist
distribution, the chord distribution and the blade length, while the aim is to determine their optimal
combination. This approach has been adopted in the application examples of the next chapter, in
the context of full multi-disciplinary aero-elastic optimization analysis.
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Figure 3.4: Flow-chart of re-twisting process. The necessary adjustment of the twist is sought, so as
under the action of the aerodynamic loads at the reference speed the deformed blade obtains the
optimum twist distribution.

3.2.2.2. Material BTC

In the present section, the potential to reduce blade extreme and fatigue loads through material BTC is
explored. A uniform, along the span, offset angle is applied to “UNIAX” plies on the caps, which begins at
the span-wise position of 7/R;, = 20% and extends up to the blade tip. Configurations with ply offset
angle ranging in [0°2, +45°] are assessed. The present study aims at scanning the design space of the ply
offset angle variable and at determining the boundaries within which optimum solutions can be sought.

The assessment of blade load reduction potential is based on aero-elastic simulations of the full wind
turbine configuration using hGAST tool. Simulations of the extreme loads driving case DLC-1.3 are
performed at the wind speed of 13 m/s. Three different 10min realizations (seeds) of turbulent wind,
with extreme turbulence (ETM of IEC standard) are simulated and maximum loads along the span are
extracted (a safety factor of y; = 1.35 is applied to all loads). It is noted that depending on the applied
ply offset angle (which determines the magnitude of the blade twisting for a given flap-wise deflection)
the twist of the candidate blade variants is adjusted (blade re-twist) with the aim to counterbalance
losses of power production due to non-optimum aerodynamic twist distribution following the first
method described in section 3.2.2.1. The re-twisting is based on the mean torsion deformation along the
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span of the blade at the wind velocity of 10 m/s. For more details on re-twisting procedure the reader

may refer to [67] and to section 3.2.2.1.

The BTC capacity of a blade’s cross-section, i.e. a quantification of the bend-twist-coupling that
describes the section, can be expressed through the coupling coefficient agrc, initially defined by Lobitz
and Laino in [146] by:

D
K12

aAprc = T/—/]/]——
VKD XKD

(3.1)

Fig. 3.5a illustrates the magnitude of the coupling coefficient agr as function of the ply offset angle. As
seen in the figure, maximum agr is obtained for ply angles within the range 20° — 25°.
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Figure 3.5: Dependence on ply rotation angle of a) BTC coefficient at r/R;, = 50%, b) maximum
combined moment at the root of the blade, c) blade maximum value of Tsai-Hill criterion and d) blade
maximum value of averaged along the cross-section circumferential direction Tsai-Hill criterion.
Percentage relative differences with respect to the reference configuration (ply 0°) are shown above
the bars.

As also indicated in previous studies [67], BTC capacity is not always proportional to ply angle. For the
specific blade and for ply angles higher than 259, the capability of the blade to deform in torsion, for a
given flap-wise deflection, is deteriorated. A detailed recording of the blade loads (resultant loads and
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equivalent stresses) is presented in Fig. 3.5b, c and d for ply angles ranging between 0° and 10°, with a
step of 2.5°. As seen in Fig. 3.5b, the ultimate combined bending moment at the root of the blade
decreases as the ply angle increases. Up to the angle of 109, the variation of the resultant loads follows
the same pattern as the coupling coefficient. There is an almost proportional variation of the moment
versus ply angle. Furthermore, a maximum 2.3% reduction in the combined moment is noted for the ply
angle of 10°. Looking into Fig. 3.5c and d one can see that the pattern of the variation of the maximum
equivalent stresses is different than the one of the resultant loads. Minimization of the maximum Tsai-
Hill value over all blade cross-sections is noted for moderate ply angles 5 and 7.5° (much earlier than
the maximum value of the coupling coefficient is reached), while the averaged over the cross-sections
Tsai-Hill value is minimized for ply angle 5°. This is because as ply offset angle increases, not only the
bending moments decrease but also the capability of the caps to carry bending moments (strength of
the material is weakened as a result of the rotation of the fibers). In conclusion, a ply offset angle of 5°
reduces the maximum Tsai-Hill value by 7.1% and the average Tsai-Hill value by 4.2%.

1.0 . ¥ . reference
- P i g . ﬁ 1.0
UB 7 . ; : : E L
— s N 0.8
z061 \ K \ 0.6
— i . .
s 0_4 . B L BTC 5°
g ' ' 1 . 0.4
= raference
0.2 1 - BTCS® 0.2
-« BTC10° \ ’
DCI T T T L
00 02 04 06 08 1.0 0.0

fIRugp [-]

Figure 3.6: Span-wise distribution of the maximum Figure 3.7: Snapshot of equivalent stresses

value of Tsai-Hill criterion for various BTC distribution on the cross-section at /R, = 40%

configurations. whene maximum Tsai-Hill value (on the caps) is
depicted, for the reference (top) and BTC 5°
(bottom) designs.

In Fig. 3.6, the maximum equivalent stresses distribution along the blade span are provided for ply offset
angles of 09, 5% and 10°. It is seen that maximum stress relief is obtained for ply angle equal to 5°. It is
the 7.1% reduction reported earlier and it is noted at the cross-section at 7/R;;, = 40%. Furthermore,
it is worth noting that not only the maximum stress is reduced; reduction of stresses is observed in all
cross-sections of the blade, all along the span, even at those below radial position 7/R;;, = 20% where
plies rotation is not applied. Fig. 3.7 illustrates the distribution of equivalent stress over the cross-
section at /R, = 40%. It is seen that maximum stresses occur on the cap of the suction side. The
color pattern indicates the relief in the maximum stress due to the application of 5° angle on the
“UNIAX” plies of the caps.
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3.2.2.3. Geometric BTC

Geometrical BTC through sweeping of the blades has been also investigated numerically and
experimentally by SANDIA laboratories in the framework of Low Wind Speed Technology (LWST) project
[147]. Knight & Carver [27] developed a Sweep Twist-Adaptive Rotor (STAR) blade, which was tested on
a Zond 750 turbine and demonstrated reduced operating loads. As a result of the lower loads, stretching
of the blade and increase in Annual Energy Production (AEP) were made possible. Field testing
demonstrated that the sweep twist adaptive rotor exceeded the project goals for improving annual
energy capture by producing 10 — 12% more energy compared to the conventional rotor with straight
blades. Parallel to the above developments, blades’ sweeping has been also investigated as a passive
mean to reduce fatigue loads in the framework of the EU funded project UpWind (see section 1.1.2.) by
Verelst and Larsen [148], and Riziotis et al [149]. Verelst and Larsen assessed fatigue load reduction
levels for different swept blade geometries, while Riziotis et al compared predictions of different
aerodynamic and structural models of varying complexity that can be used in simulations of curved

blade geometries.

2

r

sweep = Sy <R_> (3.2)
tip

Table 3.5: Ultimate loads comparison of the DTU-10MW RWT between reference (absolute values
[kNm]) and various sweep deflection at the tip (Sn-p) designs (relative difference [%]) based on DLC-1.3
— safety factors have been applied.

designs Mass of Blade Root Tower Base

Stip [m]  blade [kg] Flap Edge Torsion Combine Yaw
0 40017 69248 23219 384 335479 26236
2 +0.016% -0.74% -1.06% +139.49% -1.69% -1.40%
4 +0.065% -1.87% -1.56% +410.30% -3.01% -2.16%
6 +0.145% -3.46% -0.01% +666.06% -5.14% -2.54%
8 +0.258% -4.87% +2.28% +928.73% -7.50% -2.92%
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Table 3.5 shows the results of the ultimate loads at the blade root as well as at the tower base, for the
reference wind turbine, adopting blade sweep curvature, according to Eq. 3.2. It is seen that, the use of
sweep leads to slightly increased blade mass due to the increased blade length for the same tip radius.
The beneficial effect on the blade root flap-wise moment is proportional to the increase in the sweep
deflection of the tip (Stip). Application of this passive control technique provides limited edge-wise
moment relief for mild sweeping — while in general it causes very large torsion moment loads.
Alleviation of rotor loads, entails a positive effect also on tower base loads (combined bending and yaw
moments) as well.

The onset of high torsional loads caused by the off-axis placement of the blade sections due to
sweeping, led (see also [68]) to the investigation of the possibility of the combined application of
geometric together with material BTC. The results of the combined application are summarized in Table
3.6. In this case, in addition to the extra mass due to blade sweep, material has been added to
compensate for the reduction in the stiffness caused by the application of the material BTC. As shown in
Table 3.6, the combined use of geometric and material BTC, reduces ultimate flap-wise moment to the
same levels as the maximum ply offset angle of 10°. However, the extra mass causes an increase in the
loads of the edge-wise moment, while the combined application can lead to a fairly significant increase
in the torsion moment. Similar results are obtained for the fatigue loads.

Table 3.6: Ultimate and lifetime DELs loads comparison of the DTU-10MW RWT between reference
(absolute values [kN'm]) and BTC load control (relative differences [%]) based on DLC-1.3 (ultimate) and
DLC-1.2 (fatigue). Fatigue calculate for 20 years lifetime with Weibull parameters C = 11m/s and k =
2. Wohler coefficient m = 10 and Ny..r = 108 cycles.

ULTIMATE FATIGUE
designs Flap Edge Torsion Flap Edge Torsion
reference 31051 24219 382 65708 29537 652
BTC 10° -7.0% 1.3% -3.7% -4.7% 2.1% 7.0%
BTC 5°+S;, = 3m -6.7% -0.1% 48.7% -3.6% 2.3% 93.1%

3.2.2.4. Geometric FEC

Enhanced FEC is intended for increasing the damping of the marginally damped edge-wise modes of the
blade. The total (structural plus aerodynamic) aero-elastic damping of those coupled wind turbine
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modes usually becomes negative when the rotor operates in the stall regime (due to stall induced
vibrations). In modern pitch regulated wind turbines, blades get into stall conditions when the rotor is
parked or is idling. In the present study tailoring of FEC is attained through the relative displacement of
the caps (suction side cap shifted forward towards the leading edge and pressure side cap shifted back-
wards towards the trailing edge) as schematically illustrated in Fig. 3.2. The caps are assumed to move
along the airfoil periphery and thus the outer airfoil gecometry and the aerodynamic design of the rotor
remain unchanged; so do the airfoil polars. Furthermore, the elastic deflections of the blades in which
FEC tailoring has been applied, do not imply variations of the section shapes (significant
distortion/warping effects). A uniform displacement (as percentage of the local chord) is applied all
along the blade span. The assessed range is 0 — 4% of the chord relative displacement.
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Figure 3.8: (a) Distribution of flap-edge coupling term K2 along the blade and (b) average (along the
blade span) structural twist angle for various caps displacements, expressed as percentages of the
chord length. Percentage relative differences with respect to the reference configuration (FEC 0%)

are shown above the bars.

In Fig. 3.8a, the effect of different percentages of the caps displacement on the cross stiffness K} (see
section 2.2.) is shown. The results indicate that shifting of the caps proves to be a very effective method
for tailoring FEC. A moderate 4% displacement of the caps can increase the maximum K7 by 35%.
Moreover, as indicated in Fig. 3.8b, this corresponds to about 4° increase in the average along the blade
span structural pitch angle. The effect of FEC on the loads of the turbine when the rotor operates in
deep stall is assessed again through aero-elastic simulations of the DTU-10MW RWT using hGAST.
Simulations of the IEC DLC-6.2 are performed for turbulent wind conditions (EWM of IEC standard). DLC-
6.2 corresponds to operation of the turbine under extreme wind conditions (wind velocity of 50m/s
corresponding to fifty years recurrence period). The turbine is assumed to be in idling mode (blades
pitched to feather — generator disengaged) while a simultaneous malfunction of the yaw system occurs.
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The malfunction of the yaw system could result in extreme yaw misalighment angles of the rotor with
respect to the incoming wind. In many occasions the above DLC proves to be design driving for strength.
Moreover, previous studies [47] have shown that maximum stall induced vibrations and loads occur
when the yaw angle lies in the range[+15°, +45°]. It should be mentioned that for given structural
damping values, stall induced vibrations are affected on one hand by the aerodynamics (blade geometry
and polars), the wind excitation and the modelling (e.g. dynamic stall implementation) and on the other
hand by the structural modelling. However, as mentioned, all the aerodynamic parameters remain fixed
(only the inner blade structure is changing) and thus the effect of the geometric FEC on stall induced
vibrations is exclusively assessed. The value of applying FEC is that it can improve the aero-elastic
response of an already existing blade without needing to re-design the overall external shape of the
blade which could have implications on power output.
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Figure 3.9: (a) Maximum combined moment at the blade root for various yaw angles for the reference
and the FEC 3% cases and (b) standard derivation of the edge-wise moment at the blade root for
various caps displacements for DLC-6.x at 30° yaw. Percentage relative differences with respect to the
reference configuration (FEC 0%) are shown above the bars.

In Fig. 3.9a, the maximum combined bending moment at the root of the blade is shown as function of
the yaw misalignment angle, for a representative range of yaw angles from [—60°,+60°], in which
maximum stall induced vibrations is expected to occur. The Beddoes-Leishman unsteady aerodynamics
and dynamic stall model considered in this special analysis is not valid in deep stall conditions (e.g. for
yaw angles > 30° — 40°) and is gradually switched off (beyond +30° steady-state C; and Cp are
employed). Further, modelling of vortex shedding which is prompt at £60° yaw is not accounted for.
However, this is not expected to affect the effectiveness of FEC in mitigating loads. It is seen that at the
yaw angle of +30° the increase in the maximum moment of the reference blade is substantial. A 20%
reduction is achieved by introducing a 3% shift in the caps positions. Furthermore, Fig. 3.9b illustrates
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the effect of the caps shifting on the standard derivation of the blade root edge-wise moment (caps
shifting in the range 0 — 4%). Already a 2% displacement leads to 62.5% reduction in the standard
derivation. Further displacement of the caps by 3% and 4% has a minor incremental effect on standard
deviation reduction which becomes 66% and 67.5% respectively.

3.3. Blade mass reduction methodology — application of structurally focused
multi-disciplinary optimization

The procedure for obtaining maximum mass reduction is divided into two loops. This is done in order to
reduce the number of optimization variables and the computational cost which would be excessive if all
design variables were handled within the same loop:

e The outer loop which is exclusively handled by the optimizer specifies the values of the primary
design variables and evaluates the cost function. In the present application examples, the primary
design variables of the optimization problem are the geometric parameters of the BTC (i.e. ply angle
distribution along the span), while the cost function of the optimization problem is chosen to be the
percentage reduction of the blade mass with respect to the reference blade mass.

e The inner loop within which an iterative procedure is established that determines the secondary
design variables of the optimization problem. Secondary design variables is the laminate thickness
along the blade span. The inner loop seeks for the minimum thickness values for which the
maximum values of the Tsai-Hill failure criterion are at the same level as those of the reference
blade. A uniform thickness reduction ratio is considered at every cross-section of the blade.

Every step of the inner iterative procedure consists of the following sub-steps; (i) the beam properties of

the blade are determined based on the primary BTC design parameters and the secondary laminate

thicknesses, (ii) the ultimate resultant loads along the blade span are computed through simulation of a

subset of the certification envelope and (iii) stresses distributions and Tsai-Hill failure criterion values

over every cross-section of the blade are evaluated. Calculations of steps (i) and (ii) are performed using
the cross-sectional analysis tool, while calculation of ultimate loads is based on simulations performed
with hGAST aero-elastic solver. When the iteration is concluded, the values of the failure criterion are
compared with those of the reference blade and if they are found different a new iteration is initiated
considering new thicknesses. In fact, a less conservative approach would be to consider unit as the
maximum allowable value of Tsai-Hill criterion (i.e. equal to 1). In this case, the comparison between the
reference and modified blade would not be fair (note that maximum calculated Tsai-Hill values of the
reference blade, on the simulated conditions do not reach the limit value of 1). The procedure is
repeated until convergence of the thickness reduction ratios is achieved. It is noted that before
calculating loads, the BTC blades are re-twisted in order to restore power losses due to non-optimum
twist distribution (see 3.2.2.1. for more details). The above steps are schematically shown in the
flowchart of Fig. 3.10.
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The most time-consuming part of the optimization process is the estimation of the design loads through
the time domain aero-elastic analysis. Thus, in the present work the IEC 61400-1 design load case (DLC-
1.3, extreme turbulent wind conditions in normal operation), at the wind speed of 13m/s, is only
considered with the aim to retain computational cost manageable. In [68] and [67] the above DLC was
found to result in maximum flap-wise blade loads. In addition, and in order to further reduce
computational cost, every simulation is performed for a shorter period of time (for example, only
150sec duration). The above duration is centered around the time instant that ultimate load of the
reference blade occurs. Given that the overall blade shape is not altered, peak loads are expected to
occur at neighboring time instants. Even though this might not be the ultimate load of the new design it
will definitely correspond to a peak load. Hence, reduction of a peak load is already a strong indication
that overall the new design exhibits lower loads.
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Figure 3.10: Flow-chart presenting the procedure for estimating the optimal BTC distribution in terms
of maximum blade mass reduction while maintaining the same maximum Tsai-Hill values with the
reference blade, The dashed red box contains the steps of inner loop.
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3.4. Application examples

In the previous sub-section, the load alleviation capability of the two passive control techniques, namely
the BTC and FEC has been assessed. Reduction of loads allows us to reduce blades’ wall thicknesses and
therefore the mass of the blade structure. With respect to the framework described in section 3.3, in
the present section the margins for reducing the mass of the blade of DTU-10MW RWT are explored
[100] based on three scenarios. In the first and second scenarios, the possibility to reduce the mass of
the blades is assessed through i) optimal distribution of blade sweeping and ii) segmented application of
the ply offset angle of the uni-directional material over the spar-caps of the blade. Finally, in the last
scenario BTC is combined with FEC, the latter realized through a 3% shifting of the spar caps. Mass
reduction potential is explored using various optimization methods. Both fatigue and ultimate loads in
normal operation are considered in the analyses. Fatigue loads are assessed on the basis of IEC-61400-1
DLC-1.2 (normal operation with normal turbulence conditions NTM), while ultimate loads are calculated
through DLC-1.3 (normal operation with extreme turbulence conditions ETM) and DLC-6.x (parked/idling
rotor in storm conditions) — for more information, see appendix A.

3.4.1. Lightweight rotor using sweep

In sub-section 3.2.2.3., the technique of the geometric BTC, through sweeping the pitch axis has been
described. It has already been discussed that due to blade curvature, the mass of the blade inevitably
increases if the blade radius and the thicknesses of the inner structure walls are maintained. However,
the relief in loads, allows for the reduction of the thickness of the walls, according to the procedure
described in the section 3.3. (see the flow-chart of Fig. 3.10).

3.4.1.1. Manual tailoring of sweep and optimization studies

In the first step, the potential of reducing blade mass by applying blade sweep is investigated. Blade
sweep following Eq. 3.2 is considered, while the analysis is performed for different values of the tip
deflection lying in the range [0 — 8m] considering a 1m step in the variation of Stip-

In Table 3.7, it follows that the greatest mass reduction is achieved for S;;;, = 6m (so-called ‘sweep-
6m’). It is observed that as the value of Sy, increases, the flap-wise bending moment decreases, while
the torsion moment increases. This is in line with the observations in section 3.2.2.3. On the other hand,
the edge-wise bending moment does not exhibit a clear trend. This is because it depends on two factors:
(i) the overall blade length and (ii) the eccentricity of the blade sections with respect to the pitch axis.
Both increase with increasing Sy;;,, leading to increased edgewise bending moments. Edgewise bending
moment decreases for moderate values of S;;, up to 6m as a result of the lower wall thicknesses, while

increases for higher values. In the latter cases, it is dominated by the factors i) and ii) described above.
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In Pavese et al. [150], various blade sweep geometries are evaluated. In the parametric studies
presented in [150], three features of sweep are addressed: (i) the starting point for blade sweeping
along the blade span, (ii) maximum sweep deflection and (iii) blade forward sweep. In the current thesis,
a similar configuration is approximated through a Bezier curve of four equidistant (in terms of their
radial position) control points. It is reasonable to assume that at the root of the blade the sweep should
be zero. Therefore, the first two control points are placed at the root of the blade and at an
intermediate radial station respectively, both on the pitch axis of the blade (considering zero sweep
deflection). The co-ordinates of the last two control points (v; and v, in Fig. 3.11) were considered as
design variables of the optimization loop. An optimization process based on quasi-Newton BFGS (see
section 2.4.3.), has been established. Besides v; and v,, the wall thicknesses of the inner structure are
also considered as design variable (inner loop), while blade overall mass is considered as objective

function.
Table 3.7: Effect of sweep on blade mass and loads.
Stiplm] Blade mass [kg]  Flap-wise [kNm] Edge-wise [kNm] Torsion [KNm]

0 40089 69256 23237 384

1 -0.67% -0.26% -2.12% +34.83%
2 -1.34% -0.73% -3.37% +137.03%
3 -1.99% -1.39% -4.00% +271.58%
4 -2.72% -2.17% -4.16% +405.12%
5 -3.62% -3.06% -4.19% +530.87%
6 -3.74% -3.93% +1.38% +662.68%
7 -2.18% -3.92% +0.39% +805.72%
8 +0.11% -4.04% +12.26% +961.98%

This optimization method requires the estimation of the starting Hessian matrix. Typically, this matrix is
either calculated using finite differences or the identity matrix assumption is made. In the current work,
the approach of computing only the on-diagonal elements of the Hessian matrix has been adopted. The
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final shape (so-called ‘sweep-opt’) of the blade sweep (i.e. the result of the optimization design process),
which has 8.6% less mass relative to the reference configuration, is shown in the Fig. 3.11.
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Figure 3.11: Sweep configuration of: (i) reference blade, (ii) sweep-6m and (iii) sweep-opt.

3.4.1.2. Verification of sweep-6m and sweep-opt

The verification step consists of performing detailed aero-elastic simulations of a representative and
extended sub-set of IEC 61400-1 (comparing the reference wind turbine to two swept configurations:
the sweep-6m and the sweep-opt). These simulations for an extended range of wind speeds, considering
a wider simulation window are performed aiming at further assessing the swept blade designs. Fig. 3.12
and 3.13 present the combined bending and the torsional moment at the blade root. The results are
obtained through three full 10min simulations (different wind seeds), at extreme turbulence condition
(corresponding to DLC-1.3). Both swept configurations (sweep-6m and sweep-opt) appear to have lower
combined bending moment (see Fig. 3.12) compared to the straight blade, with the greatest reduction
observed in the optimized blade sweep-opt. A relief in the bending moment is observed in all wind
speed, with the highest reduction obtained for the sweep-opt blade at 25 m/s (—10.6%). According to
the Fig. 3.13, the introduction of sweep increases significantly the torsional moment. However, the
optimized shape, gives rise to the lowest increase in this moment due to its forward sweep at its inner
part. As an example, at 13m/s wind speed, sweep-6m presents a 509% increase in the torsional
moment, while the optimized configuration a 364% increase.

It is noted that sweeping is not addressed in the optimization studies of the following chapter 4 for the
reasons that:
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e the curved shape may affect blade’s flexibility in relation to buckling behavior, which is not studied
in this thesis.
e the cost model described in chapter 2, does not include the cost of: (i) a curved mold, (ii) fabrication

and (iii) transportation of curved blades.
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Figure 3.12: Combine moment at the blade root, Figure 3.13: Torsional moment at the blade root
for various wind speed. The study includes the for various wind speed. The study includes the
configurations of: (i) reference, (ii) sweep-6m and configurations of : (i) reference, (ii) sweep-6m and
(iii) sweep-opt. (iii) sweep-opt.

3.4.2. Lightweight rotor using BTC technique

Compression of the capital cost — CAPEX (by reducing the mass of the blades) of the DTU-10MW RWT, is
the purpose of the present study. At first, BTC parameters (i.e. uniform ply offset angle all along the
blade span and its starting position) are manually tailored. Then, optimal segmental application of BTC
control (the blade is divided into segments over which different ply offset angles are considered) is
tackled using the optimization framework described in section 3.3. through application of the COBYLA
optimization method (see section 2.4.1.). The study is concluded through a full evaluation of the
optimum design configurations both in terms of ultimate and fatigue loading. In this final evaluation the
full range of the encountered by the turbine wind conditions is scanned. Three realizations of 10min

duration each are simulated for every wind speed considered in the analysis.

3.4.2.1. Manual search and optimization

A first estimate of the mass reduction capabilities of the BTC blades is shown in the left plot of Fig. 3.14,
obtained by considering fixed values of the ply angles equal to 52, 7.5° and 10° respectively. In
addition, to assess the effect of the ply offset angle starting position (partially coupled blades) ply angle
re-orientation is applied at various starting radial positions from the blade root up to about the 2/3 of
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the span. Every point on the left plot corresponds to a different value of the ply offset angle starting
radius. The presented results are obtained within the inner optimization loop of the procedure
presented in section 3.3. for fixed values of the ply angles. They correspond to sixty different design
points (3 ply angles X 20 starting positions). The maximum mass reduction of the blades is about 8%,
obtained for ply angle of 7.5° and the starting positions spanning from 25 — 40% of the blade span. It is
noted that positive relative differences correspond to increase in the blade mass (with respect to the
reference blade), as for example seen in the 10° ply angle case for a starting position near the blade
root. The explanation of this increase in mass lies in the fact that flap-wise bending stiffness decreases
with the increase of the ply angles and therefore the thickness of the blade walls must also increase to
maintain Tsai-Hill criterion values at the same level as those of the reference blade. The right plot of Fig.
3.14 demonstrates the convergence of the blade mass reduction with the number of iterations
performed. It is found that 4 — 5 iterations of the inner optimization loop (sets of aero-elastic

simulations) are required for convergence.
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Figure 3.14: Mass reduction of BTC blades as a function of the ply angle (i.e. 52, 7.5° and 10°) and ply
angle offset starting positions (points on the curves correspond to different values of starting
position) — left plot. Convergence of the inner optimization loop for ply angle staring position=0.3 —
right plot. Mass reduction is estimated for given BTC blade parameters (ply angle & starting position)
to maintain the Tsai-Hill value of the reference blade.

Next, in order to obtain the optimum BTC configuration in terms of mass reduction, the full optimization
methodology is employed (i.e. the outer loop is activated as well). Four cases are considered regarding
the span-wise distribution of the ply angles. In the first three cases the blade is divided into 2, 3 or 4
segments respectively (symbol N denotes the number of segments) of constant ply angle. In every case
the ply angle of the first part is set to zero. The forth case corresponds to a theoretical, continuous ply

angle distribution defined by the following three-parameter spatial function:

r—15\
ply(T; PD’tip; Ts; V) = plyn’p [1 - (1 11— T) ] )
S
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where r is the independent variable denoting the non-dimensional radial position (normalized with the
blade radius) and the three parameters ply,;,, 75, ¥y denote the ply angle at the tip of the blade, the non-
dimensional position at which offset angle is applied to material plies and the order of the function
respectively. Design variables in the first three cases are the discrete values of the ply angle and the
starting positions of the N — 1 last segments, while in the latter case design variables are the three
parameters of the space function.
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Figure 3.15: Optimum (in terms of mass reduction) ply angle span-wise distribution — left plot and
maximum blade mass reduction — right plot of the BTC configurations considered.

Fig. 3.15 shows the converged (optimum) values of the design variables and of the corresponding cost
function. Specifically, the left plot provides the optimum ply angle distribution along the blade span
(design variables), while the right plot presents the corresponding maximum mass reduction percentage
of the considered BTC blade configurations (cost function). For N = 2, maximum mass reduction is 8.3%
for 6° offset ply angle starting at 22% of the blade span. For N = 3, maximum mass reduction increases
to 10% for offset ply angles of 5° and 7.8° starting at 20% and 50% of the blade span respectively. For
N =4 no further significant improvement is obtained. Furthermore, the continuous theoretical
distribution defines the upper mass reduction limit for a BTC blade. The maximum mass reduction
achieved is 10.5%, while the estimated optimum values of the parameters of Eq. 3.3 are ply, =
8.36%, r; = 6.9% and y = 2.5. It is thus concluded that the configuration with N = 3 approaches the
maximum theoretical limit. It is also remarkable that the optimum ply angle values of the first three
cases are a more or less piece-wise constant approximations of the continuous function of case 4 as
shown in the left plot of Fig. 3.15. The layout of the optimized BTC blade for the case N = 2 is shown is
Fig. 3.16.

Fig. 3.17 shows the optimum span-wise distribution of the wall thickness ratio. This ratio indicates the
maximum allowable reduction in the thickness of the walls of the BTC blade for which the Tsai Hill values
of the baseline configuration are not exceeded. In Fig. 3.18 the convergence of the outer optimization
loop is shown for the case N = 2. The values of the design variables and cost function are presented
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versus the performed optimization iterations. It is noted that a higher number of iterations is required in
order to reach a converged solution, as the number of design variables increase. For the case of N = 3,
thirty-five optimization iterations are required to obtain the optimum design parameters, while for N =
2 about twenty-five iterations are required which consistent that the number of the design variables is

reduced and its design configuration is significantly simpler.
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mass, the case N = 2.

configuration.

3.4.2.2. Verification of the N = 2 and N = 3 designs

The BTC designs with N = 2 and N = 3 are verified in this section. The first (N = 2) is the standard BTC
option addressed in the existing literature, with a uniform ply angle offset starting at 22% of the span.
The second (N = 3) is a slightly more complex design with lower ply offset angle at the blades inner part
and higher at the outer (see Fig. 3.15, left plot), which however allows for almost 2% additional mass
reduction. Manufacturing of both design is considered feasible. As also demonstrated in section 3.4.1.2.,
the verification step consists of performing detailed aero-elastic simulations of a representative and
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extended subset of IEC 61400-1 (as compared to the one considered in the optimization process) for the
optimized designs. This includes performing full 10min simulations for the turbulent wind cases
considering three realizations of the turbulent wind inflow. In this section, the design configurations are
assessed, both in terms of ultimate loading considering extreme turbulence conditions at various wind
speeds, as well as in terms of fatigue loading considering normal turbulence conditions at various wind
speeds.

Before proceeding with the time domain analyses, the natural frequencies of the coupled DTU-10MW
RWT at stand still are checked for the different BTC configurations considered. Comparison of the
natural frequencies of the reference configuration against the BTC ones is performed on the basis of the
eight lowest frequencies. Frequencies of the reference configuration and of the two BTC designs (with
N =2 and N = 3) are compared in Table 3.8. For the BTC designs, the percentage relative frequency
difference with respect to the reference turbine is also provided. Tower side-side and fore-aft
frequencies slightly increase due to the lower rotor mass. The increase in the frequencies of the first
tower modes is in the order of 1%. As concerns rotor modes, the frequency of the symmetric edge-wise
mode increases by 5% and 6.2%, while the frequency of the symmetric flap-wise mode increases by
2.7% and 2.8% for N = 2 and N = 3 respectively. Rotor asymmetric flap-wise modes increase by 3.3 —
4.6% and asymmetric edge-wise modes by 3.3 — 4.1%. It is hence concluded that the change of the
laminate thickness and the ply angle re-orientation does not significantly alter the dynamic behavior of
the turbine.

Table 3.8: Standstill natural frequencies comparison between the DTU-10MW RWT and N = 2
and N = 3 configurations. Absolute frequencies (in Hz) are provided for the reference turbine
and relative percentage differences with respect to the reference configuration are provided
for the modified designs.

mode shape reference N=2 N=3
1%t tower bending side-side 0.249 1.2% 1.6%
1%t tower bending fore-aft 0.252 0.8% 1.2%
15t symmetric rotor edge-wise/drive-train 0.515 5.0% 6.2%
1%t asymmetric rotor flap-wise (yaw) 0.539 3.9% 4.6%
1% asymmetric rotor flap-wise (tilt) 0.580 3.3% 3.6%
1% symmetric rotor flap-wise 0.633 2.7% 2.8%
1°* asymmetric rotor edge-wise (vertical) 0.958 3.4% 4.1%
1%t asymmetric rotor edge-wise (horizontal) 0.972 3.3% 3.8%
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Fig. 3.19 presents the results of the ultimate loads assessment. Comparisons between the reference
DTU-10MW RWT and BTC configurations with N = 2 and N = 3 are presented. Plots on the left present
the results of the ultimate load analysis that correspond to IEC DLC-1.3, while plots on the right present
the results of the fatigue analysis, through DLC-1.2. The maximum Tsai-Hill values (failure occurs for
values > 1) of the blade are shown in the upper plot, the maximum combined bending moment at the
blade root in the middle plot and maximum combined bending moment at the base of the tower in the
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lower plot. Maximum Tsai-Hill values are obtained for DLC-1.3 at 13 m/s for all designs, corresponding
to the wind conditions considered in the optimization process. It is noted that for wind speeds higher
than the rated, the pitch mechanism is activated giving rise to reduced blade loads. The maximum Tsai-
Hill value along the whole blade span is shown in the plots.

Table 3.9: DELs of the tower base moments of the reference DTU-10MW RWT and relative
percentage difference of the BTC configurations, with N = 2 and N = 3 considering the DLC-1.2.

reference N=2 N=3
Fore-aft moment 123449 -0.77% -0.74%
Side-side moment 53748 -4.04% -4.53%
Yawing moment 32037 -4.49% -5.38%

Fatigue loads are assessed based on the Damage Equivalent Loads (DELs) calculated assuming twenty
years lifetime Weibull parameters C = 11m/s and k =2, Nyof = 107 reference cycle and Wéhler
coefficients m = 10 for the blades and m = 4 for the steel tower. Fig. 3.20, presents the results of the
fatigue load assessment, providing comparisons between the reference DTU-10MW RWT and the BTC
configurations with N = 2 and N = 3. The upper plot corresponds to the DELs of the spar cap mean
normal stress along the span, while the bottom plot to the DELs of the three blade moments along the
span. In Table 3.9, the DELs of the tower base moments are shown. BTC designs exhibit reduced tower
moment DELs by 0.8% and blade moment DELs by up to 10% (reduction increases towards the root).
On the contrary, DEL of the mean stress increases up to 14% at the 75% of the blade span due to the
thickness reduction, while near the root it increases by only 2.7%. This indicates that lower mass
reductions than those reported in the previous section are foreseen in case the design of the blades is
driven by fatigue. However, many recent studies as for example in the INNWIND.EU project (see section
1.1.2.) and optimization developments indicate that the design of modern large composite blades is
driven by ultimate loading. This implies that within the time span of 20 years (or 25 years for offshore
turbines) the blade that has been designed to withstand extreme loads will also withstand the resulting
fatigue spectrum, maintaining a sufficient residual life margin.

3.4.3. Lightweight rotor using combination of BTC and FEC control

In section 3.2.2.2. and 3.2.2.4. of this chapter, the load reduction capacity of BTC and FEC passive load
control methods was independently assessed. In the present application, the possibility to combine the
two passive load control methods with the aim to reduce the mass of the blade and at the same time to
minimize vibrations during idling/parked operation, is investigated. It is noted that reduction of the mass
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of the blades by some percentage (i.e. reducing the amount of material used in manufacturing the
blades) reduces the overall cost of the wind turbine but not by the same percentage, as the cost of the
rotor amounts ~25% of the overall cost of the turbine for onshore wind turbines and ~15% for
offshore. The design of the new “modified” blade is performed in the context of an aero-elastic
optimization loop in which the objective function is the blade mass (minimum mass), as also considered
in the previous application example, while design variables are the ply offset angle of BTC, by keeping
FEC constant to 3% and the thickness of the inner structure walls. A uniform thickness reduction factor
is applied over every cross-section of the blade, which is though varied independently among the
different cross-sections (twenty-one cross-sections along the blade span are considered in the present
analysis). Moreover, the lamination sequence and the properties of the materials used, are kept fixed in
all segments of every cross-section (see appendix A, for more information). The offset of the “UNIAX”
plies begins at the span-wise position of 7/R;;, = 20% and extends up to the blade tip, following the
analysis of section 3.2.2.2. Furthermore, a fixed relative displacement of caps is considered, equal to 3%
of the chord based on the FEC assessment of section 3.2.2.4. The minimization of the blade mass is
performed under the constraint that the maximum Tsai-Hill failure criterion value of every cross-section
along the blade span does not exceed the value of the corresponding section of the reference blade,
thereby ensuring a fair comparison.

It is important to note that rationalization of the computational cost is absolutely critical at this point. To
this end, the duration of the time domain simulation is limited to 150sec (CPU time of45min). The
simulation window is centered around the time instant for which maximum loads of the reference rotor
in a simulation with a total duration of 30min is obtained for most of the cross-sections. It is noted that
even for the cross-sections that maximum load occurs at a different time instant, still the load within the
selected window is very close to its maximum. The above choice, dictated by the requirement for
affordable computational cost, does not ensure that ultimate load is always tracked down. However,
practice has shown that following the above approach, loads do not significantly deviate from the actual
ultimate loads. Besides, optimized designs are eventually verified on the basis of detailed turbulent wind
simulations over a range of wind and operation conditions, as performed in the previous applications.

3.4.3.1. Rotor mass minimization through various optimization methods

The above optimization problem is treated using three different optimization algorithms: (i) the COBYLA:
a gradient-free optimizer based on evolution algorithms, (ii) the SLSQP: a sequential least squares
programming optimizer, using the Jacobian matrix (calculated based on central differences using two-
points) and (iii) Newton’s method: in which an iterative method for finding the critical point of derivative
and estimating the Hessian matrix (by using central differences of three-points) is necessary. Table 3.10
shows the number of calls of the routine that calculates the objective function for each of the above
three methods. The computational cost is proportional to the number of calls, needed for the
assessment of the candidate solutions and the computation of the Jacobian/Hessian matrix (depending
on the employed optimization algorithm). It is seen that Newton’s method is the most cost effective
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choice, while computational time can be further suppressed if the Hessian matrix computation is

parallelized.

Table 3.10: Number of objective function calls for the tested optimization algorithms.

Number of objective function calls COBYLA SLSQP Newton
For assessing the candidate solution 23 14 0
For estimating the Jacobian/Hessian matrix 0 12 15
Total number of calls without parallelization 24 26 15
Total number of calls with parallelization 23 20 5

All tested methods converge to the same optimum. The final result of the optimization process is a
“modified blade” with 8.3% lower mass as compared to the reference blade, attained by introducting
5.89 offset angle on the uni-directional material over the caps. In Fig. 3.21, the span-wise distribution of
the predicted thickness reduction factor of the optimal blade is shown. It is seen that an average

thickness reduction factor of about 92% is achieved.
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Figure 3.21: Span-wise distribution of the thickness coefficient (inner optimization
loop) and offset ply angle of the uni-directional material (outer optimization loop),

as a result of the mass minimization process.

3.4.3.2. Verification of the BTC 5°, FEC 3% and “modified” designs

The verification step consists of performing detailed aero-elastic simulations of representative and
extended sub-set of IEC 61400-1. The strength and fatigue characteristics of the turbine with the
“modified” rotor are verified through detailed, time domain aero-elastic simulations of a selected subset
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of load cases of the IEC standard. The “modified” design is compared against those with the reference
rotor, with a rotor consisting of blades having 5° ply offset on their caps, starting at 20% of the blade
radius and with a rotor consisting of blades having 3% of the chord displacement of their caps. The last
two constitute the best compromise for pure BTC and FEC according to the parametric studies of
sections 3.2.2.2. and 3.2.2.4. respectively. Apart from the rotor, the rest of the turbine, i.e. drive train,
generator, nacelle and tower, as well as the control system are the same in all configurations. The blade
mass and the mean power output of the rotor variants compared in the present study are listed in Table
3.12. It is seen that the mass of the FEC 3% blade is 0.3% higher than that of the reference and BTC 5°
blade because of the inclined placement of the webs (longer shear webs). Furthermore, the annual
mean power loss due to application of BTC is only 0.3% thanks to the blade re-twisting.

Table 3.11: List of DTU-10MW RWT designs studied with passive control techniques (Weibull
parameters C = 11 m/s and k = 2 considered for the mean annual power calculation).

design Plyangle Capsdisplacement  pgjade mass Mean power Reduce loads
[°] [% of the chord] [tn] (MW] of
reference 0 0 39.97 6.13 -
BTC5° 5 0 39.97 6.11 DLC-1.3
FEC3% 0 3 40.10 6.13 DLC-6.x
modified 5.8 3 36.69 6.11 DLC-1.3 & 6.x

A sub-set of the most critical DLCs of the IEC 61400-1 standard for class IA (the design class of the
reference turbine) are simulated using hGAST. Both extreme and fatigue DLCs are addressed in the
analysis. The reduced test matrix of the simulated DLCs is provided in appendix A. A list of power
production (normal operation) cases, covering a wide range of wind velocities are considered in 1.x-
series. In the Table A.6, NTM and ETM refer to the Normal and Extreme Turbulence Models. DLC-1.2
corresponds to normal operation of the wind turbine in normal turbulence conditions (NTM) and
determines the Fatigue Limit State (FLS). Simulations are performed for wind speeds in the range
[5 — 25m/s] with a step of 2m/s. DLC-1.3 corresponds to extreme wind conditions and determines
the Ultimate Limit State (ULS). Simulations are performed for wind speeds in the range [9 — 25m/s]
with a step of 4m/s. DLCs-6.x are chosen as the most unfavourable non-operating DLCs. In the present
analysis 0° wind direction is considered in DLC-6.1 (normal idling operation), while +30° and +60°
wind yaw angles are considered in DLC-6.2 (idling operation combined with loss of grid). Three wind
seeds (of 10min duration each) are simulated in every FLS and ULS test case.
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As in the previous example, the natural frequencies at standstill of the four turbine variants are first
compared in Table 3.12. As expected, a slight reduction (0.5%) in the frequency of the symmetric flap-
wise mode is noted for the BTC rotor. This is due to the fact that rotation of the plies reduces the
stiffness of the flap-wise direction. A slight decrease in the order of 1% is noted at the frequencies of
the asymmetric flap-wise modes of the FEC blade and a 1.2% reduction at the frequency of the
symmetric edge-wise mode. Finally, the maximum recorded difference is the 2.1% increase in the
frequency of the symmetric edge-wise mode of the optimized (“modified”) rotor which is due to the
reduced mass of the blades. The frequency comparison of Table 3.12, demonstrates that the performed
modifications are not expected to significantly affect the overall dynamic behavior of the coupled wind
turbine system. It is clarified that in the optimization process no constraints are set on the values of the

natural frequency.

Table 3.12: Standstill natural frequencies comparison between the DTU-10MW RWT and the variants
with passive load control techniques. Absolute frequencies (in Hz) are provided for the reference
turbine and relative percentage differences with respect to the reference configuration are provided
for the modified designs.

mode shape reference BTC 59 FEC3% modified
1%t tower bending side-side 0.250 0.0% 0.0% 1.2%
1%t tower bending fore-aft 0.253 0.0% 0.0% 0.8%
1°t symmetric rotor edge-wise/drive-train 0.519 0.0% -1.2% 2.1%
1°t asymmetric rotor flap-wise (yaw) 0.551 -0.4% -1.1% -0.2%
1° asymmetric rotor flap-wise (tilt) 0.596 -0.3% -1.2% -1.2%
1°t symmetric rotor flap-wise 0.657 -0.5% 0.0% -0.6%
15t asymmetric rotor edge-wise (vertical) 0.965 0.2% -0.2% 0.5%
15t asymmetric rotor edge-wise (horizontal) 0.981 0.2% 0.6% 1.0%

Next, ultimate loads results of the four configurations are compared in Fig. 3.21&3.22, (results for DLC-
1.3 and 6.x respectively). In Fig. 3.21, the maximum Tsai-Hill failure criterion values of the four blade
configurations are compared over the whole range of simulated wind speeds. The results of Fig. 3.21
confirm that the most unfavorable wind velocity is that of 13 m/s. In Fig. 3.21a, it is noted that although
a constraint is set on the maximum equivalent stresses of the optimized “modified” blade which should
not exceed those of the reference design, a 7.1% reduction is achieved for the optimized design. A
reduction in the maximum stress of the optimized blade is also achieved at all other wind speeds
(maximum reduction of 10.2% is noted at the wind velocity of 21 m/s), except at the wind speed of
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25m/s where a 0.4% increase is obtained. It is important to note through that only at the wind velocity
of 13 m/s the Tsai-Hill value approaches the failure limit of 1, while at all other wind speeds remains
close to 0.8, for both, the reference and the “modified” blade. The 5° ply offset angle of the pure BTC
configurations was selected based on the parametric study of section 3.2.2.2. in which simulations were
performed at the wind velocity of 13 m/s. It is seen that the maximum Tsai-Hill value of the pure BTC
blade is indeed below the value of reference not only at the wind velocity of 13 m/s (4.2% reduction),
but also at all other simulated wind velocities (reductions of ~7% at 9m/s, 17m/s and 21 m/s and
13.7% at 25 m/s). The somewhat lower reduction noted at the wind velocity of 13m/s as compared to
that reported in appendix A (4.2% vs 7.1%) is because in the present analysis three seeds (3 X 10min)
of turbulent wind are simulated, while in the analysis of/in appendix A only one (10min simulation). The
pure FEC configuration exhibits slightly maximum Tsai-Hill values at all simulated wind velocities (it
exceeds the failure limit of 1 at 13 m/s).

The same holds for the blade root combined bending moment (Fig. 3.22b) and the tower base combined
bending moment (Fig. 3.22c) of the pure FEC blade as compared to the reference one. The above is
attributed to the fact that FEC focuses on stall induced vibrations of the parked rotor and not on
operational loads. Present results indicate that the effect of FEC on operational loads is unfavorable,
though the resulting increase in stresses and loads is marginal. As seen in Fig. 3.22b&c, pure BTC leads to
reduced blade loads, while its effect on tower loads is mixed and depends on wind velocity. However,
the ultimate tower bending moment, obtained at 13 m/s, remains unchanged. For the optimized blade
reduced blade and tower bending moments are obtained. A slight increase of 0.8% is only noted on
tower base combined bending moment at the wind speed of 25 m/s. Furthermore, the reduction in the
rotor mass of the “modified” blade implies benefits for the “downstream” components, which are
expected to lead to additional cost reductions.

In Fig. 3.23 the DLC-6.x loads are compared for the four blade configurations. In line with the results of
section 3.1.2.2., maximum blade loads for the reference blade (blade root edge-wise and combined
bending moment) are obtained at the yaw angle of +30°. The same happens with the tower base
combined moment. Application of pure BTC (5° ply offset angle) does not significantly alter the loads.
Only a slight reduction of maximum blade and tower loads is observed. On the other hand (as also
discussed in section 3.1.2.2.), application of pure FEC, results in substantially lower blade moments. This
is due to the suppression of the stall induced vibrations and the subsequent reduction in edge-wise
bending moments by 66%. The effect of pure FEC on tower base moment is neutral. Finally, integration
of a 3% of the chord displacement of the caps in the optimized blade geometry leads to an almost equal
with the pure FEC reduction in the blade edge-wise and combined bending moment (63.3% and 23.5%
respectively) plus a 4.9% reduction in the maximum tower base bending moment. It is therefore
concluded that the overall effect of FEC on ultimate design loads is beneficial despite its slightly
unfavorable effect on operational loads.
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Figure 3.22: DLC-1.3 ultimate loads vs wind
speed of different configurations (with safety
factors) (a) Blade maximum value of Tsai-Hill
failure criterion, (b) maximum combined bending
moment at blade root and (c) maximum
combined bending moment at tower base.
Percentage relative differences with respect to
the reference configuration are shown above the

bars.
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Figure 3.23: DLC-6.x ultimate loads vs wind yaw of
different configuration (with safety factors) (a)
standard deviation (std) of edge-wise bending
moment at blade root, (b) maximum combined
bending moment at blade root and (c) maximum
combined bending moment at tower base.
Percentage relative differences with respect to the

reference configuration are shown above the bars.

In addition to ULS, verification of the final optimized blade and pure BTC and FEC variants also includes
FLS. FLS assessment of the four wind turbine designs is performed on the basis of DLC-1.2 of IEC 61400-
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1. Lifetime fatigue Damage Equivalent Loads (DELs) are calculated from the load time series of DLC-1.2
simulations, for all operational wind velocities (range 5 — 25m/s) assuming twenty years lifetime,
Weibull parameters C = 11m/s, k = 2, Nref = 107 reference cycles and Wéhler coefficients of m =
10 for the blades and m = 4 for the (steel) tower. Table 3.13 provides the DELs of reference turbine, at
the root of the blade and at the tower base, as well as the percentage difference of their change in the
pure BTC and FEC and the optimized blade. The application of pure BTC, with 5° ply offset angle, leads
to reduction of fatigue loads of the blade and tower. Maximum is the reduction in the flap-wise bending
moment (5.1% reduction). In constrast, pure FEC slightly increases the DELs of all components. Slight is
the increase in all of them (order of magnitude of 1%), but the blade pitching moment which increases
by 10.7%. The increase in the pitching moment is due to the increased offset of the mass center over all
blade sections, which is obtained as a result of the displacement of the caps. The optimized blade, which
combines both passive load control techniques, combines pros and cons of both. The DEL of the flap-
wise moment of the optimized blade is slightly lower than that of the pure BTC blade (5.5% compared
to 5.1% reduction of the pure BTC). The DEL of the edge-wise moment is reduced by ~9 — 10% as
compared to the other blade designs as result of the mass reduction. Slightly lower is also the reduction
in the tower fatigue loads as compared to the pure BTC configuration. Finally, lower is the increase in
the DEL of the pitching moment as compared to the pure FEC configuration (1.9% of the optimized vs.
10.7% of the pure FEC).

Table 3.13: DLC-1.2 fatigue loads comparison between the DTU-10MW RWT and its variants with
passive load control techniques. DELs calculated for twenty years lifetime with Wohler coefficient m =
10 for the blades and m = 4 for the tower and N,y = 107 cycles and Weibull parameters C = 11m/s
and k = 2. Absolute load (in kNm) are provided for the reference turbine and relative percentage
difference with respect to the reference configuration are provided for the modified designs.

designs Blade Root Tower Base
Myiqp Myitch Megge Mgore—aft Myaw Msige side
reference 25045 420 27791 111751 24460 33549
BTC5° -5.1% -3.6% -0.3% -3.3% -3.9% -2.0%
FEC 3% +0.7% +10.7% +0.4% +0.7% +0.6% +1.8%
modified -5.5% +1.9% -8.9% -1.3% -5.2% -0.5%
3.5. Summary

Although active control techniques have been thoroughly examined by the scientific community, a brief
review has nevertheless been carried out in the present chapter. The exhaustion of their potential has
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turned the interest of the scientific community towards passive techniques. These techniques have
proven to be equally or even more effective.

So, a preliminary evaluation of the possibility of reducing the loads developing on wind turbine blades,
using passive (through BTC and FEC) control techniques, is investigated in this chapter. The load
alleviation capabilities of passive load control methods are compared against those of their active
control counterparts (based on conventional IPC and IFC) The analysis is performed for the reference
DTU-10MW RWT. Preliminary optimization simulations, aiming at suppressing the mass of the blades
are performed using independently and jointly BTC and FEC. In order to serve the present optimization
study the preliminary testing of the coupling of the servo-aero-elastic solver hGAST with the thin
lamination cross sectional tool have been established.

Active load control techniques achieve an 25% reduction of the blade flap-wise fatigue bending load
with both IPC and combined IPC&IFC strategies. Overall, tower fatigue loads slightly increase by 2%
because the proposed control loops have only been designed for alleviation of the blade loads while
they are not aiming at tower loads. Moderate is the effect on ultimate loads by both control concepts.
As a result of the combined applications of IPC&IFC a 7.4% reduction of the blade ultimate flap-wise
load is obtained.

The design space of material and geometric BTC and FEC is scanned in order to identify the limits of their
application and the anticipated benefits in terms of load reduction. Aero-elastic simulations of various
material BTC configurations indicated that for the blade considered in the analysis, ply offset angles
higher than 7.5° could result in deteriorated strength of the blade due to the weakening of the blade
stiffness in the flap-wise direction. Likewise, extreme sweep application (in geometric BTC) can
exacerbate the blade loads. However, the anticipated level of reduction of the ultimate loads and
stresses in both cases is ~7%. Application of FEC is found necessary for the mitigation of the idling
operation blade loads of the DTU-10MW RWT blade at the yaw angle of +30°. The anticipated
reduction in the extreme idling operation load is 20% for a moderate shift of the caps by 3% of the
blade chord.

In the last part of the chapter, an iterative process for reducing the thickness of the walls of the blades
is established. This process has been included in a minimization environment, where the passive control
parameters (e.g. the offset ply angle) are the optimization variables and the objective function is the
capital cost — CAPEX (through blade mass). Three application examples have been addressed:

e In the first example, the application of appropriate sweep curvature to minimize blade mass, has
been studied. The result is a sickle-shaped sweep, where the tip deflection is S;;;,, = 1.5m and at
around the 3/4 of the blade length, a maximum forward sweep of about 3m, occurs. The main
conclusion of the above design configuration is that through blade sweep an 8% lower blade mass
can be achieved.

e Inthe second example, it is concluded that for the DTU-10MW RWT blades, ply angle in the range of
59 — 7.59 starting at 15 — 30% of the blade span, can provide overall mass reduction of about 8%.
Moreover, a hybrid BTC design in which the ply angles gradually increase toward the tip is tested
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(max ply angle ~8°?). Mass reduction of 10% is obtained for the above hybrid configuration, when
the blade reduction of combined bending is 5 — 7% and of the tower base, 6.6 — 8.1%, for every
configuration.

e In the last example, a BTC design with an additional 3% displacement of the spar beam caps (FEC
3%) is tested. The reduction of the mass of the blade is similar to that of the first application
example (or with the second example, in its simplest form) about 8%, however the modified
configuration has now been tested in extreme conditions beyond extreme turbulence in normal
operation (i.e. DLC-6.x, where substantial loads and vibrations are usually observed). The
aforementioned optimization was performed using all optimization algorithms presented in section
3.3. Thus, it was made possible to evaluate these methods in terms of convocation speed and
stability.

Finally, due to computer cost limitations during the optimization processes, the duration of the time
domain aero-elastic simulations was kept low (only 150sec). Thus, although the simulation window is
centered around the interval of interest, within which ultimate loads are anticipated, a final design
verification step is considered indispensable. In this step, the optimized blade geometry is verified by
much more detailed simulations of several DLCs at various wind speeds, which in addition include
assessment of the turbine fatigue loads. The simulations of the verification step substantiate that
ultimate Tsai-Hill values of the optimized blade remain below the constrain values determined by the
reference design.
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Chapter 4

4. Multi-disciplinary aero-elastic opti-
mization of DTU-10MW RWT

The current trend in the design of modern wind turbines, which also extends to the aeronautical sector,
is to apply integrated aero-elastic optimization methods [42] that consider both the aerodynamic
performance of the rotor and the structural characteristics of the system components within the same
optimization loop. Usually some specific cost parameters or even the overall Levelized Cost of Electricity
(LCoE) is set as objective function of the optimization process [105]. The European project Innwind.EU
[18], which was concluded some years ago, explored the potential to integrate innovative features
(passive and active control methods, smart add-on devices, alternative structural designs etc.) in the
design of large offshore turbines that either enhance energy yield or mitigate loads and consequently
reduce LCoE. This project came to the conclusion that the optimum mix of such features can be
effectively determined only if integrated design tools are largely deployed. The reason being that in
many cases the above solutions act in an antagonistic manner, while the solution that provides
maximum load reduction is not necessarily the most effective in terms of cost. It is noted that the need
for integrating technology breakthrough solutions within current designs does not only stem from the
necessity of suppressing existing turbines’ cost. It is also linked to the market demand for up scaled
turbines.

The optimization framework described in section 2.5. and utilized in the previous chapter for the
minimization of the mass of the blade (see section 3.3. and 3.4.), is now employed with the aim to
minimize LCoE. The CAPital EXpenditure (CAPEX) of the turbine is evaluated on the basis of the cost
model described in section 2.3. Optimization is carried out by simultaneously evaluating the full set of
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conditions (see appendix A, DLC-1.3 and DLC-6.x) that can determine ultimate loads. The main
innovation of the current chapter is the complete multi-disciplinary design optimization employed, in
which the structural (i.e. the thicknesses of the inner structure walls and parameters of the two passive
control techniques — Bend-Twist-Coupling and Flap-Edge-Coupling) and the aerodynamic (i.e. the blade
radius, the chord and the twist distributions) characteristics of the rotor are evaluated in the same loop
concurrently.

4.1. Alternatives to FEC control of loads — combined application of passive
control methods

Aero-elastic simulations of idling rotors indicate that maximum blade loads (combined bending
moments) appear at yaw angles in the ranges [—40°, —15°] or [+15%,+40°] [47]. Yaw misalighment
angles of 157 are likely to occur even in normal idling operation (DLC-6.1), while higher yaw angles can
only be encountered as a result of some fault in the wind-tracking system (DLC-6.2), for more
information see appendix A. So, when manufacturer come across the abovementioned problem, i.e. that
DLC-6.x loads exceed the strength limits of their design, they usually apply ad hoc, local modifications,
e.g. locally reinforcing the inner-blade structure in order to increase strength margins. Such
modifications, despite solving the problem, they increase the weight of the blade, which is by no means
optimum. Even if the designer increases the blade structural twist (see section 2.2.5.) in order to
increase edge-wise damping, this is not done necessarily in an optimum fashion when local
interventions in the inner structure of the blade are employed (e.g. by increasing the thickness of the
composite material towards the leading edge over the suction side and towards the trailing edge on the
pressure side). However, an unbounded increase in FEC could entail implications in the operational
loads. Blades with enhanced FEC, under the action of extreme flap-wise loads, usually tend to undergo
high leading edge-wise deflections, which make the blade behave as a virtually forward swept blade. As
a result of the forward sweep, the blade tends to twist towards stall and therefore will further increase
flap-wise loading in normal operation.

A consistent and effective way to tailor wind turbine blades is to determine the design parameters
within the course of an optimization process. The best combination of design variables is sought that
mitigates stall-induced vibrations without deteriorating normal operation loading, using as objective
function, some design cost parameter. This is the approach adopted in the present thesis. Two different
FEC methods are employed for the idling DTU-10MW RWT in order to mitigate stall-induced edge-wise
vibrations. The first FEC method considered, is the one typically employed by wind turbine
manufacturers. The thicknesses of the blade section walls are varied asymmetrically between the
suction and the pressure side. Higher thicknesses of uniaxial (UNIAX) and triaxial (TRIAX) layers are
considered towards the Leading Edge (L/E) of the section on its suction side (segment “Leading” of Low
Pressure - L/P side in Fig. 4.1, left) — while the thickness of the walls on the pressure side is reinforced
towards the Trailing Edge (T/E) (segment “trailing” of High Pressure - H/P side in Fig. 4.1, left). The
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second method is addressed in section 3.2.2.4. and 3.4.3. (previous chapter) and by the authors in [49].
It consists of shifting the two spar caps in opposite directions. The main difference of the present study
is that the displacement of the caps is not fixed along the blade span but a distribution is sought having
parameters that are design variables in the optimization process.

trailing leading M nose M tail M caps webs

Low Pressure (L/P) —
‘S —

‘ : positive direction 'h
k of shift

e e
High Pressure (H/P) ’

Figure 4.1: Definition of blade cross-section, demonstrating the material (left) and geometrically
(right) based FEC through appropriate asymmetric thickness increase or displacement of the
spar caps.

The design parameters in both methods are optimized within a complete Multi-Disciplinary Aero-elastic
Optimization (MDAO) loop, in which the objective function is the overall LCoE of the wind turbine. The
assessment of the potential design solutions considers both the critical survival wind load cases but also
the most critical operational load cases, with the aim to ensure that design modifications that improve
the loading of the idling rotor do not entail a deterioration in the operational loading characteristics. The
last step of the optimization analyses is to combine both FEC methods and at the same time, apply a
moderate material BTC [67],[100] through the introduction of an offset angle to the composite plies of
the uniaxial (UNIAX) material over the spar caps of the blade, aiming at compensating any increase in
the operational loads due to FEC. It is required that the maximum obtained Tsai-Hill criterion values in
the optimum design [98] do not exceed those of the reference blade under operational ultimate loads,
which is included as constraint in the optimization process. This is a deliberate choice, which entails a
more conservative design than the one that satisfies the requirement that Tsai-Hill values do not exceed
the unit failure threshold. However, it is a choice that avoids the excessive increase in safety factors
(material y,,, or/and loads y;) and ensures that the optimum blade design is directly comparable to the
reference blade.

The minimization problem is divided into two loops with the aim to moderate the computational cost of
the optimization loop [49],[100], as also done in section 3.3. The outer loop specifies the parameters of
FEC and BTC. In the present work, these parameters are (i) the thickness distribution along the blade
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span of the L/P “leading” and H/P “trailing” segments of the cross-sections in the FEC method (see Fig.
4.1, left), (ii) the displacement of the caps in the geometrical FEC method (see Fig. 4.1, right) and (iii) the
ply offset angle of the material BTC blades. Furthermore, the outer loop adjusts the geometric
characteristics of the blade (blade planform, i.e. the twist angle or/and chord distribution) and evaluates
the cost function (LCoE). The inner loop specifies an overall, uniform thickness coefficient for the walls
of every cross-section that varies along the span. Its purpose is to estimate the thickness of the blade
walls in such a way as to maintain the maximum values of Tsai-Hill criterion of the reference blade
(constraint of the optimization process). This part of the optimization process is the most time
consuming because it includes the computation of the ultimate resultant loads using hGAST, as well as
the calculation of the beam properties and stress distributions of the “modified” blades based on the
FEC and BTC with the cross-section tool.

4.2. Application examples

In Chapter 3, passive load control techniques led to the reduction of the thicknesses of the blades’ inner
structure walls and by that to the reduction of the overall mass of the blade, keeping the maximum
values of Tsai-Hill criterion along the blade unchanged - relative to the reference wind turbine (see
appendix A). Such intervention has direct effect on the CAPEX of the rotor and thereby on LCoE.
However, several studies [18] have indicated that a more effective way for suppressing LCoE is to
capitalize reduced loading for enhancing energy yield by increasing the rotor radius (keeping the same
rated power — reducing rotor specific power). So, the first application example of the present chapter
evaluates the possibility of increasing the rotor diameter, by applying material BTC. In this case, as in the
applications of the previous chapter, the research focuses on the Extreme Turbulence Model (ETM), i.e.
DLC-1.3 at 13m/s - while again a short simulation window of 150sec has been adopted during the
optimization procedure. However, as also done in the application examples of the previous chapter, the
final optimized designs are verified in the last step through three 10min simulations. In the second
application example, the research has focused on the combined application of the two FEC methods
(geometric and material) as well as of material BTC in view of further reducing LCOE by alleviating idling
operation loads. The above design requires the aero-elastic evaluation of the designs both for normal
operation conditions with extreme turbulence (DLC 1.3, at 13 m/s) and for idling operation (DLC-6.2, at
+30° yaw angle — see appendix A). It is noted that in the idling state, edgewise instabilities may be
triggered long after the initiation of the simulation. So, a larger time span (of about 300sec) is
considered during the optimization process.

4.2.1. LCoE minimization through MDAO, using BTC techniques

The design of the new “modified” blade is performed in the context of a MDAO loop in which the
objective function is the LCoE (minimum LCoE). Design variable are:
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e The thickness of the inner structure walls: a uniform thickness reduction factor is applied over every

cross-section of the blade, which is though varied independently among the different cross-sections.
As mentioned earlier, this is exclusively handled by the inner optimization loop.

e The ply offset angle of BTC: a constant offset of the UD plies is considered that begins at the fixed

span-wise position 7/Ry;, = 20% and extends up to the blade tip, following the findings in
[49],[67].

e The blade radius and planform (chord/twist span-wise distribution): the reference span-wise chord

distribution is only allowed to vary uniformly, while the twist distribution is approximated through
three Bezier controls-points (C/P) from which only the last point is allowed to change with respect
to y-axis.

The choice to maintain a low number of design variables in the parametrization of some of the design
parameters is justified by the fact that small variations of the reference design (i.e. DTU-10MW RWT)
are foreseen as a result of the application of BTC. It is noted that the thickness of all cross-sections is
scaled proportionally with the chord to maintain constant relative thickness.

4.2.1.1. Description of the optimization procedure and results

Minimization of the LCoE is performed under the assumption that the rated power of 10MW remains
fixed and the maximum Tsai-Hill failure criterion value of every cross-section along the blade span does
not exceed the value of the corresponding section of the reference blade. During the optimization, all
other components of the DTU-10MW RWT but the blades, remain unchanged (e.g. tower and drive
train). Unchanged also remain the airfoil type distribution, the lamination sequence and the properties
of the materials used in all blade sections. In every optimization iteration, the generator characteristic
for optimum speed control is adjusted in order to ensure that C*** tracking is effectively performed. It
is noted that as a result of the variation of the blade shape, the ), — A curve of the rotor changes and
that entails a possible change slightly in the optimum tip speed ratio value. Rated rotor speed is linearly
reduced with the radius to keep a constant tip speed of ~90m/s (the tip speed of the DTU-10MW
RWT).

Results of the MDAO process are presented next. The converged design is a “modified” blade with
increased radius and weight by 3.7% and 1% respectively and with 5.9° offset ply angle on the uni-
directional material over the caps. It produces 2.4% higher Annual Energy Production (AEP) and reduces
LCoE by 0.71%, as compared to the reference design, with Weibull parameters of C = 11m/s, k =2
and availability of 99%. Table 4.1 compares the main characteristics between the reference and the
“modified” design, including also in this comparison the configuration proposed in the Lightweight Rotor
— L/R (the simpler case of N = 2) of the section 3.4.2., in which the design variables were the wall
thickness and the offset ply angle.
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Table 4.1: Comparison between the DTU-10MW RWT, the Lightweight Rotor — L/R from
section 3.4.2. and the “modified” design with the optimized rotor for reduced LCoE.

parameter reference L/R “modified”
Rated power [MW] 10.0 10.0 10.0
Rated omega [rpm] 9.6 9.6 9.3
Radius [m] 89.2 89.2 92.5
Blade mas [tn] 40.0 36.8 40.4
Combined moment at blade root [MNm] 64.0 59.9 70.9
AEP [GWHh] 45.1 50.2 51.4
W/T cost [$] 14.67 14.59 14.95
LCoE [$/MWh] 44.96 44.77 44.64
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Figure 4.2: Comparison of the design variables between the reference and the “modified” blade
design with R;;, = 92.49m, (a) Chord distribution, (b) twist distribution, (c) distribution of thickness

coefficient and offset ply angle and (d) power curve comparisons.
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Fig. 4.2 compares the values of the design variables between the reference and the “modified” rotor
design. In Fig. 4.2a and Fig. 4.2b the chord and twist distributions are provided. The chord of the
“modified” design is increased by 7.6%. This is half the increase in radius, which implies that a more
slender “modified” blade is obtained. The twist distribution presents a slight increase of about 1° at the
tip. The faint blue marks in Fig. 4.2b indicated the three Bezier C/Ps considered as design variables for
determining twist distribution. Fig. 4.2c shows the span-wise distribution of the predicted thickness
reduction factor of the optimum blade. It is seen that an average thickness decrease of about 11 — 12%
is obtained. In the same figure, the constant ply angle distribution of 5.9, starting at /Ry, = 20% is
also included. Finally, Fig. 4.2d compares the power curves or the “modified” blade against the
reference. Obviously, the “modified” design produces more power below rated as a result of the
reduced specific power of the new rotor design.

4.2.1.2. Assessment of “modified” design

Verification simulations of the newly designed rotor are presented in this section. These include modal
characterization of the new wind turbine and more detailed aero-elastic simulations for a wider range of
conditions (in accordance with IEC 61400-1 [53] specifications). At first, the eight first natural
frequencies at standstill of the reference and the modified turbine are compared in Table 4.2. The
frequencies obtained through the direct up-scaling of the reference turbine with Scaling Factor S/F =
1.037 are also provided as a fairer basis of comparison with the modified configuration. As mentioned,
the rated rotor speed is set to be inversely proportional to the radius. It is seen that the modifications
performed are not expected to significantly affect the overall dynamic behavior of the coupled wind
turbine system, as the maximum frequency difference between the up-scaled and the “modified” rotor
is limited to 3.7%.

Next, ultimate loads results of the two configurations are compared. The results stem from time domain
aero-elastic simulations for the IEC 61400-1 DLC-1.3, which is the DLC considered in the MDAO process.
Three wind speeds (of 10min duration each) are simulated considering the wind speed range [9 —
25m/s]. In Fig. 4.3a, the maximum Tsai-Hill failure criterion values recorded along the span of the two
blade configurations are compared. The results confirm that the most load-challenging wind velocity is
that of 13m/s. It is noted that although a constraint is set on maximum equivalent stresses, the
maximum stresses of the optimized “modified” blade do not exceed those of the reference design.
Furthermore, a 1.1% reduction is eventually achieved for the optimized design. A reduction in the
maximum stress of the optimized blade is also achieved at all other wind speeds. It is also important to
note that only at the wind velocity of 13 m/s the Tsai-Hill value approaches the failure limit of 1, while
at all other wind speeds remains within the range of [0.45 — 0.70] both for the reference and for the
“modified” blade.
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Table 4.2: Standstill natural frequencies of the DTU-10MW RWT, the up-scaled S/F = 1.037 and
the “modified” design.

mode shape reference up-scaled “modified”
1°t tower bending side-side 0.250 0.241 0.250
1°t tower bending fore-aft 0.253 0.244 0.253
15t symmetric rotor edge-wise/drive-train 0.521 0.502 0.513
15t asymmetric rotor flap-wise (yaw) 0.550 0.530 0.540
1%t asymmetric rotor flap-wise (tilt) 0.595 0.574 0.584
1%t symmetric rotor flap-wise 0.651 0.628 0.638
1%t asymmetric rotor edge-wise (vertical) 0.969 0.934 0.964
1%t asymmetric rotor edge-wise (horizontal) 0.982 0.947 0.975
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Figure 4.3: Ultimate loads analysis resulting from aero-elastic simulations of DLC-1.3 for various wind
speeds: (a) maximum value of Tsai-Hill criterion (f{;’f,x) along the blade span and (b) maximum value
of the combined bending moment at the tower base. Percentage relative differences with respect to

the reference configuration are shown above the bars.

In Fig. 4.3b, the tower based ultimate combined bending moment of the two configurations is
compared. As seen in the plot, tower maximum load of the “modified” configuration is lower (by 1.7%,
obtained at 13 m/s) than that of the reference turbine. It is noted that the design of the tower is out of
the scope of the present work and therefore no constraint on rotor thrust has been imposed in the
optimization loop. Presently we aim on interventions only at the rotor level, which entail reduction of
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the LCoE. It is rather incidental that tower loads remain almost unchanged and this is due to the fact
that although the rotor disk area of the optimized rotor increases, the newly design blades are more
slender and rotate at a lower angular velocity (constraint on linear tip speed). Therefore, as long as the
ultimate tower loads are not exceeding the maximum values of the reference turbine, the introduction
of the tower in the design process is not considered necessary. However, in future studies, tower wall
thicknesses can be also introduced as design variables and this could lead to even lower LCoE values.

4.2.2. LCoE minimization through MDAO, focusing on storm conditions

In this section, the different optimization scenarios addressed in the present work are detailed, while
further specific information concerning the simulations performed for the assessment of candidate
optimum solutions is provided.

4.2.2.1. Description of the design cases

In Table 4.3, the five optimization cases (CASE A, B, C, D and E) examined in this section are listed along
with the passive control methods applied.

Table 4.3: DTU-10MW RWT passive control designs aimed at minimizing the LCoE.

design material FEC  geometrical FEC re-twist material BTC Comments
reference DTU-10MW RWT

CASE A \ FEC control

CASE B \ v FEC control

CASE C \ v FEC control

CASE D \ v U FEC with re-twist

CASE E \ v U v FEC&BTC with re-twist

e CASE A: concerns material FEC which is based on thickening the L/P “leading” and the H/P “trailing”
element of the cross-section walls, respectively (see Fig. 4.1, left). In this optimization study, a
different coefficient for the wall thickness increase is applied to each element that varies along the
span of the blade. The radial distributions of the two coefficients (i.e. for the L/P and H/P sides) are
parameterized using global Bezier interpolation functions with three C/Ps per distribution. In the
optimization process, three parameters per distribution (six in total) are considered as design
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variables: (i) the value of the coefficient of the first C/P, which is fixed at the blade root, (ii) the value
of the coefficient of the second C/P and (iii) its radial position. The third C/P is considered fixed at
the blade tip with a fixed value of one (i.e. no thickness change is performed). In addition to the
above two coefficients applied to specific segments of the cross-section, a global thickness
coefficient is also considered for all the elements in the cross-section. It varies radially, in a discrete
manner at the twenty-one radial sections analyzed. In CASE A the planform of the blade is
considered fixed and identical to that of the reference blade.

CASE B: concerns geometric FEC which is based on the displacement of the spar caps of the two
sides of the cross-section in opposite directions (see Fig. 4.1, right). In this case study, a different
percentage shifting (relative to the section chord length) of every cap is considered that varies along
the span of the blade. The radial distributions of the percentage displacements (for the L/P and H/P
sides) are parameterized using again global Bezier interpolation functions with three C/Ps. As
previously, the same three parameters in each distribution are considered as design variables and
the remaining three parameters are kept fixed. Further, a global thickness coefficient is applied to all
the elements in the cross-section at twenty-one radial stations while the planform of the blade is
considered fixed.

CASE C: concerns the combined application of both the above two methods. It is sought whether a
combination of the two methods could be more flexible in tailoring the structural twist angle
distribution. In order to reduce the total number of design variables (of the combined application of
the two methods) from twelve to eight, the radial positions of the intermediate (mid-span) Bezier
C/Ps of all curves are maintained fixed to the positions that simulations of CASE A and B converged
to. The above choice implies that the overall shapes of the radial distribution curves would be quite
insensitive to the exact radial placement of the intermediate C/P.

CASE D: concerns the combined application of both the above two methods (i.e. CASE C) in
conjunction with the re-design of the blade twist. As mentioned in the introduction section of his
chapter, FEC entails an indirect, unfavourable BTC effect, induced by the forward sweep deflection.
The above BTC effect causes a nose-up twisting of the blade sections that gives rise to increased
flap-wise loads. Re-twisting of the blade could be a means for mitigating the above effect. The twist
distribution of the blade is parameterized using global Bezier interpolation functions with three
C/Ps. The radial position and the twist of the first C/P are fixed at 7/R;, = 0.15 and 6 = —13.1°.
The radial position of the second and third C/P are fixed at 7/R.;, = 0.25 and 1, respectively, while
the twist angle of these C/Ps is considered as a design variable.

CASE E: concerns the combined application of both the above two methods (i.e. CASE D) in
conjunction with material BTC (application of offset angle theta to the UD plies over the spar caps,
see Fig. 3.1). The aim of BTC in this case is to alleviate any negative effects of FEC on operational
loads. BTC begins at 7/R;;;,, = 0.20 and consists of only one design variable (a constant ply offset
angle which is applied from r/Rn-p = 0.20 up to the blade tip). The mechanism through which BTC
alleviates loads is the nose-down twist rotation that takes place whenever the blade is subjected to
excessive flap-wise deflections, acting as a passive control of the flap-wise loads of the blade [67].
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The induced torsional deformation due to BTC suggests that effective optimization of the loading
and of the performance requires a re-design of the blade aerodynamic twist. The same
parameterization of the blade twist distribution, as well as of the FEC parameters is employed as in

CASE D.

4.2.2.2. Material and geometric FEC (CASE A and B)

The optimization results of CASE A and B are presented in this section. In those two scenarios, the two

FEC methods for the suppression of stall-induced vibrations are implemented and assessed separately,

the one from the other.
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Figure 4.5: Geometric FEC (CASE B): span-wise
distributions of percentage shift in the caps
relative to the chord and global coefficient for the

Figure 4.4: Material FEC (CASE A): coefficients of
change in thickness of the materials “TRIAX” and
“UNIAX”, for the regions H/P “trailing” and L/P
“leading” and global coefficient of the cross-
section thickness (with green color). Cyan and
orange symbols depict control points, connected

cross-section thickness (with green color). Cyan
and orange symbols depict control points,

connected with straight lines.

with straight lines.

In Fig. 4.4, the optimum values of the six design variables (v; — vg) of CASE A (material FEC) that define
the radial distribution of the thickness increase coefficients in the walls of the L/P “leading” and H/P
“trailing” elements are presented along with the corresponding Bezier curves. In the same figure, the
global thickness variation coefficient of all the walls is also shown. As seen in the figure, a higher
increase in the thickness is required for the “leading” element, all along the blade span. At the root of
the blade, the thickness increase coefficient is equal to 5.5 for the “leading” element and 3.3 for the
“trailing” one. This high increase in the thickness of the two elements is accompanied by a global
reduction coefficient for the thickness of all walls of about 0.5. Beyond 7/R.; = 0.30, the global

thickness coefficient returns to values slightly lower than 1, while the thickness increases coefficient for
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the “leading” element still obtains high values (close to 5) that gradually decrease towards the blade tip.
The thickness increase coefficient for the “trailing” element, beyond r/R;;, = 0.30, drops to values
close to 1. Application of material FEC reduces blade mass by 10.3% and overall LCoE by 0.82%. A
marginal increase in AEP of 0.12% is also obtained, which is due to the indirect twisting effect caused by
FEC in normal operation. The virtual forward sweeping of the blade due to FEC cause nose-up twisting of
the blade sections, which leads to slightly higher power output of the blade.

In Fig. 4.5, the optimum values of the six design variables (v; — v;,) of CASE B (geometric FEC) that
define the radial distribution of the shift in the spar caps are presented along with the corresponding
Bezier curves. The positive shift is the one towards the trailing edge T/E. In the same figure, the global
thickness variation coefficient for all the walls is also shown. As seen in the figure, the L/P cap is shifted
towards the leading edge by 10.4% at the blade root, while the displacement of the H/P is somewhat
lower (7.2%) and it is towards the T/E. The displacement of the L/P cap decreases towards zero with the
increase in the radial position. Some small positive displacements in the order of 1% are noted for radial
positions higher than 0.5. It is important to point out that the effect on the cross-bending stiffness is
obtained as a result of the motion of the tow caps and not as a result of their absolute position per se.
This can be seen in Fig. 4.5, where although for r/Rtl-p > 0.50, the L/P cap moves towards the T/E, its
relative displacement with respect to the H/P cap remains in the same direction. The displacement of
the H/P cap remains high (7 —10%) up to the radial station r/R.; = 0.50 and thereafter, drops

toward zero.
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Figure 4.6: (a) Blade mass, (b) annual energy production and (c) Levelized Cost of Energy, of the
material FEC (CASE A) and the geometric FEC (CASE B) designs and relative percentage differences

with respect to the reference configuration.

A notable difference between the two methods is that while the material FEC attains the increase in
cross-bending stiffness by intervening on the thickness of the L/P side (L/P “leading” element), in the
geometric FEC, the increase in the cross-bending stiffness is mainly achieved by the backwards
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displacement of the H/P cap. Therefore, it is a result of an intervention mainly on the H/P side. It should
also be noted that the global thickness coefficient in the geometric FEC method remains close to 1 all
along the blade span (minimum value ~0.94). Application of the geometric FEC reduces mass by 3.1%
and LCoE by 0.36% (substantially lower reductions than those for the material FEC). Similar to CASE A, a
marginal increase in AEP of 0.18% is also obtained, as shown in Fig. 4.6.
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Figure 4.7: Structural twist distribution of the design configurations: on the left plot shows the full
distribution and on the right the range 0.2 — 1.0 (zoom).

In Fig. 4.7, the structural twist distribution (see definition of structural twist in [49]) of CASE A and B is
depicted (along with all other configurations analyzed in the next section). It is seen that material FEC
gives rise to high local increase in the structural twist to feather direction (negative twist values) in a
radial range of 0.10 — 0.20. On the other hand, geometric FEC causes an almost constant and much
smaller shift in the structural twist all along the span. The positive structural twist angles at the
innermost sections (r/R¢;, < 0.10) do not affect the stability characteristics of the blade. They are
obtained as a result of the re-distribution by the optimizer of the material over the root sections in a
way that loads are supported. The minor effect of the geometric FEC on the structural twist justifies its
limited capability to reduce blade mass and LCoE.

4.2.2.3. Combined application of passive control methods (CASE C, D and E)
In the present section, CASE C, D and E, in which combined application of different passive load control
methods is performed, are addressed.

In CASE C, combined application of the two FEC methods (material and geometric) is performed. Fig. 4.8
and 4.9 provide the radial distributions of the material thickness coefficients and of the caps’
displacement, respectively for CASE C and all other configurations analyzed. It is seen that the combined
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application of the two methods does not significantly alter the design parameters of the material FEC.

On the other hand, the radial distributions of the caps’ displacement appear to be much more sensitive
(see Fig. 4.9). This is justified by the observation made in section 4.2.2.2. that the material FEC is far

more effective in adjusting the structural twist. Thus, while the predominant design variable that affects

structural twist exhibits similar behavior with that of CASE A, the secondary parameter, which only has

an additive effect, is let free by the optimizer to vary a lot more (i.e. the optimum is rather flat). It is

interesting to note that, in particular in CASE C, the optimizer finds that the optimum displacement for

the H/P cap is towards the L/E, while the L/P cap remains almost un-displaced. Although this seems to

be a paradox on first reading, it is explained by the fact that moving the H/P cap towards the leading

edge leads to an increase in the H/P “trailing” element, leaving more space for material FEC to adjust the

cross-bending stiffness. The reduction in the mass achieved by CASE C is 13.3%, which is more or less,
the summation of the reductions achieved in CASE A and B. The reduction in the LCoE in CASE C is
1.02%, slightly lower than the sum of the reductions attained in CASE A and CASE B. Similar to CASES A
and B, a very small increase in AEP of 0.16% is obtained.
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In CASE D, the re-twist of the blade acts as an additional mechanism for adjusting structural twist. As
seen in Fig. 4.7, the structural twist distribution of CASE D configuration resembles that of CASE A. This
means that, as in CASE C, the structural twist distribution is dictated by material FEC. Further, the re-
twisting of the blade at its tip towards the feather direction, as shown in Fig. 4.10, enhances the cross-
bending stiffness at the tip region of the blade. As in CASE C, the thickness coefficients of material FEC
are similar to those of CASE A and C (see Fig. 4.8). Slightly smaller thickness increase coefficients are
noted for the H/P “leading” element, which are compensated by the slightly higher displacement of the
H/P cap towards the L/E, as compared to CASE C (see Fig. 4.9). CASE D has an incremental effect on mass
reduction as compared to CASE C (14% mass reduction vs. 13.3% for CASE C) and it has a neutral effect
on LCoE (reduction of 1.02% as in CASE C). As in all previous cases, a marginal increase in AEP of 0.14%
is noted.
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Figure 4.10: Twist distribution of the cases: reference (A-C), D and E.

The results of CASE E, in which all interventions are combined together, are summarized in Fig. 4.11. The
figure provides the optimum distributions of the design parameters in the passive control modifications
considered. The optimum ply offset angle obtained by the optimizer is 6.2°, as shown in Fig. 4.11b,
being totally aligned with previous studies [67],[100],[98]. Furthermore, BTC allows for much higher
global sectional thickness reduction coefficients as compared to CASES A and B. As seen in Fig. 4.11d,
the average value of the global thickness coefficient is ~0.75. The result of the blade re-twist is a twist
to feather at the inner part of the blade and a twist to stall at the tip region (see Fig. 4.10 and 4.11c).
The aim of the first is to increase the structural twist at the inboard sections. The aim of the latter is to
compensate the twisting of the blade towards the tip due to the BTC effect. As in CASES C and D, the
structural twist distribution is dictated by the material FEC (see Fig. 4.7). Moreover, the distributions of
the thickness coefficients of the material FEC are very similar to those of all previous cases (see Fig. 4.8
and 4.11a). As opposed to CASES C and D, a notable shift in the L/P cap towards the L/E is obtained in
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this case (—5.9% at the root of the blade), while the displacement distribution of the H/P cap is very
similar to the one in CASE D (see Fig. 4.11b).
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Figure 4.11: CASE E: distribution of (a) FEC material approach, (b) FEC geometrical approach, (c) twist
and (d) offset ply angle of ‘UNIAX’ material and coefficient of wall thickness.
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different designs and relative percentage differences with respect to the reference configuration.
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CASE E has a substantial additional mass reduction effect as compared to CASE D (19.5% vs. 14% of
CASE D), which is obviously due to the application of the BTC. The LCoE reduction in CASE E is 1.36%,
the highest of all studied cases. Again, a marginal increase in AEP of 0.16% is attained. Fig. 4.12
summarizes the optimum value of the blade mass, AEP and LCoE, obtained with the MDAO process for
the considered designs (CASES A-E). For the sake of completeness, all designs are shown in the figure,
including CASES A and B that have already been presented in Fig. 4.6.

Table 4.4: Results for the design variables of the considered configurations. Numbers
in red correspond to design variable values that remain fixed in the simulation.

CASEA CASEB CASEC CASED CASEE

V1 (trailing/root C/P in y-axis) 3.34 - 3.14 2.83 2.58
V2 (trailing/interm. C/P in x-axis) 0.34 - 0.34 0.34 0.34
V3 (trailing/interm. C/P in y-axis) 0.18 - 1.18 1.18 0.91
V4 (leading/root C/P in y-axis) 5.50 - 5.14 4.56 4.48
V5 (leading/interm. C/P in x-axis) 0.76 - 0.76 0.76 0.76
V6 (leading/interm. C/P in y-axis) 5.73 - 5.90 4.92 7.17
V7 (H/P cap/root C/P in y-axis) - 7.20 -9.10 -0.80 0.60
V8 (H/P cap/interm. C/P in x-axis) - 0.47 0.47 0.47 0.47

V9 (H/P cap/interm. C/P in y-axis) 14.00 13.80 10.80 15.40

V10 (L/P cap/root C/P in y-axis) -10.40 0.20 0.10 -5.90

V11 (L/P cap/interm. C/P in x-axis) - 0.51 0.51 0.51 0.51
V12 (L/P cap/interm. C/P in y-axis) - 6.50 5.90 1.60 9.10
V13 (twist/interm. C/P in y-axis) - - - -5.54 -6.24
V14 (twist/tip C/P) - - - 2.47 4.16
V15 (BTC angle) - - - - 6.16
Number of design variables 6 6 8 10 11

Finally, Table 4.4 details the design variables considered per design (CASES A-E). In the table, the
optimum value per design variable is provided for all the cases considered. The horizontal lines are
introduced to distinguish the various design interventions performed, i.e. the material FEC, the
geometric FEC, the re-twist and the material BTC.
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4.2.2.4. Verification of optimum designs

In the present section, verification of the optimum design A, B and E, from sections 4.2.2.2. and 4.2.2.3,,
is performed. The strength characteristics of the optimum, tailored turbines are verified — as in any
design configuration that has been developed (see section 3.4.1.2., 3.4.2.2,, 3.4.3.2. and 4.2.1.2))
through detailed, time domain aero-elastic simulations of a selected subset of ultimate load cases for
the IEC 61400-1 standard, simulated using hGAST. The blade and tower loads in the tailored, optimized
configurations are compared against those of the reference wind turbine. The aim of the verification
step is to perform a thorough check of the final optimum designs (the two FEC configurations and the
configuration that combines all design interventions), which consists of a more extended list of DLCs and
conditions and wider evaluation windows (in terms of simulated time series lengths) compared to those
considered within the optimization loop.

Table 4.5: Standstill natural frequencies of the reference DTU-10MW RWT and FEC designs.
Relative percentage differences with respect to the reference configuration are also provided.

mode shape reference  CASEA CASEB CASEE
1% tower bending side-side 0.250 0.8% 0.4% 2.0%
1%t tower bending fore-aft 0.253 0.8% 0.4% 1.6%
1%t symmetric rotor edge/drive-train 0.521 -3.5% -0.4% 0.8%
1%t asymmetric rotor flap-wise (yaw) 0.550 -3.3% -1.8% -2.0%
1°t asymmetric rotor flap-wise (tilt) 0.595 -3.9% -2.7%  -3.9%
1°t symmetric rotor flap-wise 0.651 -2.0%  -1.1%  -1.4%
1*t asymmetric edge-wise (vertical) 0.969 -9.1% -08% -57%
1*t asymmetric rotor edge-wise (horizontal) 0.982 -8.5% 0.1% -5.0%

Before assessing the loads in the different designs, a comparison of the natural frequencies of the
variants A, B and E with the reference turbine is performed in Table 4.5, in order to identify possible
critical changes in the dynamic characteristics of the new designs. As a result of the increased structural
coupling in the flap-wise and edge-wise directions and the material re-distribution over the cross-
sections, the frequencies of the root bending modes drop (both the flap-wise and edge-wise). Higher
reductions, in the order of 8 — 9%, are noted in the frequencies of the asymmetric edge-wise modes, in
the application of material FEC. The maximum frequency reduction in the flap-wise modes is in the
order of 3.5 —4% and it is again, obtained for configuration A (material FEC). On the other hand,
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geometric FEC entails a lower reduction in the natural frequencies. Finally, the reduction in the
frequencies noted in CASE E is similar to that in CASE A, most probably dictated by the material FEC. A
slight increase is noted in the frequencies of the tower modes as a result of the lower-rotor mass
achieved by all tailored designs. The frequency comparisons in Table 4.5 indicate that the performed
structural modifications are not expected to significantly alter the overall dynamic behavior of the
coupled wind turbine system.
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Figure 4.13: DLC-1.3 ultimate loads vs. wind Figure 4.14: DLC-6.x ultimate loads vs. yaw angle of
speed of examined configurations (including examined configurations (including safety factors)
safety factors) maximum combined bending maximum combined bending moment (a) at the
moment (a) at the blade root and (b) at the blade root and (b) at the tower base.

tower base.

In Fig. 4.13 and 4.14, the ultimate loads of the blades and the tower of the three turbine configurations
(A, B and E) are presented as a function of the wind speed for DLC-1.3 and as a function of the yaw angle
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for DLC-6.1 and 6.2. The first important observation in Fig 4.14a is that the ultimate blade load of DLCs-
6.x (yaw angle of +30°) is effectively reduced in all configurations. A maximum reduction of 25.8% is
achieved for configuration E. A similar reduction is achieved with configuration A (25.6%), while a
reduction of 19.5% is obtained for configuration B. In fact, the ultimate loads of DLCs-6.x even drop
below the ultimate load of DLC-1.3 (obtained at a wind speed of 13 m/s) in all optimized designs. The
suppression of stall-induced vibrations in the rotor edge-wise modes in idling operation indirectly affects
tower loads (see Fig. 4.14b). The ultimate tower load decreases by 4.6% in configurations A and B and
by 8.2% in configuration E. Furthermore, the optimized application of FEC, as well as the combined
application of FEC and BTC, does not incur any increase in the blade loads in normal operation. As seen
in Fig. 4.13a, ultimate blade loads of all configurations are lower than those of the reference blade.
Tower normal operation loads are also moderated, except for those in configuration B, for which a slight
increase of 0.6% is noted in the maximum normal operation load while an increase up to 2.9% is seen
at a wind speed of 21 m/s (see Fig. 4.13b). However, it should be stressed that normal operation tower
loads are far less than idling operation tower loads. DLC-6.2 is definitely the design-driving load case,
both before and after the structural and aerodynamic interventions performed in the present study.

4.3. Summary

The present chapter focused on the complete multi-disciplinary design of 10MW wind turbine blades.
By complete multi-disciplinary is meant that all disciplines of the physical system are considered in the
analysis (servo-aero-elastic simulations of the full wind turbine system are performed for determining
design loads), while design variables include both structural and aerodynamic parameters of the system
including the parameters of the passive control methods addressed. The assessment of the candidate
solutions is performed on the basis of LCoE using the cost model presented in section 2.3.2. In the above
context the following application examples are considered:

e First, the rotor radius, the planform of the blade, the thickness of the composite material walls and
the parameters of the material BTC (ply offset angle), are considered as design variables of the
optimization study. The results of the analysis indicate that an overall 0.71% reduction in LCoE
(0.32$/MWHh) can be achieved if the reference blade is elongated by 3.7%. A moderate optimum
material ply offset angle of 5.99 is obtained while the optimized blade design has 1% higher mass as
compared to the reference (note that geometric similarity, power 3-law, would imply a 12%
increase in mass). The increase in energy production by the newly designed rotor design is 2.4%.

e Then, design modifications of the blade inner structure that lead to suppression of the stall-induced
edge-wise vibrations in idling operation are assessed. The design parameters of two FEC methods
(material and geometric) are tested following a step-wise approach, in which the two methods were
first evaluated separately, then in combination and finally, they were blended with material BTC and
re-twist of the blade. Optimization studies indicated that material FEC, which is based on the
asymmetrical increase in the thickness of the walls of the L/P side towards the section nose and of
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the H/P side towards the T/E, is more effective in suppressing stall-induced instabilities and reducing
LCoE than the geometric FEC, which is based on the displacements of the spar caps of the L/P and
H/P sides in opposite directions. Geometric FEC leads to an almost constant shift in the structural
twist angle all along the blade span, while material FEC results in a high local increase in the cross-
bending stiffness and the corresponding structural twist angle in the inboard part of the blade. The
latter turns out to give a mass reduction in the blade of 10.3% and a corresponding decrease in
LCoE of 0.82%, while the former gives rise to a reduction in mass of 3.1% and of LCoE of 0.36%.
Combined of the two methods appears to have an accumulative effect, while additional application
of BTC with a parallel re-twisting of the blade provides a maximum reduction in mass and LCoE of
19.5% and 1.36%, respectively.
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Chapter 5

5. Conclusions

This is the concluding chapter of the PhD thesis, which briefly discusses the most significant conclusions
and outcomes of the work. Among others, in the following paragraphs the published articles produced
by the thesis, are listed and briefly discussed. Finally, some unanswered questions that arose from this
work and which could feed future research work are recorded.

5.1. General concluding remarks

The overall target set by the present thesis, is the development of an Multi-Disciplinary Aero-elastic
Optimization (MDAO) framework for the optimal design of wind turbine systems. The multi-disciplinarity
of the developed optimization framework consists in the concurrent treatment of the aerodynamics of
the rotor, the structural and aero-elastic response of the full wind turbine as well as the feedback of the
controller, within the same simulation environment which also serves the simultaneous optimization of
the external shape and the inner structure of the blades. In addition, the possibility of suppressing
Levelized Cost of Electricity (LCoE) through the combined application of Bend-Twist-Coupling (BTC) and
Flap-Edge-Coupling (FEC) passive load control techniques is assessed, by optimally designing the offset
angle of the plies of the UD material on the caps of the blades, the sweep angle of the blades, the
geometry of the shear webs/caps and the thickness of the blade skin.

5.1.1. Summary of thesis

The thesis begins with the description of the underlying theory of each individual numerical module that
has been used by the current work in order to compose an MDAO framework for the design
optimization of large wind turbines. The toolbox employed by the present thesis consists of i) in-house
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tools developed in previous theses, which have been thoroughly used and validated by the laboratory of

aerodynamic of NTUA in the context of several EU and national projects in the past years, ii) existing

publicly available tools and iii) newly developed tools which have been specifically designed and realized

in order to meet the requirements of the developed optimization framework. The toolbox of the MDAO

framework developed by the thesis consists of:

hGAST: an in-house multibody, FEM, servo-aero-elastic tool. In this solver, the full wind turbine is
considered as a multi-component dynamic system having as components the blades, the drive train
and the tower, all approximated as Timoshenko beam structures. Assembly of the above
components into the full system is carried out in the framework of the so-call multibody approach.
hGAST has been thoroughly validated in the framework of numerous EU and national projects in the
past. The purpose of hGAST within the optimization framework is to provide the resultant design
loads at every location on the wind turbine. These design loads are obtained by simulating the
operational envelope of the wind turbine as it is specified by the IEC standard.

Cross-sectional analysis tool: an in-house cross-sectional analysis tool based on thin lamination

theory. The departure point for the development of this tool was an existing tool by University of
Patras, which provides the equivalent beam stiffness and mass characteristics of wind turbine
blades’ cross-sections, while it is capable of treating the anisotropic behavior of material plies. The
existing tool was extended and upgraded to be able to compute fully populated stiffness matrices,
taking into account all material driven coupling effects in order to be able to be used for the
modeling of BTC or/and FEC blades. In addition, the tool was upgraded to be able to provide stresses
and Tsai-Hill failure criterion distributions over the cross-sections of the blades, based on the
resultant design loads provided by hGAST. Mass and stiffness properties predictions by the model as
well as stresses results are compared against results of the publicly available BECAS tool for the
DTU-10MW RWT. The purpose of the thin lamination tool within the optimization framework is to
provide equivalent beam properties of the candidate blade designs to hGAST for the aero-elastic
analyses and to evaluate stresses distributions along the blade span based on the design loads
predicted by hGAST.

Cost model: a cost model of the full wind turbine was set up by combining models from the
literature that estimate the cost of the materials of the various components along with the cost of
the manufacturing processes. The detailed cost model by NREL (in the thesis it is called as NREL-
2019) is adopted for the blades, while the cost of the other parts of the rotor (i.e. hub, spinner and
pitch mechanism) is based on empirical expressions. The cost estimation for the generator, the
gearbox and the tower is derived through the up-scaling of the data of a reference wind turbine of
nominal power of 1.5MW. The validation of the aforementioned model has been performed both
against the detailed cost model of NREL for various blades which is available through the numerical
tools of WISDEM, as well as against bibliographic data of complete wind turbine systems. The cost
model constitutes the objective function of the optimization framework.

Optimization methods: a number of state-of-the-art optimization methods have been tested in the

present thesis. Each method presents some advantages, such as for example the ease of application
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to each problem, the absence of the need of computing gradients and/or the speed of convergence.
In the current thesis, three optimization methods have been employed: (i) the gradient-free
COBYLA, (ii) the gradient based SLSQP and (iii) Hessian based Newton. The first two methods are
publicly available in the SciPy library of Python, while the Newton’s method has been programmed
and ultilized in two forms: the traditional one where the Hessian matrix is calculated in every
iteration of the optimization process and the quasi-approach of BFGS, where the Hessian matrix is
evaluated through a re-cursive relationship.

5.1.2. Application examples and main conclusions

The developed MDAO framework considers as design variables i) the aerodynamic shape of the blade
(i.e. blade length, chord and twist distribution) ii) the geometry (e.g. position of spar caps, thickness of
blade skin) and the material distribution of the blade inner structure (e.g. offset angle of UD plies on
caps). A global, span-wise parameterization of the geometry is defined on the basis of Bezier curves for
inner-structure parameters, such as the thickness of the skin walls or the position/orientation of the
shear webs. A similar parameterization routine is defined for the representation of the external blade
shape. A number of geometric constraints (e.g. maximum deflection of the blades) and loading
constraints (maximum value of Tsai-Hill criterion along the blade span) are set and eventually MDAO
environment provides optimal wind turbine designs, evaluated on the basis of the LCoE. It is fact that
the the proposed designs, minimizing LCoE tend towards longer and lighter rotors (per unit length),
which is in agreement with the literature [42],[105]. Also, when stall induced edgewise instability is
considered in the optimization process, a blade with higher Flap-Edge-Coupling (larger value of
structural twist — along the span) is designed, as expected from previous developments [47].

At first, a preliminary evaluation of the capabilities both of active and passive load control techniques is
performed through parametric studies aimed at tentatively exploring the design space of the possible
solutions. These parametric studies aim at identifying the limits of their application and the anticipated
benefits in terms of load reduction. In this context, passive load control methods are compared against
their commonly used active load control counterparts. Evaluation studies of the combined application of
IPC and IFC, performed in the framework of the present work indicated that active load control
techniques can reduce the blade flap-wise fatigue load by about 25% (sole application of IPC leads to
slightly lower reduction percentage). On the other hand, the tower fatigue loads slightly increase by 2%
because in the design of the proposed control loops no provision was made on tower loads alleviation.
As a result of the combined application of IPC and IFC a 7.4% reduction of the blade ultimate flap-wise
load is obtained.

On the other hand, scanning of the design space for BTC and FEC indicated that for the blade considered
in the analysis, ply offset angles higher than 7.5° could cause weakening of the blade stiffness in the
flap-wise direction. The anticipated level of reduction of the ultimate loads and stresses is ~7%, like
that obtained through the application of active load control methods. Application of FEC is found
necessary for the mitigation of the DTU-10MW RWT blade loads in idling operation at the yaw angle of
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+30°. The anticipated reduction in the extreme idling operation load is 20% for a moderate shift of the
caps by 3% of the blade chord.

Based on the aforementioned alleviation of the ultimate loads, an optimization study, aimed at reducing
the blades’ walls thickness (and therefore blade mass) was established. The optimization process
consists in minimizing CAPital EXpenditure (CAPEX) by optimally designing the ply offset angle of the UD
material on the caps of the blade (material BTC) and the radial position wherefrom this offset angle
begins or by specifying the optimal swept blade geometry (geometric BTC). Three application examples
are considered, two focusing on pure BTC (geometric and material) and addressing only operational
loads and another one combining FEC with material BTC and addressing both normal and idling
operation loads:

e In the first application example focusing on the use of sweep. The shape of the elastic axis is
approximated by a Bezier curve, with the control points being the design variables of the
optimization process. In this case, a “sickle-shape” configuration (forward swept at the inner part
and backwards swept towards the tip) for the blade has been provided by the optimization loop,
which has 8.6% less mass than the conventional straight blade.

e In the second application example, the material BTC through an offset ply angle in UD material over
the ‘caps’ has been studied. It is found that for the DTU-10MW RWT blades, ply angle in the range of
59 — 7.59 starting at 15 — 30% of the blade span, can provide overall mass reduction of about 8%.
Moreover, a hybrid BTC design in which the ply angles gradually increase toward the tip is addressed
(max ply angle ~8°). Mass reduction of 10% is obtained for the above hybrid configuration. In
addition, BTC blades reduce the combined banding moment at the root of the blade by 5 — 7% and
at the tower base by 6.6 — 8.1%. In the analyses of the aforementioned application example, only
normal operation cases (DLC 1.3) are considered in specifying the design loads of the blade.

e Inthe last application example, the reference design has a 3% of the chord displacement of the spar
caps (FEC 3%) while the appropriate ply offset angle is searched that will provide maximum
reduction in the overall mass of the blade. The result on the mass blade is similar to that of the
previous examples, however in this modified configuration, apart from normal operation conditions,
reduction of loads under extreme wind conditions is addressed (i.e. DLC-6.x, where the larger
vibrations are usual observed). This optimization study is performed using different optimization
methods. All optimization methods mentioned above have been evaluated in terms of convocation
and stability.

As a final step of each optimization study, a verification of the modified designs has been performed
through detailed time domain simulations of an extended subset of DLCs at various wind speed, which
in addition, in most of the cases, include the assessment of the turbine fatigue loads. These simulations
substantiate that maximum Tsai-Hill values of the optimized blade designs remain below the limit
values.

Next, a multi-disciplinary design of the 10MW wind turbine rotor, integrating passive load control
techniques and considering as design variables not only structural parameters but also aerodynamic
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ones, is performed. In this study, along with the previously analyzed structural design variables (e.g.

passive control parameters, geometry of the spar caps and shear webs), the chord and twist

distributions and the blade length are also addressed. In contrast to the previously reported analyses,

the present optimization studies focus on the minimization of the LCoE. Two application examples are

considered one addressing only normal operation conditions and a second one addressing also extreme
winds and idling operation mode of the wind turbine.

Table 5.1: DTU-10MW RWT passive control designs parametrization aimed at minimizing the LCoE.

material geometrical material Blade mass AEP LCoE

design re-twist

FEC FEC BTC [tn] [GWh] [$/MWh]

reference 40.0 45.1 44.96
modified v 1.0% 14.0% -0.7%
CASE A v 10.3% 0.1% -0.8%
CASE B v v -3.1% 0.2% -0.4%
CASE C v v -13.3% 0.2% -1.0%
CASED v v v -14.0% 0.1% -1.0%
CASEE v v v v -19.5% 0.2% -1.4%

A summary of the parameters and the value of LCoE, is presented in Table 5.1, while each application

example is described below:

In the first application example (so-call as ‘modified’), the rotor radius, the planform of the blade,
the thickness of the composite material walls and the parameters of the material BTC, are
considered as design variables of the optimization study. The result of the analysis indicated that an
overall 0.71% reduction in LCoE (0.32$/MWh) can be achieved if the reference blade is elongated
by 3.7%. A moderate optimum material ply offset angle of 5.9° is obtained while the optimized
blade design has 1% higher mass as compared to the reference (note that geometric similarity,
power 3-law, would imply a 12% increase in mass). The increase in energy production by newly
designed rotor design is 2.4%.

In the second application example (CASES A-E), design modifications of the blade inner structure,
which lead to suppression of stall-induced edge-wise vibrations in idling operation and therefore
reduce design-driving loads, have been also assessed. The design parameters of two FEC methods
(material and geometric) have been tested on a step-wise approach, in which the two methods were
first evaluated separately, then in combination and finally, they were blended with material BTC and
blade re-twisting. Optimization studies indicated that material FEC, which is based on the
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asymmetrical increase in the thickness of the walls of the L/P side towards the section nose and of
the H/P side towards the T/E, is more effective in suppressing stall-induced instabilities and reducing
LCoE than the geometric FEC, which is based on the displacements of the spar caps of the L/P and
H/P sides in opposite directions. Geometric FEC leads to an almost constant shift in the structural
twist angle all along the blade span, while material FEC results in a high local increase in the cross-
bending stiffness and the corresponding structural twist angle in the inboard part of the blade. The
latter turns out to give a mass reduction for the blade of 10.3% and a corresponding decrease in
LCoE of 0.82%, while the former gives rise to a reduction in mass of 3.1% and of LCoE of 0.36%.
Combination of the two methods appears to have an accumulative effect, while concurrent
application of BTC with a parallel re-twisting of the blade provides a maximum reduction in mass
and LCoE of 19.5% and 1.36%, respectively.

5.2. Future research topics

In the last decade, research on innovative wind turbine design concepts has experienced explosive

growth. According to Adam Chehouri et al. [151], the rate of publications of articles on wind turbine

design and optimization, has been doubled in five years. This interest of the scientific community is also

shared by the industry, which in recent years has adopted many of the innovations and disruptive design

modification that have been proposed in the scientific literature [152] and [153]. Although the present

thesis aspires to contribute in this direction, some issues remained un-addressed. So, the topics that

could be subjects for future research are listed below:

Thorough re-design of a wind turbine: studying the case of the complete re-design of the 10MW

reference wind turbine, the research could focus on the evaluation/optimization of every sub-
component such as: the blades, the tower, the gearbox etc. The implementation of the above design
requires the adoption of an accurate and validated cost model, for each component separately and
the simultaneous evaluation of the loading conditions of every component including: ultimate loads,
buckling and fatigue loads. For examples, the INNWIND.EU project [18] has demonstrated that
blades’ design is driven by the ultimate loads, while the design of the tower is driven by buckling and
fatigue loads. Such research could be easily accommodated within the developed optimization
framework by simply considering only few additional simulation modules and design variables along
with an appropriate parameterization. The large computational cost that such research requires,
presupposes the parallelization of the simulations.

3D FEM analysis: although the beam model is quite reliable, nevertheless in the context of the

complete design optimization of a wind turbine of 10MW (including the blades, the tower, the
gearbox etc.), enhancing the design verification step through a 3D analysis, is considered crucial.
This can be done by employing 3D commercial packages (e.g. ANSYS or ABAQUS) which can assess
the buckling behavior and modes of the blades/tower, after the issue of aero-elastic tailoring is

primarily addressed.
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New disruptive wind turbine designs: Following the up-scaling trend suggested by the scientific

community of wind energy, in a future work it would be interesting to design new up-scaled wind
turbines exceeding 20MW. These turbines could be designed for offshore installations (e.g. bottom
fixed or floating), taking into account, among others, the hostile marine environment and the
hydrodynamic loading. Previous works performed with hGAST [22] have evaluated various
substructure designs for offshore wind turbines (e.g. monopile, jacket, different types of floaters
etc.). The parameterization and optimization of the above substructures could be the subject of this
research. Such research would open new horizons for future wind farms installations in the sea.

New cost model: Finally the development of a new cost model, which will include the modeling of

the various active and passive control techniques described in the current work, is considered
critical. In this case, empirical relationships (those are absents today from the literature) should be
developed in relation to the costs of manufacturing and transporting curved molds, through the use
of sweeping or the extra cost of introducing an offset ply angle in the uni-directional material over
the ‘caps’. Moreover, such a model could include offshore applications, facilitating their
development.

5.3. Dissemination of results

The most important results of this thesis have been published in eight articles and the main conclusions

have been presented in three international conference/seminar (five posters in total).

5.3.1. Published papers

During the current thesis, eight publications have been made, which are listed below in chronological

order:

Manolas D., Serafeim G., Chaviaropoulos P., Riziotis V. and Voutsinas S. (2018) “Assessment of load
reduction capabilities using passive and active control methods on a 10MW-scale wind turbine”, ). of
Physics: Con. Ser. 1037 (2018) 032042, doi: 10.1088/1742-6596/1037/3/032042.

Manolas D., Spyropoulos N., Serafeim G., Riziotis V., Chaviaropoulos P. and Voutsinas S. (2018)
“Inflow-based flap control on a 10MW-scale wind turbine using a spinner anemometer”, ). of
Physics: Con. Ser. 1037 (2018) 032045, doi: 10.1088/1742-6596/1037/3/032045.

Latoufis K., Serafeim G., Chira K., Riziotis V., Voutsinas S. and Hatziargyriou N. (2020) “Holistic Design
of Small-scale StandOalone Wind Energy Conversion Systems Using Locally Manufactured Small Wind
Turbines”, ). of Physics: Con. Ser. 1618 (2020) 042012, doi: 10.1088/1742-6596/1618/4/042012.
Serafeim G., Manolas D., Riziotis V., Chaviaropoulos P. (2020) “Lightweight optimal rotor design of a
10MW-scale wind turbine using passive load control methods”, J. of Physics: Con. Ser. 1618 (2020)
022061, doi: 10.1088/1742-6596/1618/2/022061.

Schinas P., Serafeim G., Manolas D., Riziotis V., Voutsinas S., Philippidis T. and Chaviaropoulos P.
(2020) “Assessment of extreme stresses and deflections on wind turbine blades with stochastic
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material properties using statistical extrapolation methods” ). of Physics: Con. Ser. 1618 (2020)
052029, doi: 10.1088/1742-6596/1618/5/052029.

Serafeim G., Manolas D., Riziotis V. and Chaviaropoulos P. (2022) “Multidisciplinary aeroelastic
optimization of a 10MW-scale wind turbine rotor targeting to reduced LCoE”, ). of Physics: Con. Ser.
2265 (2022) 042051, doi: 10.1088/1742-6596/2265/4/042051.

Serafeim G., Manolas D., Riziotis V. and Chaviaropoulos P. (2022) “Optimized blade mass reduction
of a 10MW-scale wind turbine via combined application of passive control techniques based on flap-
edge and bend-twist coupling effects”, ). of Wind Engineering and Industrial Aerodynamics
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Appendix A

A. Description of RWT

During the last two decades, the design of turbines with lighter and higher diameters rotors has become
the main challenge for the wind energy community. This challenge was the main objective of the Light
Rotor project [154] launched as a cooperation between DTU Wind Energy and the OEM company Vestas
[155]. The result of the above collaboration was the design of a 10MW wind turbine, the design of
which was inspired by the conceptual NREL-5MW [71]. Among the objectives set by the project was the
design of an optimized conventional three bladed horizontal axis wind turbine [52]. Optimization of the
wind turbine concerned both its aerodynamic and structural characteristics. In the following years the
DTU-10MW RWT became the reference turbine of many scientific studies and published papers
[156],[157],[158] while it was also considered are reference turbine in other recent projects beyond the
Light Rotor project, such as the INNWIND.EU [18]. The DTU-10MW RWT serves as the reference turbine
of the present thesis, therefore presentation of its main characteristics is provided for the sake of
completeness. A full description of the basic geometrical, aerodynamics and structural characteristics of
the DTU-10MW RWT is provided herein, summarizing minor modifications (such as the thickness of
walls, near the tip) adopted as well as details of fabrication materials obtained from various literature

sources.

A.1. Overall

The DTU-10MW RWT is a conventional three-bladed, upwind 10MW offshore turbine designed based
on the provisions of class 1A of the IEC standard (see Fig. A.1). The main characteristics of the wind
turbine are provided in Table A.1. In this table also data from the direct up-scaling of the NREL-5MW
RWT are shown. Most of the structural parameters of the turbine were based on the up-scaling of the
above turbine applying classical geometric similarity rules [159]. So, for example, the steel tower of the
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wind turbine follows the geometric rule of HZMW. /PIOMW/PSMW' where HZMW is the height of the

tower of SMW-RWT and P indicates the rated power of each turbine.

=86.366m

blade

IR

h=11.50m
’ h=11.50m
1 h=11.50m
' h=11.50m
h=11.50m
h=11.50m

h=11.50m

Figure A.1: A sketch of DTU-10MW RWT.

"h=11.50m

H uer=118.30m

Table A.1: Key parameters of the DTU-10MW RWT compared to a direct up-scale of the NREL-5MW RWT.

parameter DTU-10MW RWT Up-scaled NREL-5MW
Wind Regime IEC Class 1A IEC Class 1B
Rotor Orientation Control Clockwise rotation - Upwind Same

Control Variable Speed/Collective Pitch Same
Operational wind speed 4-25m/s Same

Rated wind speed 11.4m/s Same

Rated power 10MW Same
Number of blades 3 Same

Rotor and hub diameter 178.3m, 5.6m 178.3m, 4.24m
Hub Height 119.0m 127.0m
Drivetrain Medium Speed, Multiple-Stage Gearbox High Speed, Multiple-Stage Gearbox
Range of rotor speed 6.0-9.6rpm 4.9-8.6rpm
Maximum Generator Speed 480.0rpm 1173.7rpm
Gearbox Ratio 50 97
Maximum Tip Speed 90.0m/s 79.9m/s

Hub Overhang 7.1m Same

Shaft Tilt and rotor precone angle 5.0deg, -2.5deg Same

Blade Prebend 3.332m 0.0m

Blade, Nacelle and Tower mass

227962kg, 446036kg, 628442kg

311127kg, 678823kg, 982765kg
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A.2. Airfoils and geometric parameters of the blade

The blade was designed based on one airfoil family all along its span, namely the FFA-W3-xxx [160]. This
airfoil family is frequently used in modern mega-watt wind turbine designs. Because the FFA airfoils are
available for relative thicknesses ranging between 21.2% to 36.0%, extrapolation of the profile shapes
is performed up to the thickness of 60% while transition sections were produced for the inner most part
of the blade, from 60% thickness up to the 100% thickness of the circular section of the blade root. In
Fig. A.2, the distribution of the different airfoils (of different relative thickness) along the span of the
blade is shown. This distribution is the result of the aerodynamic optimization performed by DTU.
Furthermore, in Table A.2, the main geometric characteristics of the DTU-10MW RWT blade, as the
prebend, chord and twist distributions are provided. In addition to the above, this table gives
information about the topology of each cross-section. It provides the position of the moving key-points
(KP) that define the location of the ‘caps’ as well as the number of shear webs the different cross section
are composed of. The position of the key point is provided in a non-dimensional manner, as percentage
of the local chord. This percentage corresponds to non-dimensional distance of the point from the
Leading Edge (L/E) point of the section. As shown in Fig. A.3, the positions of certain key-points is preset
while the number of the required webs is derived through local buckling analysis performed by DTU.

Table A.2: Geometric characteristics of the wind turbine blade of DTU-10MW RWT. The non-
dimensional distance of KP are counting from L/E.

prebend chord twist pitch axis KP-03 KP-04 KP-07 KP-08

"Riv i) [m] [deg]  [-]  [-] [-]  [-]  [-] "umofwebs
0.00 0.000 5.300 -14.500 0.500 0.73 0.53 0.29 0.49 2
0.05 -0.013 5.300 -14.492 0.499 0.72 0.52 0.29 0.49 2
0.10 -0.041 5.480 -14.351 0.488 0.68 0.51 0.29 0.48 2
0.15 -0.071 5.777 -13.013 0.448 0.60 0.44 0.28 0.46 2
0.20 -0.110 6.059 -10.558 0.407 0.53 0.37 0.27 0.44 2
0.25 -0.153 6.193 -8.392 0.380 0.47 0.32 0.25 0.41 3
0.30 -0.217 6.146 -7.155 0.364 0.40 0.26 0.22 0.37 3
0.35 -0.291 5.978 -6.244 0.355 0.39 0.25 0.22 0.36 3
0.40 -0.380 5.722 -5.435 0.350 0.37 0.23 0.21 0.35 3
0.45 -0.485 5.415 -4.656 0.350 0.37 0.23 0.22 0.36 3
0.50 -0.613 5.070 -3.801 0.350 0.37 0.23 0.22 0.36 3
0.55 -0.758 4.708 -2.909 0.350 0.38 0.23 0.23 0.37 3
0.60 -0.929 4.335 -2.007 0.350 0.38 0.23 0.23 0.38 3
0.65 -1.125 3.965 -1.133 0.350 0.38 0.23 0.23 0.38 3
0.70 -1.330 3.603 -0.314 0.350 0.38 0.23 0.23 0.38 3
0.75 -1.594 3.252 0.433 0.350 0.38 0.23 0.23 0.38 3
0.80 -1.876 2.920 1.099 0.350 0.38 0.23 0.23 0.38 3
0.85 -2.185 2.605 1.724 0.350 0.38 0.23 0.23 0.38 3
0.90 -2.533 2.299 2.335 0.350 0.38 0.23 0.23 0.38 3
0.95 -2.915 1.893 2.928 0.350 0.38 0.23 0.23 0.38 3
1.00 -3.331 0.601 3.428 0.350 0.38 0.23 0.23 0.38 0
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Figure A.2: Relative thickness distribution, with
airfoils positions along the blade.

Figure A.3: Cross-section of the wind turbine
blade with three webs and qualitative description
of the different regions.

A.3. Structural design of blade

Looking at the internal structure of the blade, this is typically made of fiberglass in sandwich-type, as
qualitatively depicted in Fig. A.3. Specifically, ‘TRIAX’, ‘BIAX’ and ‘UNIAX’ are used as base materials
surrounding a core of ‘BALSA’ symmetrically - with their mechanical properties presented in Table A.3
[50]. In the same table, the characteristics of the minor materials used in the fabrication of the blade,
and are considered in the cost model analysis are also provided. In general, the quadrilateral defined by
the two ‘caps’ and the two main webs constitutes the so-called ‘caps-box’. This box undertakes the main
part of the loading developing during the operation of the wind turbine — while the main role of the
remaining regions is to provide the shape of local airfoil section.

Table A.3: RWT blade material cost and structural properties.

TRIAX BIAX UNIAX BALSA Resin/Hardener Adhesive Painting
Price[$/Kg] 2.86 3.00 1.87 7.23 3.63 9.00 7.23
Density[Kg/m?3] 1845 1845 1916 110 1200 1200 1150
Fev[%] 72.5 72.5 72.5 72.5 - - -
E1[N/m?] 21.8E+9 13.9E+9 41.6E+9 50.0E+6 - - -
E2[N/m?] 14.7E49  13.9E+9 14.9E+9 50.0E+6 - - -
G12[Nm/m?] 9.4E+9 11.5E+9 5.1E+49 16.7E+9 - - -
Gi3[Nm/m?] 4.5E+9  4.5E+9 5.1E+9  15.0E+7 - - -
Ga3[Nm/m?] 4.5E+9  4.5E+9 5.5E+9  15.0E+7 - - -
Vo[- 0.48 0.49 0.24 0.49 - - -
X[N/m?] 1.8E+8 9.5E+7 2.8E+8 1.8E+5 - - -
X:[N/m?] 2.2E+8 1.0E+8 4.0E+8 3.1E+5 - - -
Y[N/m?] 6.9E+7 9.5E+7 8.6E+7 1.8E+5 - - -
Y{N/m?] 4.1E+7 1.0E+8 3.4E+7 3.1E+5 - - -
S[N/m?] 3.1E+7 5.0E+7 3.1E+7 5.0E+5 - - -
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Table A.4: Thickness of material distribution in [mm], per region of blade cross-section.

nose leading caps trailing
r/ Ryip TRIAX UNIAX BALSA TRIAX UNIAX BALSA TRIAX UNIAX BALSA TRIAX UNIAX BALSA
0.00 8.0 8.0 10.0 8.0 8.0 10.0 8.0 8.0 0.0 8.0 8.0 10.0
0.05 7.8 7.9 15.0 7.8 7.8 15.0 6.7 11.8 0.0 7.9 7.8 20.0
0.10 6.7 7.2 20.0 6.7 6.1 20.0 4.0 20.2 0.0 6.8 6.1 35.0
0.15 5.1 5.9 30.0 5.1 3.9 30.0 1.0 30.9 0.0 5.4 3.9 60.0
0.20 3.8 3.7 35.0 3.8 2.0 35.0 0.0 35.8 0.0 4.2 2.0 70.0
0.25 3.0 2.1 35.0 3.0 1.0 35.0 0.0 37.5 0.0 3.5 1.0 70.0
0.30 2.4 1.0 35.0 2.4 0.0 35.0 0.0 39.3 0.0 29 0.0 70.0
0.35 2.0 1.0 30.0 2.0 0.0 30.0 0.0 40.8 0.0 2.7 0.0 70.0
0.40 1.9 1.0 30.0 1.9 0.0 30.0 0.0 41.5 0.0 2.6 0.0 65.0
0.45 1.8 1.0 30.0 1.8 0.0 30.0 0.0 41.5 0.0 2.5 0.0 65.0
0.50 1.7 1.0 25.0 1.7 0.0 25.0 0.0 40.9 0.0 2.5 0.0 65.0
0.55 1.6 1.0 25.0 1.6 0.0 25.0 0.0 39.6 0.0 2.4 0.0 60.0
0.60 1.5 0.0 20.0 1.5 0.0 20.0 0.0 384 0.0 2.3 0.0 55.0
0.65 1.5 0.0 20.0 1.5 0.0 20.0 0.0 36.7 0.0 2.2 0.0 45.0
0.70 1.4 0.0 15.0 1.4 0.0 15.0 0.0 334 0.0 2.1 0.0 35.0
0.75 13 0.0 15.0 1.3 0.0 15.0 0.0 30.5 0.0 2.1 0.0 30.0
0.80 13 0.0 15.0 1.3 0.0 15.0 0.0 26.1 0.0 2.0 0.0 25.0
0.85 1.2 0.0 10.0 1.2 0.0 10.0 0.0 19.8 0.0 1.9 0.0 20.0
0.90 1.2 0.0 10.0 1.2 0.0 10.0 0.0 13.8 0.0 1.8 0.0 15.0
0.95 1.2 0.0 5.0 1.2 0.0 5.0 0.0 8.6 0.0 1.7 0.0 15.0
1.00 1.2 0.0 5.0 1.2 0.0 5.0 0.0 1.5 10.0 1.6 0.0 10.0
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Table A.4: Thickness of material distribution in [mm], per region of blade cross-section (continue).

tail tail-v webs
r/ Reip TRIAX UNIAX BALSA TRIAX UNIAX BALSA BIAX BALSA
0.00 8.0 8.0 10.0 8.0 8.0 10.0 2.6 26.0
0.05 7.9 7.9 20.0 7.9 7.9 20.0 2.6 24.0
0.10 6.8 7.0 35.0 6.8 7.0 35.0 2.6 24.0
0.15 54 6.0 60.0 54 6.0 30.0 2.8 22.0
0.20 4.2 5.5 70.0 4.2 5.5 25.0 3.4 22.0
0.25 3.5 5.4 66.7 3.5 5.4 30.0 2.8 20.0
0.30 2.9 5.1 60.0 2.9 5.1 30.0 4.3 18.0
0.35 2.7 4.8 50.0 2.7 4.8 30.0 4.6 16.0
0.40 2.6 4.4 41.7 2.6 4.4 27.5 4.7 14.0
0.45 2.5 4.2 35.0 2.5 4.2 25.0 4.7 14.0
0.50 2.5 3.8 31.7 2.5 3.8 22.5 4.6 12.0
0.55 24 34 233 2.4 3.4 15.0 4.5 8.0
0.60 2.3 3.2 21.7 2.3 3.2 7.5 4.4 8.0
0.65 2.3 2.9 15.0 2.3 2.9 7.5 4.3 6.0
0.70 2.2 2.5 11.7 2.2 2.5 3.5 4.0 6.0
0.75 2.1 2.2 10.0 2.1 2.2 3.0 3.9 4.0
0.80 2.0 1.9 8.3 2.0 1.9 2.5 3.6 4.0
0.85 2.0 1.4 6.7 2.0 1.4 2.0 3.3 4.0
0.90 1.9 1.0 5.0 1.9 0.0 1.5 2.9 2.0
0.95 1.9 1.0 3.3 1.9 0.0 1.0 2.2 2.0
1.00 1.8 0.0 1.7 1.0 0.0 0.0 1.3 2.0
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The selection of each material, as well as its thickness (occurs as a result of the layers of fiberglass), was
carried out based on the reinforcement of each region of the cross-section, taking into account the cost
of each material. In the extended Table A.4, the thicknesses of the different materials, in each region
along the DTU-10MW RWT blade are presented. As can be clearly seen in the aforementioned table, the
region of the ‘caps’, which is expected to receive the largest axial stresses, consists mainly of the uni-
directional material (UNIAX), in contrast to the other regions of the cross-sections containing
significantly greater thicknesses of BALSA. BALSA is a significantly cheaper material, but it does not
directly contribute to the reinforcement of the walls. In practice the core does not receive any loads (so
it is not taken into account in the stresses analysis), however its placement determines the distance
between the fiberglass on either side of it, thus affecting the bending loads at a local level and the
mass/frequencies of the blade at a macroscopic level.

A.4. Control

A controller with partial and full load operation capabilities has been adopted. This controller is based
on classical proportional-integral control theory, while additional filters (e.g. filter mitigating) and drive
train damper that ensure a smooth transition, are available. The generator speed is the main feedback
signal, as the reference generator power is used to smooth the switching between partial and full load
operation. The rotational speed of the rotor, is largely determined by the natural frequencies of the
wind turbine, setting the range of its variation between 6~9.6rpm. The eigen-frequency analysis of the
full wind turbine system reveals that the first two tower modes are approximately 0.25Hz (see Table
A.7), not interfering with the 3p and 6p harmonics. The maximum rotational speed is obtained at the
rated wind speed, beyond which pitch control takes place with the pitch angle reaching a maximum of
26%, when the cut-out wind speed of 25m/s is reached. The reader can refer to the manual of DTU
Wind Energy Control [161], for more information.

A.5. Power curve analysis

The power produced by the wind turbine, at various wind speeds in the range of 5~25m/s (i.e. during
normal operation of the turbine), is calculated using Blade Element Momentum Theory (BEMT) analysis.
The range 5~11.4m/s is called the partial-load region, where the pitch angle is set to zero value — while
for higher wind speeds the generated power is maintained by introducing pitch control at the command
of the control system. In Table A.5, the computed power curve of the wind turbine is presented. Also, in
this table, the annual power production estimate is provided, considering a uniform mechanical and
electrical losses coefficient of n = 0.94 and Weibull parameters: C = 11m/s and k = 2.
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Table A.5: Integrated of pitch angle, probability and power produced, as function of wind speed.

speed pitch prob. power speed pitch prob. power speed pitch prob. power
[m/s] [deg]l [-] [MW] [m/s] [deg] [-] [MW] [m/s] [deg] [-] [MW]
5 0.0 0.034 0.81 12 3.5 0.030 10.00 19 16.0 0.008 10.00
6 0.0 0.037 1.44 13 7.0 0.027 10.00 20 17.0 0.006 10.00
7 0.0 0.039 2.32 14 9.0 0.023 10.00 21 18.0 0.005 10.00
8 0.0 0.039 3.47 15 11.0 0.019 10.00 22 20.0 0.003 10.00
9 0.0 0.038 4.94 16 12.5 0.016 10.00 23 22.0 0.002 10.00
10 0.0 0.036 6.77 17 14.0 0.013 10.00 24 24.0 0.002 10.00
11 0.0 0.033 9.00 18 15.0 0.010 10.00 25 26.0 0.001 10.00
Annual Power Produced [GWh] 47.18

A.6. RWT loads analysis
In this section, results of the aero-elastic analyses of DTU-10MW RWT are presented. Aero-elastic

simulations are performed using the in-house servo-aero-elastic solver hGAST (see section 2.1.)

. First,

the eigen-value analysis results are discussed and then fatigue and ultimate load analyses both for the

blade and the tower are presented. Furthermore, a comparison of the results of the two dynam
models employed in this thesis, the ONERA [79] and the Beddoes-Leishman [80] is performed.

ic stall
In the

following table, the simulated design load cases and the safety factors considered in each one of them

(in accordance with the provisions of the IEC-61400 standard [53]) are listed.

Table A.6: DLCs definition for loads assessment.
DLC conditions wind speeds [m/s] yaw angle [deg] safety factor (1,)

1.2 NTM 5-25, step 2 0 -

1.3 ETM 11-25, step 2 0 1.35
6.1 EWM 50 0,18 1.35
6.2 EWM 50 +15,£30,+45,+60 1.10

A.6.1. Eigen-value analysis

The full wind turbine system that includes the three blades, the nacelle and the tower, is treated as a

single coupled structure. The eigen-value analysis usually precedes any aero-elastic time domain

analysis, since it determines the natural frequencies of the structure. Using the in-house aero-elastic

solver hGAST, the eight lowest frequencies of the DTU-10MW RWT are presented in the Table A.7.

Table A.7: Standstill natural frequencies of DTU-10MW RWT, in [Hz].

mode shape mode shape

1st tower bending side-side 0.250 15t asymmetric rotor flap-wise (tilt) 0.596
15t tower bending fore-aft 0.253 15t symmetric rotor flap-wise 0.657
1°t symmetric rotor edge-wise/drivetrain  0.519 1°t asymmetric rotor edge-wise (vert.) 0.965
1°t asymmetric rotor flap-wise (yaw) 0.551 1° asymmetric rotor edge-wise (horiz.) 0.981
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A.6.2. Fatigue analysis

In the present section, the life time equivalent fatigue loads for the blades and tower of DTU-10MW
RWT are assessed. The fatigue loads are based on 11 X 600sec time domain simulations, considering
different turbulent seeds and yaw misalignments (in total thirty-three load cases are considered per
each turbulence seed). Simulations for different wind speeds are performed with a step of 2m/s in the
range of 5 — 25m/s, see Table A.8. DLC-1.2, is the design load case that has been used to estimate the
value of Damage Equivalent Load (DEL), for Npes = 107 cycles, corresponding to twenty years life time

damage based on Palmgren-Miner’s summation rule [162]:
i 1/m

k
Z pi N; Sk (A.1)
1 1

DEL =

ref

where N; . are the number of cycles at load range S;; determined with rainflow counting, p; is the
probability of the wind speed and the Wdéhler exponent takes the value of m = 10 in the case of the
blades analysis and m = 4 in the tower analysis.

Table A.8: Lifetime DELs of the DTU-10MW RWT cross-sections (absolute values [kNm]), based on
DLC-1.2, calculated for twenty years lifetime with Weibull parameters € = 11m/s and k = 2,
Wéhler coefficient m = 10 for the blades and m = 4 for the tower and N,..r = 107 cycles.

BLADE TOWER
/Ry Flap Pitch Edge h/H  Side-side Yaw Fore-aft
0.0 25727.8 426.7 27834.8 0.0 35011.8 25298.0 113784.1
0.1 21384.1 399.2 20122.6 0.1 30582.4 25288.1 99231.7
0.2 17210.5 373.6 14200.4 0.2 26378.2 25258.7 85887.0
0.3 13349.9 336.7 9696.4 0.3 22590.4 25170.5 73569.9
0.4 9877.7 273.7 6301.7 0.4 19436.8 25184.6 62649.7
0.5 6853.8 209.4 3824.6 0.5 16529.3 25170.6 52896.2
0.6 4355.8 148.2 2107.8 0.6 13622.9 25133.7 43639.7
0.7 2429.3 91.3 1005.8 0.7 10618.0 25031.6 35465.5
0.8 1050.7 46.2 364.7 0.8 7731.7 25018.3 28936.1
0.9 2344 13.7 65.9 0.9 5159.7 24983.1 25321.7

A.6.3. ONERA Vs Beddoes-Leishman dynamic stall model

The uncertainty in the prediction of the aerodynamic loads in dynamic stall is a well-known fact within
the wind energy sector and it is the main cause of the consequent uncertainty in the prediction of the
stall-induced edgewise vibrations. Different state-of-the-art dynamic stall models can give significantly
different load results in the onset of dynamic stall due to the quite different aerodynamic damping
predicted by the stall models. Several dynamic stall models are proposed by the literature, with the
most commonly used by the wind energy community being the ONERA and the Beddoes-Leishman
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models. In the current section, the load predictions of the two models for the DTU-10MW RWT are

compared both in normal and idling operation.

'E = OMERA E=E] Beddoes:-Leishman 'E
= 20 =
= =
i ' i
= =
" =
g g
17 21 25 i 15 30 45 Gl

wind speed [m/s] yaw angle [deg]

(a) (b)

Figure A.4: Maximum combined bending moment at the blade root, using ONERA and Beddoes-
Leishman aerodynamic model, for: (a) DLC-1.3 and (b) DLC-6.x, for various wind speeds and wind

yaw angles respectively.

According to Fig. A.4, when idling operation simulations are performed using the ONERA dynamic stall
model, substantially lower ultimate loads are obtained at a yaw angle of +30°. Predictions of the two
models notably deviate only at this particular yaw angle i.e. at the onset of the stall flutter, while similar
load predictions are obtained by the two models in the operational case (DLC-1.3). This notable
difference in the two models around the onset of the instability leads to the following mismatch: when
Beddoes-Leishman model is employed, the design-driving DLC is 6.2 at +30° yaw, while when the
ONERA model is used, DLC-1.3 at 13 m/s wind speed determines the design load. Given that it is by no
means straightforward to conclude which of the models is more accurate, in the application examples
studied in the present thesis the following approach has been adopted: when the analysis includes only
the assessment of the extreme turbulent conditions (i.e. pure BTC studies considering operational
loads), the ONERA model has been employed — in any other case (i.e. FEC studies, alone or in
combination with BTC), the Beddoes-Leishman has been employed. In the Table A.9, the dynamic stall
model adopted in each application of the thesis is presented.

Table A.9: Dynamic stall model that has been adopted in each application of the thesis.

application dynamic stall model
3.4.1. ONERA
3.4.2. ONERA
3.4.3. Beddoes-Leishman
4.2.1. ONERA
4.2.2. Beddoes-Leishman
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A.6.4. Ultimate loads and stresses analysis

The ultimate loads both at the blade root and at the tower base, are obtained through time domain
aero-elastic simulations for DLC-1.3 and DLC-6.x. According to IEC-61400 standard specifications, the
first DLC simulates normal operation of the turbine under extreme turbulence conditions, while the
second considers the situation that the wind turbine experiences extreme (survival) wind speeds and it
is in parked or idling mode. In Fig. A.5, the maximum combined bending moment at the blade root and
tower base, are illustrated, using the Beddoes-Leishman stall model. It is clear that ultimate loads, both
for the tower and the blades, occurs in DLC-6.2, at +30° yaw angle. It is noted that, in the current
thesis, the loads of DLC 1.3 at 13 m/s are considered as design loads either the investigation has been
focused on BTC or FEC techniques.
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Figure A.5: Maximum combined bending moment at the blade root (red color) and tower base (blue
color), for the cases: (a) DLC-1.3 for various wind speeds and (b) DLC-6.x yaw angles.

For the maximum combined bending moments of DLC-1.3 at 13 m/s, the simultaneous loads along the
blade and tower (three forces and three moments in all directions) are reported in the Table A.10. Using
the cross-sectional analysis tool, described in section 2.2., the maximum value of the Tsai-Hill failure
criterion is calculated. This value is obtained taking into account the load safety factor reported in Table
A.6 and the material safety factor (y,,, = 1.20, uniform for all materials). It is seen that the cross-section
exhibiting maximum equivalent stress is that at 40% of the blade span.
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Table A.10: Operational ultimate loads distribution along the blade and tower, for DTU-10MW RWT.

BLADE
/Ry F,[kN]  F,[kN]  F,[kN] M,kNm] M,[kNm] M,[kNm] Tsai-Hill [-]
0.00 -661.9 1755.9 1343.6 67969.0 323.0 21359.6 0.286
0.10 -543.4 1599.9 1241.9 56753.7 338.1 15356.8 0.418
0.20 -446.4 1444.0 1244.6 46134.1 316.5 11153.3 0.719
0.30 -328.5 12515 1153.7 35895.8 309.4 7481.3 0.892
0.40 -265.8 1029.1 1098.5 26648.3 247.8 5019.6 0.981
0.50 -199.7 787.4 968.9 18407.4 215.0 31314 0.936
0.60 -143.6 556.9 795.6 11457.2 151.2 1765.8 0.838
0.70 -72.6 267.7 548.4 6298.3 92.1 883.1 0.833
0.80 -52.2 1394 387.1 2705.1 44.2 385.7 0.562
0.90 -27.1 57.0 172.4 578.4 10.4 93.0 0.209
TOWER
h/H F[kN]  F,[kN]  F,[kN] M,[kNm| M,[kNm] M,[kNm] M[kNm]
0.00 2924.0 -17177.4 241.4 42184.9 -3252.8 -3580134 360490.2
0.10 2919.1 -15889.7 242.3 39302.1 -3246.4 -323227.4 325608.1
0.20 2884.5 -14867.4 183.8 35540.6 -4657.7 -288467.2 290648.4
0.30 2627.3 -13849.4 243.3 33586.6 490.9 -254028.2 256238.9
0.40 2704.4 -12886.3 246.7 30537.6 505.4 -221448.4 2235440
0.50 2784.0 -12021.5 236.1 27489.2 516.7 -187654.5 189657.3
0.60 2387.4 -11300.0 102.1 20440.5 2863.0 -155191.1 156531.5
0.70 2472.4 -10612.0 95.9 19088.2 2849.4 -124787.9 126239.4
0.80 2541.0 -10007.0 90.8 17777.9 2839.8 -93293.0 94971.7
0.90 1298.4 -8915.5 155.7 16748.3 12.8 -63490.4 65662.3
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Appendix B

B. Cross-sectional analysis

The current appendix provides the necessary information on the methodology followed in the analysis
of the cross sections of the blade. The calculation of the full mass and stiffness matrices of every cross-
section of the blade is based on Thin Lamination Theory (L/T) and an in-house Python code has been
developed to support it. Given the above matrices as well as a loads set, the code can calculate the local
stress tensor that develops at the level of the material layer.

L/T has been adopted by several research developments in the past [96],[97],[163], which have guided
the present work. In the updated version of L/T presented herein, i) the effect of the shape of the cross-
section geometry of shear rigidity properties and ii) an additional shear web (three in total) have been
considered. The fullness of the derived stiffness matrix makes the present methodology suitable for
modelling aero-elastically tailored blades exploiting passive load mitigation techniques (such as bend-
twist or tension-twist coupling).

The approach presented herein focuses on the analysis of 2D sections, assuming that the blade is
assembled by a sequence of cross-sections, each of which is expressed by a pair of full mass and
stiffness matrices. The main publication containing the theoretical background on which the present
implementation relies on is [96]. The stiffness properties of the cross-section are estimated through the
integration over the laminates’ thickness and along the section’s periphery. The main difference of the
current approach with respect to the “classical theory”, is that it offers the possibility to evaluate the
effect of non-symmetric layers.

B.1. Layer stiffness analysis

As can be seen in the appendix A, the blades of modern wind turbines are fabricated by fiberglass. In the
case of DTU-10MW RWT, the primary materials used are: UNIAX, BIAX and TRIAX and are placed
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symmetrically in a “sandwich” type structure on either side of the BALSA core. Each material is
described by the list of its properties (see Table A.3, appendix A), referring on the material coordinate
system [0X,,VimZm] of Fig. B.1. For example, for a uni-directional layer (UNIAX), where all fibers are
aligned with the major x-axis (e.g. zero offset angle), the following material properties should be
provided:

o: material density [kg/m3]

E,.: longitudinal elasticity modulus [N /m?]

E,: in-plane transverse elasticity modulus [N/m?]
Vyy: in-plane Poission ratio [—]

Gyy: in-plane shear modulus [N /m?]

G,.,: out-of-plane-longitudinal shear modulus [N /m?]
Gy: through-the-thickness shear modulus [N/m?]
X,: compression longitudinal strength [N /m?]

X,: tension longitudinal strength [N /m?]

Y,: compression shear strength [N /m?]

Y;: tension shear strength [N /m?] Figure B.1: Material [0xp,Vmzm] and local
[Oxyz] coordinate system and example of layer
with off-set ply angle.

The material coordinate system is related to the local system [Oxyz], through the off-axis rotation
around the z,,-axis. At the layer stiffness level, linear elasticity is assumed and involves the estimation of
the material stiffness on the local system. Because a zero offset ply angle of the layer causes the physical
paradox of greater longitudinal stiffness, the following cases are distinguished:

B.1.1. Layer stiffness without offset ply angle

At the layer level, the linear elasticity can be expressed by the mathematical expression:

0y [Ewe O 0 ][
{O-XZ} == 0 ze 0 {SXZ}
0 0 Gy (B.1)

Oky gxy

q3x3
where € and o correspond to the strain and stress tensors in vectorial form and the subscript x, y and z
represent the coordinates of the local layer system (see Fig. B.1).

B.1.2. Layer stiffness with offset ply angle

In the special case where a layer is placed at an offset angle 6 (see Fig. B.1), a special approach is
adopted. According to this approach, the two layer stiffness matrices are defined as follows:
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e |ayer stiffness matrix of 3 X 3:

1
ECT R
_ 1 _
Gax3 = {Raxs| O /ze 0 [R5 } (B.2)
1
| © 0 el )
where,
cos™16 0 2 cos 6 sin 6
R3y3 = 0 cos @ 0
[—cos@sin® 0  cos?6 —sin?8
e |ayer stiffness matrix of 5 X 5:
Ve g, 0 )
Erx Erex 0 0
_vxy/ 1/ 1 0 0 0
sxs = { Rsxs Exx Eyy /Gyz 1 0 8 Rss (B.3)
| 0 0 0 /Gy 1 P |
\ 0 0 0 0 o)
where,
[ cos®0 sin?0 0 0 2cosfsind 1
| sin6 cos?260 0 0 —2cosHsind |
R3x3 = | 0 0 cosf@ —sinf O

0 0 sinf@ cosf® O l
l—cos@sin@ cos@sinf 0 ¢ cosze—sinZQJ

Thus, the corresponding to Eq. B.1, 3 X 3 stiffness matrix is defined as follows for the case of offset ply
angle:

q3x3(1,1) 0 qsx5(1,5)
q3x3 = 0 @sxs(44) 0 (B.4)
qsxs5(5,1) 0 qsx5(5,5)

B.2. Laminate stiffness analysis

By integrating the stiffness properties along the thickness of the skins and webs (under the assumption
of a sufficiently thin shell) the following 3 x 3 stiffness matrices associated with extension A/, bending
D/ and their coupling B/ of the j-th element of a laminate are obtained:

Nlayer Nlayer hz Nlayer
Al = k h DJ = L T AL B = K shyT (B.5)
A3x3Mk A3x3Mk 12 Tk A3x3MK Tk .
k=1 k=1 k=1

In Eq. B.5, hy is the thickness of k-th layer and is the distance of the mind-line of the k-th layer from the
mind-line of the skin (see Fig. B.2) given by:
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( hy —H
2
T = (B.6)
hy_i+h
LT_k—1+ k 12 k

where H denotes the total thickness of the laminate.

B.3. Sectional configuration of cross-section

The cross-sections of the blades of modern wind turbines are generally thin-walled with two or three
vertical webs (see Fig. B.2). These webs form internal cells that affect the torsional behavior of the cross-
section, while the outer shape determines the values of Timoshenko shear factors. In the current
section, management of the above parameters as well as the estimation of the full stiffness matrix of
the cross-section are described. Finally, following the reverse course and applying the internal loads, the
stresses developed on any point of the cross-section are calculated.

Figure B.2: Cross-section regions and focus on a point (layers structure of fiberglass).

B.3.1. Theory for torsion

According to [164], due to the multi-cell configuration addressed, a geometry factor [97] must be
defined, which mainly scales the torsional stiffness properties of the blade. By applying torsion moment
equilibrium (integrating shear stresses flow over the skins and the webs of the section) for all the cells
shaping the cross-section (e.g. four cells for a cross-section with three webs), the following linear system
of equations is obtained:
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[ N T

I_;{‘iVZEb A;km Ay 0 I Cahy | )y (B.7)
0 —aygp A —/%fob} Ccas | o |
0 o —ayp ape|ian) A

where its solution Cah; defines the geometric parameters, needed for the estimation of the geometry
factor, as detailed next. The uknown coefficient matrix of system Eq. B.7 is symmetric. The coefficients
of the matrix stem from the integration of the shear properties over the parts of the skin and the webs
that form every cell and are given by:

. ?;
ﬂfkm — z T!'i = 1,2, ...,Ncell

jeskin "33
) (B.8)
b _ J . _
‘iA,/iil = Z T,l = 1,2, ...,Nce” -1
jewebA33

Indices i,i + 1 in the second expression denote the two cells adjacent to a web. Coefficients A are
calculated through summation over all segmented elements of the cell, while the vector of the right
hand side represents the circulation integral over the it cell and is given by:

Bj
a; = — Z ¢jsng;(—Z; cos0; + X; sin ;) — 2 Z {’j% (B.9)
jeEcell jecell 33
where, fj is the length of the element, X; and Z; are the coordinates of the center of the element and
cos; and sin6; are the directional cosine and sine of the element. sng; equals 1 for elements
belonging to skin laminates and to the right web of the cell, while equals —1 for the element of the left
web of the cell. Then, the geometry factor A{l for the jt" segmented element (taking into account in
which cell/cells it belongs) is given by:

(Cahi - 233{3
. Al
Ay = > : B.10

J
Azs

, for skin elements

, for web segments

B.3.2. Geometry of cross-section and shear factors

The outer geometry, i.e. the shape of the cross-section affects various elements of the 6 X 6 full
stiffness matrix. In this section, the Timoshenko shear factors estimation process is described, based on
the theory that has been adopted by Kosmatka in [99].

B.3.2.1. Theory of Timoshenko shear factors

Let’s consider a cantilever prismatic beam of length L with an arbitrary full cross-section of area A
composed of a homogeneous, isotropic material, as depicted in Fig. B.3. As this figure shows, the beam
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is subjected to two in-plane forces (E, and F,), which are applied at the centroid of the tip cross-section,
as well as a torsional moment M,,. So, the following equations are satisfied:

E, :f Tyy dA E, =f T,y dA M, =f XTzy — ZTyy dA (B.11)
A A A

Figure B.3: Prismatic cantilever beam.

By considering that the in-plane stresses (o, 0,, and t,,) are negligible, in respect to Saint-Venant’s
assumptions [165] and applying the principle of minimum potential energy, the governing equations can
be derived. Therefore, according to the kinematics of a compatible one-dimension theory [166], a set of
linear equations can be developed:

ou ou
M M —GAy 3 |
y l 00 | y GAY GAx G l 00 |
aZ aZ
where,
G [ oW G oY -
{— f YL ag _ f 2244 0
El,,), ox ElxJy 0x
G oy G oV
p— _ f a4 1- f 2 34 0
El,, ), o0z ElyyJy 0z
G oY oy G oy 0¥
— f x—=2—7z—22d4 — J. x—=2—-7—2d4 1
" EL,), " oz dx El, ), = 0z 0x |
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I oy
GA 0 Gf a;"’—sz
A
Q=|0 GA Gf Y
4 0z
ow ow
Gf x[x+ y3]—z[ y3—z]dA
M 0z ox l

where, E is Young’s modulus of the material, v is the Poisson ratio, G is the shear modulus that satisfies
E

2(1+v)’
shear directions required by Timoshenko beam theory [167], ¥ is the out-of-plane warping function and
finally (u,v,w) and (@, @,, O) represent the displacements and rotations about the centroid of the
cross section respectively.

(in the case of isotropic material) G = k,, k, are the shear correction coefficients in the two

The warping function ¥;, i = 1,2,3, is an input quantity in which indices 1, 2 correspond to shear-
dependent warping, while the index 3 is the Saint-Venant torsion function. This function, can be written
in matrix form as:

¥i(x,z) = [N(x,2){e;} (B.13)

where {@;} is a column-matrix of unknown coefficients and N(x, z) is a row-matrix of the power terms
which are usually selected a polynomial order like Pascal’s triangle of nine terms:

INx,2)] =[x z x%2 xz z%2 x3 «x%z xz? Z3] (B.14)

This function, is mainly affected by the cross-section shape as well as the material properties and it can
be determined by calculating the coefficients @;, through solving a set of linear algebraic equations:

Kl{e3 = [[R] - [F]]{Q:3 (B.15)
where,
d[N(x,2)]" 0[N(x,2z)] 9[N(x,2)]T 9[N(x,2)]
(K] ZGLL ax x| oz 0z ¢

[FW]=ELU x[N(x,z)]TdA,f z[N(x,z)]T,O]
A A

dA

[N N( N —Vvxz _K(Zz_xz) x
GLf [ (x,2)]T X,z ] )

—— (x —z? —vxz -z

[1 0 o]l,ifi=1
Q;=<[0 1 olfifi=2
[0 o 11%,ifi=3
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B.3.2.2. Procedure for Timoshenko shear factors calculation
The procedure for calculating the Timoshenko shear factors is briefly described through five steps:

e during the integrations, the elements of the skin (outer elements of cross-section) are taken into
account (not the webs).

e the row-matrix N(x, z), is adopted from Eq. B.14.

e calculation of ¢;, through the Eq. B.15.

e estimation of 3 X 3 matrices P and Q of Eq. B.12.

e solving Eq. B.12 and determining the coefficients k, and k.

B.3.2.3. Application of Timoshenko shear factors

Predictions of the shear factors by L/T model are compared to results from references [168] and [165]
for two different cross-section shapes (see Fig. B.4). The two sections tested are a full elliptical section
with uniform, isotropic material and Poisson ratio v = 0.333, having as parameter the semi-axes ratio
(r, /1) and a hollow circular section of uniform, isotropic material with varying Poisson ratio. It is noted
that, as indicated in the literature [168], the shape of the cross section and Poisson ratio are both
important parameters that drive variations in the value of the shear factor. The results of the
comparisons for both sections are provided in Table B.1. The percentage differences with respect to the
predictions reported in the literature are provided in the table, along with the predicted values of the
shear factors.

Figure B.4: Sketch of simple geometric shapes (ellipse and hollow circle), used for determining the
Timoshenko shear factors.

As seen in Table B.1, the differences between the predictions of the current method and those reported
in [168] and [99] do not exceed 2%. In the case of the elliptical section, they appear to be slightly higher
in the predictions of k., in particular for the semi-axes ratios of 0.1 and 0.2. Much smaller differences
(order of 0.2%) are noted in the prediction of k, for the elliptical section but also in the prediction of
the shear factor (k, = k, = k) of the circular section for all Poisson ratios. The predicted trend by both
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models is that k,, increases with the increase in the semi-axes ratio of the elliptical section, while k
slightly increases with the increase in the Poisson ratio.

Table B.1: Timoshenko shear factors for a) full elliptical cross-section (v = 0.333), for various semi-axis ratios
1,/11 and b) hollow circle with ratio of inner over outer radius of 0.9, for various Poisson’s ratios. Comparison
between present work (L/T) and results in [168] and [99].

Ellipse Hollow circle
ry /T Shear factor k, [-] Shear factor k, [-] Shear factor k [-]

Ref. [99] L/T diff. Ref. [99] L/T diff. v Ref.[168] L/T  diff.
0.01 0.005 0.005 0.0% 0917 0915 -0.2% 0.1 0.514 0.515 0.2%
0.10 0.310 0.304 -1.9% 0917 0915 -0.2% 0.2 0.524 0.525 0.2%
0.20 0.602 0.596 -1.0% 0.916 0914 -0.2% 0.3 0.533 0.534 0.2%
0.50 0.830 0.827 -0.4% 0.909 0.907 -0.2% 0.4 0.541 0542 0.2%
1.00 0.889 0.889 0.0% 0.889 0.889 0.0% 0.5 0.548 0.549 0.2%

B.3.3. Cross-sectional stiffness analysis

By integrating laminate stiffness properties of Eq. B.5 along the skins and the webs of the cross-section,
the stiffness matrix K, relating resultant section forces and moments F, M with global strain and
curvature characteristics &, k is obtained with respect to the cross-section coordinate system OXYZ:

< 5 e

N

sub—matrix A

A
Kll

A
K12

A
K22

sym.

sub—matrix B

A
K13
A
K23

A
K33

|

B B
Kll KlZ
B B
K21 K22
B B
K31 K32

Ky

D
KZZ

K
K3
K3
K3
K7

D
K33

sub—matrix BT

sub—matrix D

&y
&
. (B.16)

where, in the special case of uniform, isotropic material (i.e. standard Timoshenko beam model) the
elements in the boxes may zero values. In the above symmetric stiffness matrix, the diagonal elements
K{, and K4} represent transverse shear rigidity, K3, axial stiffness, K2 and K2, flexural stiffness in the
flap-wise and edge-wise directions respectively and K2, torsional stiffness. The off-diagonal elements
KzBl and KZB3 represent bending-torsion couplings due to the offset of the elastic center with respect to
the cross-section coordinate system. Similarly, terms KlB2 and K??z represent shear-torsion couplings due
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to the offset of the shear center with respect to the cross-section coordinate system. The cross bending
coupling term K2 introduces the FEC effect, whereas the elements K2 and K2 shown in blue are
responsible for the activation of BTC between flap or edge direction and torsion. Finally, the terms
affected by Timoshenko shear factors, are shown in red color.

In the following the equations describing each term of the full stiffness matrix are provided:

e sub-matrix A:

Nej
Kfy = z 2;(A%4 cos? 6; + AL, sin? ;) (B.17a)
j=1
Nej
KE = z @A{g cos 6; (B.17b)
j=1
Nej
Ky = Z 2;(A}, sin6; cos 6; — A}, cos 6, sin6;) (B.17¢)
j=1
Ney
Ky =) 44l (8.17d)
j=1
Ney
Ky = ) alysing, (B.17¢)
=1
Ney
K{s = Z %-(Aé3 sin® 6, + Al cos? 6;) (B.17f)
=1
e sub-matrix B:
Nej
Kii = zfj(B{3 cos 6; — A,Z;) cos 6; (B.17g)
=1
KlBZ = ZscKﬁ + xscKlAé (B.17h)
Nej
K5 = Z 2;(Al3X; + B{; sin6;) cos 6; (B.17i)
=1
Nej
Kz = Z ¢;(By; cos0; — A1,Z;) (8.17))
=1
Nej
KB, = —Z ¢, (AL, Ah) + 2BJ,) (B.17K)
=1
Nej
KB, = Z 2,(45,X; + BJ, sing)) (8.171)
j=1
Ney
K$ = Z i’j(Blj3 cos; — A{3Zj) sin 6; (B.17m)
=1
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NK3BZ = Zo Ky + x5 K4 (B.17n)
el
KE, = > (al;X; + Bl sin6))sing, (8.170)
j=1
e sub-matrix D:
Nep
KP = Z ¢;(4),2? - 2B],Z; cos 6; + D], cos? 6)) (B.17p)
j=1
Nep
KD = xoc KB — 25 KP) + Z ¢;[Bl, (AR cos 6; — 2X;) — A}, AhIZ; + 2D, cos 6] (B.170)
j=1
Ney
K3 = Z ¢;[D], sin@; cos ; — A}, X;Z; — B}, (Z; sin8; — X; cos §;)] (B.17r)
=1
Nei
K, = 2 KB, + x K5 + Z & [44(an)* + 4B, a1 + 4D]; (B.175)
j=1
Nej
KB, = ) [l AnIX; + By (AR sino; + 2X;) + 2D/ sin )] (8.17t)
=1
Nei
KD, = > (AL, X} + 2B}, X; sin0; + D], sin? 6)) (B.17u)
=1

B.3.4. Shear center

Assuming the thin walled and three-cell ellipsis of Fig. B.5,

Figure B.5: Assumed section with coordinate system and notations used in appendix B.
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The shear center coordinates are calculated employing the compatibility condition for the stresses:

Oyy + 0yss+ 0y =0 (B.18)
Integrating over the laminate thickness (from 0 to h) and assuming that: foh Oypp AV = 0y (h) —

d[foh O'ysdv] 4 d[foh aydv]
das dy

= 0.

0y, (0) ~ 0 one gets foh Oys,s AV + foh oyydv =0or

Using the notation g(s) = foh oys dv, Ny(s,y) = foh o, dv and integrating along s the compatibility
condition reads:

4q = q(s2) —q(s1) = —f Ny (s,y)ds (B.19)

1
Eg. B.19 is the starting relation that provides the so-called “basic shear flow” of all similar simplified

methods used to non-FSM (Full Stiffness Matrix) formulations.

To calculate Ny, ,, we assume that we already know the shear center coordinates and that the analysis is
done using the OXYZ coordinate system located at the shear center of the section.

The expressions of the strains in this system are given by:

gy (s,1v,y) = &gy — kx(y) [2o — x0,5v] + k(W) [x0 + 2o,sv] + kyy¥(s,v) (B.20a)
Sy_S(S, v, y) = SOyz(y)ZO,s + Sny(y)xo,s + g(t)ys(s' }’) - Zky()’)v (B-ZOb)
gyv(s' v,y) = _EOyz(y)xo,s + <‘:ny(Y)ZO,s (B.20c)

Then, the normal stress o, can be expressed through the equation:

O-y(S' U,y) = qllgy(SJ U,y) + qlSSyS(S' v'}’) (B-Zl)
Substituting the strain expressions from Eq. B.20, integrating over the thickness of the laminate and
neglecting the higher order warping term, we derive N, (s, y) as:

Ny(s,y) = A11[50y(3’) =k (¥)zo + kz()’)xo] + 311[kx(3’)x0,s + kz(y)ZO,s] (B.22)

+A13[€0yz(3’)20,s + Eny(Y)xO,s + ‘S(gys(s' 3’)] - ZBl3ky(}’)
Neglecting k,, ,,,, as a higher order term, N, ,, is written as:

Ny'y(s' .V) = All[gy,y(:V) - kx,y(}’)ZO + kz,y(y)xo] + Bll[kx,y(y)xo,s + kz,y(y)ZO,s] (B'23)

+A13[£yz,y(}’)zo,s + gyx,y(Y)xO,s] - 2B13ky,y(3’)
The needed values of the strain and curvature derivatives may be obtained by inverting the full stiffness
matrix and applying pure bending at the x and z directions respectively. Given that the bending moment
derivatives M, ,,, M, , are connected to the (y-independent) shear components Q,, Q, through M, =

z,yr
Qx and M, , = —(Q,, the strain-curvature derivatives in the N, ,, formula are expressed as:
— _1 _1_
Eyy Ky Kz
Eyxy K Kig
Eyx,y K3 K3l (—
P T B { Qz} (B.24)
oY Kii  Kig |(+0Qx .
o | G i
ry Ksq Kso
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where Ki;l are the entries of the inverted full stiffness matrix.
Introducing Eq. B.24 into Eq. B.23 N,, ,, can be now expressed as:

Nyy = Q.fz + Qufx (B.25)
where f,, f. are functions of K;;1, the geometry and the material properties expressed through A4,

Ly
Bi1, A3 and By3.

Having the basic shear flow through Eq. B.19 one may proceed to the calculation of the “rectified basic
shear flow” with exactly the same formulation used in the non-FSM approaches.

There is still another detail that one has to account for the proper calculation of the constant shear flow
q(0), which ensures the equilibrium of the shear flow at nodes connecting more than two elements.

The constant derives from the enforcement of gﬁCL gysds = 0 at all closed loops of the section, where &,

is the circumferential shear strain at the laminate center. &,4(s) is connected to the local shear flow
q(s) through the formula £,5(s) = q(s)/A%s, where AY; = Az; — A33/Aq;.

The proposed formulation is therefore using Ag”3 in the place of A33 (of the classical theory) to account
for A4 effects.

Besides the alternative formulation for N, and the introduction of A there are no more changes
required for the application of the proposed theory.

The above theory can be used for the calculation of the shear flow around the section as soon as the
coordinates of shear center (x,, zg.) are known. It is therefore evident that its application in calculating
the shear center coordinates cannot be done in one shot and an iterative procedure is required. This is
because the shear center coordinates not only indirectly appear in the N, , expression (through the

airfoil coordinates) but also affect the Kl-jl terms. The iterative scheme comprises the following steps:

e assume initial (x4, z5.) values.

e translate the airfoil coordinate system to the shear center.

e set-up the full stiffness matrix Eq. B.16 and invert it to calculate Kl-;l.

e calculate N, ,, using equations Eq. B.23 and Eq. B.24 and from that the basic shear flow from Eq.
B.19.

e make the next steps to re-calculate the shear center location.

e go back to the first step until convergence.

B.3.5. Cross-sectional stresses analysis

Finally, the cross-sectional analysis tool can estimate the developing stresses, produced for a given set of
internal loads {F M]}T, through inversion of Eq. B.16 and calculation of the generalized strains
{e «k}T. Then, the distribution of normal (o,,) and shear (o) stresses are calculated over the material
laminates through application of Hooke's law. The above two stresses are consolidated and related with
the material strength (S;-longitudinal strength and S,-shear strength) through the Tsai-Hill failure
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criterion [98], by considering a material safety factor of y,,, = 1.2. Failure occurs for criterion values
exceeding 1, whereas the criterion is given by:

on _lonos| | of

frm = § - —512 5—22 (B.26)

B.4. Thin lamination model application example — static cantilever

In the present section, predictions by the thin lamination model of the sectional properties of a
cantilever composite beam are compared against those of BECAS tool [55]. In this case, a 1m long, thin-
walled, composite beam with elliptical cross-section (with semi-axises ratio 1:2) and uniform wall
thickness of 0.01m, has been considered. The beam is clamped at one end and a vertical force F =
10000N is applied at the free end. As shown in Fig. B.6, the beam walls consist of two layers of
fiberglass triaxial (TRIAX) or uni-directional (UNIAX) with a 3mm thickness, on either side of the BALSA
core which is 4mm thick, forming a sandwich-type configuration. The UNIAX material is used in the
0.3m wide upper and lower regions marked with dashed lines in Fig. B.6, which are called ‘caps’ and the
TRIAX is the reinforcement material used in the skin. Information about the properties of the above
materials, are provided in Table A.3 of the appendix A.

0.2
F=10000N 0.1+
2 0.0 -
@O
= /
— - -0.1 4 BECAS
Skin Caps UT
% TRIAX=0.003m % UNIAX=0.003m % 0.2 r T T T T
/BALSA=0.004m  ; /BALSA=0.004m A0 .20 0 20 40

TRIAX=0.003m {_UT\l'in;'tS_OOSm ''''' ply angle [deg]
Figure B.6: Sketch of the tubular composite Figure B.7: Distribution of the coupling factor agrc,
cantilever of 1m long. The cross-section of beam of the tubular cross-section, relative to the offset
has elliptical shape, with ratio 1: 2 and it consists ply angle of the UNIAX material. The comparison is
by different lay-up configuration between ‘caps’ performed using BECAS and L/T tools.

and skin region.

By introducing an offset angle in the UNIAX on the caps, it is possible to activate Bend Twist Coupling
(BTC) of the cantilever, see Fig. B.6. The above technique has been used extensively in the last decades
by the wind energy community as a passive control to alleviate the operational loads of the wind turbine
blades [67]. According to the definition by Lobitz and Laino [146] the local material BTC coefficient agrc
between flap-wise bending and torsion is given by:

D
K12

Aprc = F/—//——
VKD X K3,

(B.27)
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The magnitude of agrc is the measure of the BTC potential of the beam and the sign of it is related to
the twist direction. In the case of the elliptical beam studied in this section, a prediction of the above
quantity, has been obtained for various offset ply angles in the range [—459,+45°]. Computations are
performed using both BECAS and the L/T tool. As depicted in the Fig. B.7, predictions by the L/T model
perfectly agree, in the range of ply angles [—20°,+20°]. For larger/smaller angles, deviations in the
predictions of the two tools increase gradually, reaching 77% in the case of 45° ply angle. In practice,
application of the material BTC is limited to ply offset angles not higher that +10°, because as ply offset
angle increases, the capability of the caps to carry bending moments is reduced (strength of the material
is weakened as a result of the rotation of the fibers).

Table B.2: Diagonal stiffness characteristics and maximum stress of the
ellipse section, provided by BECAS, L/T and Analytic approach.

Analytic BECAS  diff. L/T diff.
K;1[MN] 73.15 68.99 -5.7% 7723  56%
K5,[MN] 390.01 389.71 -0.1% 390.01  0.0%
K33[MN] 31.32 31.03 -0.9% 25.03 -20.1%
K4u[MN /m?] 15.77 15.80 0.2% 15.78  0.1%
Kss[MN /m?] 11.28 12.00 6.4% 12.00 6.4%
Kgg[MN /m?] 34.31 34.25 -0.2% 3431  0.0%
gmax [MN/m?] 6.78 6.53 -3.7% 6.38  -5.9%

In Table B.2, the value of the most important terms of the stiffness matrix of the 2D elliptical section, are
presented, for the case where the material BTC is switched off (i.e. ply angle is zero). The
aforementioned terms, following the indices of Eq. B.16, correspond to the on-diagonal elements of the
6 X 6 stiffness matrix. Each term is calculated using the BECAS tool and L/T and the results are
compared with the analytical approach, in which Timoshenko shear factors of k,, = 0.65 and k, = 0.45,
have been applied. As seen in Table B.2, a very good agreement between BECAS, L/T and the analytic
approach is obtained. This is especially true for the terms that contribute to the moments, i.e. indices
4 — 6. In the configuration of Fig. B.6, the cross-section at the root of the cantilever is of great interest.
As expected, maximum normal stress develops on the outer surface (UNIAX material) of the ‘caps’
region and is calculated by:

max _ MZmax
Onormal — I

(B.28)

where, M: calculated bending moment (M = F L)
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Zmax: Vertical distance away from the natural axis
I: moment of inertia around the natural axis

This is also confirmed by the two numerical tools (BECAS and L/T), showing, however, a slight deviation
in the value of the maximum normal stress - relative to the analytical solution, of the order of —3.7%
and —5.9% respectively.
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mvou Suvapikol HEow TNG UAomoinong Sléaktoplkng €peuvag Ymodpaon 2: Mpoypappa xoprynong
unotpodlwv IKY oe unoPriploug S18dktopeg Twv AEI tng EAMGSag». (ApBudc Zuupaong: 2022-050-0502-

52636).
Emixeipnoiaké Mpoéypappa E EZ"A
Avarrruén AvBpwrrivou Auvapikou, =m 2014-2020
Exmaideuon ka1 Aid Biou Maénon

Eupwnaikn Evwon
Eupwnaikd Kowwvikd Tapeto Me t ouyxpnparodotnon tng EAAGSag kat tg Eupwrnaikig Evwong
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MoAu-mtedlakn BeATIOTOMOINGN MTEPUYLWV QVEUO-
YEWWNTPLWY LE EVOWUATWON TEXVIKWY TaONnTLKOU
eAéyxou ¢optiwv

Epyaotrplo Aspoduvapikng E.M.IM.

Avtikeipevo tng StatpBig elval o BEAtiotoc oxedla-
OUOC Ttepuyiou  avepoyewntplag DTU-10MW
RWT, e 0TOX0 TNV EAAXLOTOMOLNON TOU OTAOULOME-
vou Kootoug evépyelag (LCoE), ouvbdualovtag
TEXVIKEG TTaBNTIKOU eAéyxou dopTiwv. Ze autn T
Slatplpn, €xouv afloloynBel TETOlEC TEXVIKEG UE
edapuoy OGOULKAC KOl YEWUETPLKAC oUTEVENG
kapnc/otpéPnc (BTC) kal kAppewv mrepuylonc/
neplotpodng (FEC). H moAu-mediakr PeAtiotomnoi-
non mepllaupavel oe Kowo Bpoxo ta aspoduva-
MLIKA (T.Y. Katavoun xopdng kat cuotpodng) kat
SOoUIKA (m.x. TAXN TOLWHATWY) XAPOKTNPLOTIKA
KoBwg Kol TG TIAPAUETPOUC TaONTIKOU €AEyyou
doptiwv. Ito TmAaiclo NG £peuvag, €Xouv
afloloynBel (kal ouykplBel) dladopeg TeXVIKES PBe-
Atlotomnoinong onwg: COBYLA, SLSQP kat n pébodog
Newton.
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Euxaplotiec

H S18aktoplkr gpyaocio mpaypoTonolntnke oto epyacthplo AEPOSUVAULKAC €Ml MEVTEULOL XpoOvLa, OF
mANpn anacxoAnon. Ma 29 unveg, xpnuotodotnbnke am'to EAAnviko 16pupa Epeuvag kat Kawvotopiag
(EA.IA.E.K.), evw Toug teAeutaioug 16 unveg ar'to 16pupa Kpatikwyv Yrnotpodpiwv EAAASOG (1.K.Y.). Zt0
evOLAUECO XPOVIKO OSLAOTNUA, N OWKOVOULKY otAplen mponABs am'tnv WOWWTIK ETAlPEia €peuvag
QVAVEWOLUWYV TtNywV eveépyelag iWind. Quolkd, n 0LKOVOLKH TOUG oTpLEN ekTidTal olaitepal

Kivntpo yla T StatplBrn auth, amotéAecse TO00 TO evOLOPEPOV HOU Yyl TA LAONUATIKA Kol TG PUOLKEG
ETULOTAMEG, 000 KOL N TIPOCWIILKA Hou eribupia va cUPPBAAW €otw Kal Alyo, og pla mLo mpaotvn Kot
olkoAoylkry aAAayn. Aoutdv, viwBw ToAD gUYVWUWY ylad TNV €uKolpla TOU €lxa va OUVEPYOOTW UE
TOAOUG £EUTIVOUG, E€UYEVIKOUC Kal Onuloupykolg avBpwrouc. Evag tétolog dvBpwmog, eival o
eTUPAEMWY HOU, O avarAnpwTng Kadnyntng BaoiAng PWlwtng o omolog mpLv amod nepimou £€L xpovia pHou
£6woe TNV gukatpia va acxoAnbw pe éva toéoo evdladépov BEpa. Hrav navra SimAa pou, pe otriplle Kot
LE EVETIVEE, EVW WE TIC YVWOELC KAl TNV eumelpla tou oto BEpato TNG OEPOSUVOUIKNAG KOl TWV
OVOAVEWOLUWV TINYWV, €5LVE TIAVTA TIC CWOTEG 08NYLEG VLA TNV QVTLETWTILON OTIOLOUSATIOTE TIPOPRANLATOC.
AuoTUXWG, 0 BOUUACUOC HOU YLO TNV TPOCWIILKOTNTA TOU KAl TIC YVWOELS Tou Sev ekdpaletal o Aiyeg
YPOUUEG... Duoikd, Ba NTav mapdAewdn LOU Vo LNV EUXAPLOTHOW Ta AAA Suo PEAN TNG CUUBOUAEUTLKAG
ETUTPOTNG, TOUG KABnyntég ImUpo Boutowva Kol AnunAten Zapafdvo, yla Ta XpHolpa oXOAla Kol TIG
TAPATNPNOELG TOoug, Tou Bondnoav otn dtapopdwaon tng mapovaoag Statpifng. Ot culnNTACELS Lo TOGO
yla tnv mopeia tng StatplBrig 6co Kot yla dAAa B£pata nrav ateAeiwtec. Ot CUPPBOUVAEG Toug RTav TG00
XPNOLEC KOl TO EVOLADEPOV TOUC ETIKEVIPWVETAL TIPOYHOTIKA oTNV MPO0do Kal tn BeAtiwon OAwv Twv
dowtnTtwyv toug. Emi tn eukapla, Ba nNBeha va ekdpdow TIG EUXAPLOTIEG HOU O OAA TA MEAN TNG
€EETAOTIKNG ETUTPOTIAC YLa TNV aAvAyVWwon TG SLatpfhg Kot Tn SLotiTwon EMOIKOSOUNTIKWY OXOALWV Kal
TIAPATNPCEWV.

Eva Eexwploto euxaplotw odeidw otov Anuntpn MavwAd, ylo Tnv evBdppuvon Kal UTOOTHPLEN TOU OE
KAaBe Bpa autng g SLatpLPic. Nvwpillw éco SVokoAo pdyua ival va adlepwVELS £0TW Kal Alyo xpovo
KaOnuepwad yLo oUPPOUAEC Kal Tapatnpnoel — mavia oe ¢Wkd Udog, mapd to Adn auotnpod
XpovoSiaypoppa Kot TG eubuveg mou €xelg! EmutAéov, éva Wolaitepo suxaplotw odeidw otov dpilo pou
©eoAdyo AvSpoVIKO, e TOV Omolo polpaotnka to iSlo ypadeio oto peyoAUTEPO PEPOG TWV TEAEUTALWV
gTwv. TéAog, Ba NBela va ekPpaow TIG ENKPLVELG HOU guxapLoTieg og 6AoUC Toug cuvadEéldoug Lou oTo
epyootniplo: Kwota Atakdkn, Moavaywtn Xxowd, Niko Imupomoulo, Anuntpn Ntoupa kat AnuAten
BAaoTO, yLo To oAU GIALkO meplBAaAAov. MpayUatikd To pyootako mepBAAlov Atov GavTOoTIKO Kal EipolL
EUYVWHWVY yLa TNV KOAR TOpEa KAl TIG wpaieg cLINTAOELS, TOOO OF EMIOTNHOVIKO OGO KAl O TIPOCWIILKO
eninedo.

TéMog, Oa ABeha va euxapLoTAHOoW TNV OlKoyEveLla pou. H adehdrn pou Kal Kupiwe oL YOVeig pou, TIou UE
otnpilouv oe kaBe mepiotaon. Eival moAl onuavtikd vo EEPELG TTWE N OLKOYEVELDL 00U eival avta SimAa
oou! AUTIGuOL, TIOU XPELAOTNKE VO UE OVTEEETE OTIC SLOKOTIEG OTAV €YW NUOUV TIOAU amacXOANUEVOC HE
TNV OAOKANPWGH TOU KELPEVOU TNC tapoloag SLatpLBAg.

Avvng 2 elp
-
ABrvo, EXANASa

27 IemtepBplou 2023
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NepiAnPn: Avtikeipevo tng StatpBng, elval o BEATIOTOC oXeSLOOUOC MTEPUYIWV avepoyevwnTpLag. Eva
oUvVoAo amod S1adopeg oXESLOOTIKEG LOEEG £XOUV SOKIUAOTEL, Pe Lolaitepn Eudaon OTLE TEXVLKEG TAONTIKOU
ehéyxou dopTiwv. Metafld autwv TWV TEXVIKWY, €xel afloloynBel n duvatotnta peiwong 1000 TWV
oKkpaiwv poptiwv 600 Kal Twv doptiwv Komwong, pe edpappoyn oulevéng kappnc/otpedne (BTC) f/kat
nieepLyong/meplotodnc (FEC). H épesuva €xet Seifel Ot ywa tnv avepoysvvrtpa avagdopdc DTU-10MW
RWT, ua peiwon 3 — 5% ota akpaia ¢optia kabwg kat 5 — 10% ota poptia kOnMwong eival ekt e
™V edapuoyn TETOLWV TEXVIKWY. H Ttlo mavw avakoldlon twv Goptiwy, EMITPEMEL TN CUUTIEON TOU
KOOTOUG, HECW TNG HElwoNG TNG LAaG TWV QMALTOUEVWY UALKWY. Map’0Aa autd, oL TEXVLKEG QUTEG ival
Suvatd va 6pAcoUV AVTAYWVLOTIKA METOED TOug, evw N edpappoyr Toug emnpedlel KoL TNV avtoxn tne
KOTOOKEUNG. AUTO To TipOPAnua KaAsital va AUoel n BeAtiotomoinon. Itn SwatplPn, meplypadetal £va
oAokAnpwuévo mepLBaAlov oxeSlacpou Kal BeAtiotonoinong nrepuyiwy, mou mMepAaUBAVEL UTTOAOYLOTIKA
epyoleia to omola eite xpnolpomololvtal dn arm’'to gpyacthiplo eite avamtuxbnkav oto mAaiolo tng
gpyooiag autnc. AnotéAeopa tng Mo mavw BeAtiotomoinong sival éva mteplylo pe 8 — 10% Awyotepn
pala. To MTEPUYLO QUTO, £XEL PETATOMIOMEVA Ta ‘Karakia’ katd 3% (FEC 3%), oe oxéon pe To TTePUYLO
avodopdc — evw TapouoLdlel gl tunuatiky otpodr 52 — 7° (BTC 5° — 7°) oto povo-katsuBuvtrplo
UALKO Twv ‘Kamaklwy’ (petd to 20 — 30%). 2to teAeutaio pépog tng diatpBng, edappoletal moAu-
niedlakn BeAtiotonoinon pe otoxo tnv ehaylotomoinon tou kootoug evépyelag (LCoE). Itn mepimtwon
0UTH, EKTOC am’'tn HAla TOU TITEPUYIOU Kal TIC MOPOUETPOUC TOU TaBNnTIkoU eAéyXou, W HETABANTEC
BeAtiotomoinong Bewpouvtal oL KATOVOUEG XOPSNG Kol cuoTtpodn¢ KaBwWE Kal To UKog Tou mrtepuyiou. H
TIO MAVW TPOCEYyLon, odnynoe oe éva Baputepo (kata 1%) mreplylo, pe 3.7% peyaAlTtepo pnkog. Mia
EVOAAOKTLKI) TIPOCEYYLON TOU APATAVW oxedlacuou, omou efetaletal n cuvduaotikn edpappoyr BTC kat
FEC kaBwg KaL n €K VEOU KATAVOUH TNG cuotpodrg, odnyel og éva Spopéa pe 19.5% Awyotepn pala.
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Mopeia e€€AENG Sladopwy MNYwWV eVEPYELAC YL NAEKTpOTIAPAYwWYN, TNV tepiodo
2000-2020, o€ ayKOOLO eminedo

To evepyelako pelypa otnv Eupwmnaikn Evwon, yio nAektponapaywyr to 2020

Tkapidnua evepynTikol Kal mabntikol eAéyyou: (a) peta-mrepuylo Kal (B) kuptd
nteplyLa

Mnxaviopol o0Zleuéng ouvBetwv Sokwv: (a) olleuén-eméktong-otPEPNG pEow
“gAkoeldoug” Satagng kat  (B) oLZeuén-kapPnc-otpeYPng HEOW
“OVTLOUMMETPLKAG” SLataéng

Eloaywyn ywviag oTo povo-kateuBuvtrplo UALKO, ou Bpiloketal ota “kamakia”

KateuBuvoelg mrepuylong (flap-wise) kot meplotpodnc (edge-wise), mrepuyiou
QVELOYEVVTPLAG

YuvOnKeg MPOOTITWONG TN PONG AEPA OE OLEPOTOUN

Movtédo TOMAMAWYV OWUATWY HE TOMKA Kal KaBoAlkd ocuothpata
CUVTETOYHEVWY

MovtéAo TOAAATAWY CWHATWY OE EMIMESO UTIO-CWHATOG

Turukn SLATOEN OTPWUATWY UALKOU, plag cUVOeTnG cuoTtolyiog, amd To Aemto-
ToLXo KEAUGOG TNC SLATOUAC TTEpPULYioU

Oplopdc Twv meploxwv SLatopng mrepuyiov avepoysvwntplag DTU-10MW RWT

H Blopnxavikn Kotaokeunn Twv oUyxpovwv Trepuyiwv  Paoiletal  otn
povtehomoinon VARTM kot mepllapfdvel Tnv TOMOBOETNON OTPWOEWV
UOAOVNUATWY UE Pelypa pntivng kal KOAAOG o€ KaAoUTILa

Aldypappa Stadikaciag oxedlacpou kat BeAtiotonoinong

Elcaywyn otpodn¢ oto povo-kateuBuvtiplo UAkG (UD), mou PBpioketal ota
‘kamakia’ - BTC

lewpetplkd FEC. Zto mavw pépog daivetal n Statour avadpopdg, EVW o0To KATW
MEPOG N UETATOTLON TWV ‘KOTAKLWVY
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Ixqna 3.3

Ixnua 3.4

IxAnua 3.5

Ixnua 3.6

Ixnua 3.7

IxAna 3.8

IxAna 3.9

Ixfina 3.10

Ixnpa 3.11

Ixnpa 3.12

Aldypappa pong yla tnv glaylotonoinon tg palag mrepuyiou, pe Stopdpdwon
BTC. O e€wteplkog Bpoxog, mepAapBAvel TIG KUpLEG LETABANTEG oXeSLOOUOU (TL.X.
KoTavoun tng ywviag tou UD UAkoU) - evw 0 e0wTepLkOg Bpoxog kabopilel Tnv
KOTAVOLN TOU TIAXOUG TWV TOLXWHATWY, waote va dtatnpnBolv ota dla emineda
Ol LEYLOTEG TLUEC TOU Kpltnplou Tsai-Hill, katd pnkog Tou mrepuyiou

Aopopowon kuptotntag yia: (i) mrepuylo avadopadg, (i) sweep-6m kat (iii)
sweep-opt

Juviotapévn pomn otn pila mrepuyiou, yla Stadopeg TtoxUTNTEG avépou: (i)
TTepUYLO avadopag, (i) sweep-6m kal (iii) sweep-opt

Portn otpédng otn pila mrepuyiou, yia dtadopeg taxvTnTeg avépou: (i) mrepuylo
avadopadg, (ii) sweep-6m kal (iii) sweep-opt

Meiwon palag mrepuyiwv BTC, yla TPEL YWVIEC HOVO-KATELOBUVTPLOU UALKOU:
59, 7.5° kat 10°. Ektog amno tn ywvia, aflohoyeital kot To onpeio ekkivnonc (kabe
ONUELO OTIC KAUTTUAEG QVTLOTOLXEL 0€ SL0POPETIKO onuelo ekkivnong) — aptotepo
oxnua. MNopeia olykAlong Tou eocwteplkol Bpdxou BeAtiotomoinong, yla onpeio
ekkivnong=0.3 — 6&éi oynua. H peiwon tng palog, MPAYHOTOMOLETAL yLa
bebopéveg oxeblaotikég mapapétpouc BTC (ywvio & B£on ekkivnong) wote va
SlatnpnBel n kotavoun Twv péylotwy Tipwy Tsai-Hill, og oxéon pe to mreplylo
avadopag

BéAtlotn (wg mpog tn pelwon palag) Kotavoun ywviag povo-katsuBuvirplou
UALKOU — aploTeEPO Staypapua Kol PEYLOTN Helwon palag mrepuyiwv — Seéi
Staypauua twv Slapopdpwoswyv BTC tou €xouv e€etaotel

Awdtagn PBeAtiotonmolnpévou Trepuyiou, yla thv mepimtwon N = 2. To oxAua
TMAPOUCLAEL TNV KATOVOUN TNC Ywviag tou povo-kateuBuvtnplou UAol ota
‘Kamaki’

BEATLOTN KATAVOLL TOU OUVTEAEOTH METABOANG TAXOUG TOLXWUATWY KATA KOG
TOU Tttepuylou. O CUVTEAECTAC QUTOC, EYYUATOL TNV EAAXLOTOMOLNON TOU TIAXOUG
TWV TOWHATWY KABE SLATOUNG, SLATNPWVTAG TN MEYLOTN TLUN TOU Kpltnpiou Tsai-
Hill ota (6la emtimeda pe o mrepuyLo avadopdag

JUYKALON TWV METABANTWV OXESLAOHOU — avw SLaypaUUATa KAl CUVAPTNONG
KOOTOUG — KaTw Staypouua tou e€wteplkol Bpoxou PeAtiotonoinong, ylo tnv
nepimtwon N = 2

Yroloylopog akpaiwv ¢optiwv yia  DTU-10MW RWT Kal oOxeSLaoTIKwV
Slapopdw-oswv N = 2 kat N = 3, Bewpwvtag evtovn tupPn avépou DLC-1.3: (a)
péylotn T kpttnplou Tsai-Hill, (B) péylotn cuviotapévn pomn kapdng otn pila
TOU TTepUYioU Kal (y) péylotn cuviotapévn pomr kaupng otn Baon tou mupyou
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Kebalawo 1: Eloaywyn

Kepalawo 1

1. Eloaywyn

Ot 8L00TACEL TWV CUYXPOVWY OVELOYEVVNTPLWV TIPOUCLAIOUV YEWUETPLKA aU&non TIG TEAEUTOLEG
OeKaeTieg, oupmielovtag UE TOV TPOMO QUTO TO KOOTOC NAEKTPIKNG evépyelag (Levelized Cost of
Electricity - LCoE), mou mapdyetotl amoé tov avepo. H avénon oto HéyeBoC TWV OVEUOYEVVNTPLWY,
OUVEMAyeTal Kal avfénon twv ¢optiwv ToU avamtlooovTolL Of OUTEG, HE OMOTEAECHA va
apoucLAlovTal APKETEC OXESLAOTLKEG TIPOKANOELG, OL OTIOLEG AMALTOUV KALVOTOUEG TEXVOAOYIKEG AUCELC.
T£TOLEG KOLVOTOWULEG, TepAapBAvoUV: VEQ KOl TIPONYHEVO UALKA, UBPLOLKEG neBOSOUC KATAOKEUNG, VEQ
OXE6L0 ECWTEPLKNG SOUNC, VEEG LEYAAOU TIAXOUG AEPOTOUEC UPNANG amtdS0ooNG Kol TEXVIKEG EVEPYNTLKOU
A/kal madntikol ehéyxou doptiwv. Metafl twv mapandavw, ot péBodol madntikol ehéyxou £xouv
anodeyBel mMoANG uTtooyOueves otnv eAadpuvon Twv GopTiwy Kal armoTeEAOUV TO KUPLO AVTIKEILEVO TNG
napovoag SLaTplprc. Itdxog, elval o BEATIOTOC oUVSUAOUOG TEXVIKWY TadnTikou €Aéyxou, Tou Ba
emutpEPeL TN cupmieon tou LCoE.

1.1. To evepyelokd pelypa KoL oL oTOXOL yLa To PEAAOV

Av kol €xel yivel TOMIN oulntnon yw tnv avaykn pelwong twv ekmounwv CO,, oludwva pe ta
SloBéopa dedopéva [1] n maykdoula kowotnta e€akoAouBei va otnpiletal ota opuktd Kovaotpa! to
Yx. 1.1, mapouoialetal n €€EAEN NG cUUPOAAC KABE TINYAC OTO TOYKOOULIO EVEPYELAKO MElypa, yla
nAektpomapaywyr and 1o 2000 £wg to 2020. YUpdwva pe to SlAypappa auto, n cuvoAlkn {Atnon
EVEPYELOG aQUEAVETOL OSLOPKWE, XWPLE va TAPOUCLAlETAL OTOoLASHTIOTE OoUCLACTIK oAAayr otn
CUUTEPLPOPA TNG TIAYKOOULOG KOLVOTNTAG, P0G OGEAOC TWV AVOVEWCLUWY TINYWV EVEPYELOG (QOALKN,
nALakn, GAAn). Onwg mapatnpoupe, n dieloduon TNG ALOALKAG EVEPYELAG EKAVE TNV EUPAVION TNG LOALS
Ta Tedevutala xpovia, pe ta £tn 2008 kal 2016 va anoteAolV XpoVLIEG “opoonua”, adol avéBnke amod tnv
7" otnv 6" KoL and tnv 6" otnv 5" B£on, avtiotolya. And tnv GAAn, n Eupwnaikn Evwon, ¢aivetal va
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eTSelKVUEL PEYOAUTEPN CUUHETOXN TWV «TIPACLVWVYY TINYWV OTO EVEPYELOKO pelypa (BAEme Zy. 1.2).
JUYKEKPLUEVQ, N OLOAKN evépyela, PBploketal otnv mpwtn 6€on HeTafl TWV AVOVEWOCLUWY TNYyWV

EVEPYELAG, EVW Hall Pe TNV NALOKH KaL TNV USPONAEKTPLKA EVEPYELA, KOTAAaUBAVOUV TO 1/3 T™ne mitag.

Energy sources

= Coal Muclear = Wind
- Gas . il Salar - PR
r20.36%
Hydrao = Biosnergy Other-RIMW .
c
e _ 10 . -
— .-" - -
[Tr= -
S 8
-g _'!' o
=" B e* .t
o R
S - ¥
.‘:5 4 e
2o L
=02 R
88 o Loilillloiieeidetees
u 1

2000 2005 2010 2015 2020

Ixaua 1.1: Mopeia e€éAEnc Sladopwv mMNywWV
EVEPYELOG YLO NAeKTpomapaywyr, Thv Tepiodo
2000-2020, os maykoapLo eninedo.

IxAna 1.2: To evepyelakd Helypa otnv Eupw-
naikn Evwaon, yia nAektpomapaywyr to 2020.

H avalitnon evoAAoKTIKWY AUCEWV Kal N podik uoBétnon mo Glikwy mpog To mepBAAlov mnywy
evépyelag eival mAgov emtaktiki! Ma tov Adyo auto, £xouv edbappootel S1adopeg TOALTIKEG TPOC QUTH
™V KatevBuvaon kot £xouv TeBel oTOXOL QMO TIG KUBEPVNOELG, IO TIEPLOPLOUS TNE XPHONG TWV OPUKTWV
kavoipwy. MNa napdadetypa, péxpt to 2030 TouAdyiotov to 20% tng evépyetag twv HMA avapévetal av
npounBeveTal amod xepooaia KAl UTIEPAKTLO OLLOALKA TIApKa [2] — evw N Eupwmnaiki Evwon €xel Seopeutel
yla kKaAudn tou 45% Twv avaykwv tng and avavewolies nnyeg [3]. MNa va emiteuxBel o oTtdX0¢ AUTOG,
Ba amaltnBel TepAoTIA AVATTUEN TNG QLOALKNG EVEPYELAG, TOOO OTNV ENpd 000 Kal otn BdAacoa.
‘Eumpakta, n Eupwnaiki Evwon €xel mpowORoeL Kal oTtnpifel OLKOVOULIKA TNV KOWOTNTA TNG OLOALKAG
EVEPYELOG TIPOKELWWEVOU va avamtuxBolv VEEC TeXVOAOYIEG KoL KOLVOTOPEG edappoyég, mou Ba
tpodobdotoouv TN Blopnyovia. Zexwpilouv mévte eUPANUATIKA EPEUVNTIKA €pya oTa omoia n
EPEVVNTIKN KOLWVOTNTA €XEL CUVEPYAOTEL PE TN Blopnyavia, ylot TNV avantuén VEWV Kol EMKUPWHEVWV

gpyoAeiwv KaBwC Kal VEWV TEXVOAOYLWY, TIOU GXETI{OVTAL |E TNV ALOALKN EVEPYELAL:

e DAMPBLADE [4] (2001-2004)
e STABCON [5] (2002-2006)

e UpWind [6] (2006-2011)

e INNWIND.EU [7] (2012-2017)
e AVATAR [8] (2013-2017)
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1.2.'EAeyxo¢ popTiwv aVELOYEVVNTPLWY

H al&non tou peyéBoug twv avepoyevwniplwy, eumodiletal and to uPnAd KOOTOC KATAOKEUNG,
EPYATIKWY, UETADOPAC KOL EYKATAOTOONG — W QMOTEAECUO TOU KUPBLkoU vopou [9]. Néa uAka
KOTAOKEUNG, KALVOUPLEG TEXVIKEC KOL KOLWVOTOUIEG OMWE €lval 0 evepynTKOG/madnTikog EAeyxog Twv
doptiwy, pmopouv va anoteAécouy to «KAelS» yla tnv unépBaocn Tétolwv epmodiwv. MNa mapadetyua,
0 Bossanyi [10] peAétnoe t duvatotnta MepLopLopol TwV GopTiwy HECW TOU gAEYXOU BALLATOC - EVW
MLt EVOAAQKTLKY TIPOCEYYLON UE XPNON UETAMTEPUYIWY, EUMVEUCHEVN OO TIC OLEPOTIOPLKEG EDOPLOYEC,
£xeL mpotaBel amno toug Matthew Lackner kat Gijs Kuik To 2009 [11], 6Ttou n Xprion TwWV UETA-TITEPUYLWV
edapuoletal oe avepoyevvitpa SMW (BAéne Zy. 1.3).

sweep
j—>,

Ny

flap~

(o) (B)

IxAua 1.3: Ikapipnuo evepyntikou Kot madntikol eAéyxou: (a) peta-mteplyLo Kal (B) KUPTA MTepuyLa.

Ye OTL adopd Tov mMadnTikd €heyxo dopTiwv, oL To cuxveg edapuoyeg meplappavouv tn oUleuén
kapnec-otpéPng (BTC). Mia amod Tig mpwrteg epappoyE, TpayUatonotnOnke amno to epyaotrplo Sandia
[12] kau [13], 6mou e€etdotnke n duvatdTnTa XPHONG KUPTWV TTepuylwv (BAEne Zx. 1.3). AnotéAeoua
™G €peuvag NTav o OXeSLAOUOC TG avepoyevvhtplag STAR-27.1m, n omola mapouociale pelwpEvVa
doptia (otaTikd KAl KOMWONG), MPAyHa Tou enétpePe tnv avfnon tng Slapétpou Tou Opopéa,
niapayovrag 10 — 12% meploocodtepn evépyeLa.

To repUyLa TWV cUYXPOVWY AVELOYEVVNTPLWY, HEYAANG LOXVOG — Elval LOKPLEC AETITEG KOl EUKAUTITEG
KOTOOKEVEC OO oUVOeTO UAKA. TETOLO UALKQ, TIEPLEXOUV KUPLWG iveg yuaAlol 1 avBpaka kabwg Kot
aA\o mAaotikd UAka [14]. ZuvABwg Tta UAIKA aUTA TOMOBETOUVTOL CUUUETPLKA, EKATEPWOEV £VOG
adppwdoug mupnva, oe dourp tUMou “cdviouttg”’. H KAQOLK AEMTO-TOLXN TOAU-OTPWLOTOTIOLNEVN
Bewpia (Lamination Theory — L/T) [15] kot [16], eival oe Béon va UTTOAOYICEL TIC UNXOVLKECG BLOTNTEG
pLoG Statoung, mou amoteAeital and ouvOeta UALKA (mMoAAWY oTpwudTtwy). H “é€umvn” tonmoBEtnon twv
OTPWOEWYV, OMWCG yla mapadelypa n TonmoBEtnon tou povo-kateuBuvtrplou (UD) UALkOU UTO ywvia,
elval duvatd va evepyomotioetl t oUleuén petatl Twv katevuBuvoeswv pLlag Slatopung. Fevikd, otny
ETILOTAMN TWV UAKWV £xouV e€eTaotel SUO TTOAD YWWOTEC TEXVLKEC:

e JUleuén-Eméktaong-Zuotpodng (Extension-Twist-Coupling), BAéne 2x 1.4 (aptotepa).
o YUleuén-Kaupng-Itpednc (Bend-Twist-Coupling), BAéme 2x. 1.4 (6eéia).
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(a) (B)

IxApa 1.4: Mnyxaviopoi ouUleuéng ouvBetwv Sokwv: (a) oLleuén-eméktong-otPEPNC HEOW

“gAlkoeldou¢” Siataénc kat (B) oulevén-kAapYPnG-oTPEYNG LECW “OVTIOUUUETPLKNG” SlaTagnc.

Y€ MEPUTTWOELG OTOU N KA n Kuplapxel, umopet va xpnotponolnBei n oulevén-kapudnc-otpédnc (BTC).
Av KaL n évvola tou BTC, mpoépyetal amo edappoyég sAkonmtépwy [17],[18], otn BiBAloypadia
ovadEpETal CUXVA WG TEXVLKA TadnTikol ehéyxou doptiwv [19],[20],[21]. 20udwva pe Tov Lobitz [22],
pla avgnon 10 — 15% tng Slopétpou tou Spopéa elval epiktr, ebpappoloviag Pl LETPLO ywvia oTo
MOVO-KateuBuvTtrplo UAKO ToU PBploKeETal MAVW At MEPLOXEG TwV “Kamoklwyv”’ &vog mrepuyiou
avepoyewntplag (BAéne Zx. 1.5). ApkeTég SnUOCLEVOELS £X0UV aoXOANBEL e TNV TILO TAVW TEXVLKN, lte
gotialovrag otn SoKLN cUVBETWY SOKWV E(TE MPAYUATIKWY MTEpUYiwy. Metatl autwy, o Fedorov amod
to MoAuteyveio tng Aaviag [23], atloAdynoe tn Suvatotnta edappoyng BTC oe €va TURUA ITepuyiou
ovepoyewntplag. H pelétn, emalnbsuoe ta BewpnTIKA LOVTEAQ HECW CUYKPLOEWV HE TIELPAUOTLKES
peAéteg kal Slepelivnoe To €VUPOG KATA PAKOC TOU MTEPUYiOU Tou pmopel va ehapUOOTEL pLa TETOLO
TeXVLIKN. EmutAéov o Stablein [24], aflohdynoe aplBuntikd tn Suvatotnta pelwong Twv dpoptiwv. Metaty
aA\wv, otnv avadopd Tou KAvel Adyo yla peiwon mepimou 15% ota doptia pomng tng pilag tou
TITEPUYLOU, HE LA ULIKPN OTTWAELA EVEPYELOG.

EKTOG amod tnv avaykn meploplopol Twv doptiwy, éva dAAo POPANUA TTOU TAPATNPELTAL CUXVA KOTA
TNV E€YKOTAOTAON QVEUOYEVVNTPLWY, €lte OTAV QUTEG Pplokovtal oe Kataotacn “pehavil”, eival n
Sloxeiplon Twv TOAQVTWOEWY IOV TTapaTnEOUVTAL KATA TNV vor] avépou og uPnAn ywvia amokAitong. O
Wang 1o 2016, dnuoocicvoe pla epyoocia [25] otnv omoia afloloyeital n evotdBesila evog Spopéa ot
opyn Asttoupyia “pelavtl”, pe BAon pN YPUUULKEC TTPOCOUOLWOELS 0TO TeSi0 TOU XPOVO KOl YPAUULKA
ovaAuon L8LoTIpwy. Avtikeipevo tng peAétng, amotédeos n DTU-10MW RWT [26] Kol To XOPOKTNPLOTLIKA
aotaBelag afloAoynbnkav XpnoLLOTIOLWVTAG €vVa YPAUULKOTIOINUEVO epyaleio avaAuong euotdbelag
MECW UTIOAOYLOMOU TWV AEPO-EAAOTIKWV LOLOTIHWY KOBWE Kal HEOW OEPO-EAAOTIKWY TIPORAEPEwWY
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doptiwv. MNpaktikég AVOELG, TOU TO TAvVwW TpoPARuatog, e€etalovtal ota kedbdAota 3 kal 4 tng
napovoag SLaTPLPAC Le Xpron TeXxVIKwV ouleuéng-miteplylong-nieplotpodnc (Flap-Edge-Coupling - FEC),
BAEme Zx. 1.6.

\\ X /
edgewise-‘\\/I/'
i 4"\ ¥ flapwise

IxApa 1.5: Ewoaywyn ywviag oto povo- IxAua 1.6: KateuBuvoelg mrepuylong (flap-wise)
KateuBuvtnplo UAkO, Tou PBpioketal ota  Kal eplotpodnc (edge-wise), mrepuyiov avepoyev-
“karakia”. VATPLAG.

1.3. Avtikeipevo dLatpLPc KoL KOUWVOTOULEG

H mnoapovoag Owatplpry otoxelel otnv  avamtuén PBeAtiotomolnpévwyv  oxedlwv  mrepuylwy
ovepoyewnTplwv Loxvog 10MW, ehaxwotou LCoE. H avakoUdlon twv dopTiwy, EMITUYXAVETAL UE TNV
ebappoyr TEXVIKWV TOONTIKOU €eAéyyou n omolot amoteAel HEPOC TNC TMOPAMAVW OTPOTNYLKNG
BeAtlotomoinong. H cupmieon tou KOOTOUG evépyelog, Hmopel va uAomolnBei eite pe tn pelwon ™G
kedbalalouyikng damavng (CAPital EXpenditure - CAPEX) n/kal pe tnv avénon tng Slapétpou tou
Spopéa. H avamtuén tou umoloylotikoU mAaiciou oxedlacuoUl Kal BeAtiotomoinong, amoutel tnv
aglomoinon Stadopwv umoloyloTikwy epyaleiwv. Kamola am'ta gpyaleia mou xpnoluomnoliénkay,
avantuxbnkav oto mAaiolo tng mapovoag datplng (ocupBoAn tng epyaciag), GAa tpomomollenkav

KaTtaAAAwG, evw kamola aflomodnkav autovola. Ot KUPLOL oTOXOL TNG gpyaciag, cuvoilovtal o

KATW:

e ApXIKA, TO UTIOAOYLOTLKA €PYOAELO TIOU XPNOLUOTIOLOUVTAL, €XOUV TUOTOTOWNOEl UEOW OELPAC
TMAPASELYUATWY Kal EPAPUOYWY, TA OMOTEAECHUATA TWV OMOLWV CUYKPIVOVTAL LE TA AMOTEAECHATA
M wv/opoLwv urtoAoyloTikwy epyaleiwv Kat BiBAtoypadikwv avadopwv.

e ‘ExeL avamtuxBel éva PoOVTEAO KOOTOUG QAVEUOYEVVATPLAG. TO HOVTEAO auto, mMepAapPdvel pia
avaAuTikn Sladikacio KooToAdyNnong Tou MTepuyiou (KOOTOG UALKWY, OVOAWGCLUWY KoL EPYTLKWV),
EVW TOL UTIOAOUTA TUAATO KOOTOAOYOUVTaL BACEL EUMELPIKWY OXEoEWV. MapdAAnAa, afloAoynBnkav
Sladopec péBodol BeAtiotonoinong. OL meploootepeg art’ auteg, dlatiBevral amo tn BLBAoOnRkn
SciPy tn¢ Python, 6mwg n COBYLA kat n SLSQP - svw &AAeg omwg n péBodog Newton (kat ot
napallay£g TNS) amaltouy TV KwdLKomoinon toug.



Kebalawo 1: Eloaywyn

OL SLadopeg TeXVIKEC TABNTIKOU €A€éyxou, afloAoyoUvTal UEUOVWUEVA TOOO OE OXEON HUE TN
SuvatotnTa MEPLOPLOUOU TWV AVATITUCCOUEVWY PopTiwy, 000 Kal PE Ta MEPLBWPLO CUUTLEGNC TOU
CAPEX. Me tov TpOTo auTo, yivetal n “xaptoypddnon” tou Ywpou Twv AVCEwWV Kal n avalntnon twv
mBavwv AUoewvV Tou TPOBANUATOG.

ExeL avamtuxBel éva olokAnpwpévo meplBdAlov mou cuvOUATEL TA TILO TIAVW UTIOAOYLOTLKA
gpyaleia, pe otoxo tnv ehaylotonoinon tou LCoE. To meptBAAAOV aUTO, EKTOG A0 TIG TTAPOUETPOUG
TLOU OXETI{OVTAL JLE TLG TEXVIKEG TTAONTIKOU gAEyXOUL, afloAoyel kal AAAEG LeTABANTEG TTOU oXETilovToL
JLE TN YEWHUETPLO TOU mTepUYloU (T, Katavoun Xopdng Kol cuoTtpodn ).

TOoo ol agPOSUVAULKEG UETAPANTEG OO0 KOl Ol KATOOKEUQOTIKEG, afloAoyoUvTal TOUTOXPOVO O€
Koo Bpodxo, oto MAAIoLo TNG MOAU-TIESLOKAG agpo-eAAOTIKAG BeAtiotonoinong (Multi-Disciplinary
Aero-elastic Optimization - MDAQ). ¥to mAaicto tng MDAO, T0 QVOAUTIKO HOVTEAO KOOTOUG
OVELOYEWNTPLOC TAPEXEL TN SuvatdTNTA TOCOTIKOMOINONG TOU KOOTOUG TNG TOPOYOUEVNG
evépyelag LCoE, kdtL mou amoteAel AMAn plo Kawotopia tng mopoucac epyaciag - adol ot
TIEPLOOOTEPEG EPYACLEC LEVOUV HOVO otnV ektipnon tou CAPEX [27].

1.4. Avaokonnon

H mapouoa epyacia, xwplletal oe mévte kepaiala:

Kedahaio 2: MeplhapPdvel pa clvtopn meplypadr TwV UTIOAOYLOTIKWY EPYAAEiwY TIOU €XOUuV
avarntuxBet kal aflomotnOel katd tn SLAPKELX TNG TAPOUCAC EPYOOLAC.

Kedahaio 3: >to keddlolo auto, aflohoyeital n Suvatdotnto edpappoyng TEXVIKWY mabdntikol
geAéyxou BTC kat FEC, otnv avepoyswnipla avadopdc DTU-I0MW RWT. Q¢ amotéAecpa tng,
avakoldlong Twv doptiwv mou mpokaAeital, aflohoyesitat n Suvatotnta cupmnieong tou CAPEX
MEOW edapUOYNG TEXVIKWY TTAONTIKOU EAEYXOU.

Kedahaio 4: >to keddAalo auto, meplypadetal n moAu-nedlakr dtadikooia elaylotonoinong tou
LCoE, afloloywvtag 1000 TIG MAPAPETPOUC TTIOU oXeTilovtal He TNV edappoyn madntikou eAéyxou
000 KOl TI{ YEWUETPIKEG TOPAMETPOUC (T.X. KaTavourn xopdng kol ocuotpodnc). ITo TEAOG TOU
kedalaiou autou, mpoteivetal Eva cUVOAO BEATIOTOTOLNUEVWY TTEPUYLWV.

Kedahaio 5: MephapBAVEL TA CULMEPACHATO KOL TLC TIPOTACELS VLo LEAAOVTIKA £pELVOL.
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Kedpaawo 2

2. YITOAOYLOTIKA EpYaAEia

210 KedAAQLO QUTO, TapoucLAlovTal Ta UTTOAOYLOTLKA epyaAsia Tou avamtuxOnkav kat aflomotnonkov
oto TAaiclo Ttou ToAU-eSlakol meplfarlovtog¢ oxedlaopol Kal PeATioTONOINONG TTEPUYIWV
OVEUOYEWNTPLAG. ApPXLKA, TOPOUCLAlETOL O OEPO-EAAOTIKOG emAutng hGAST [28] o omoiog
XPNOLUOTIOLEITAL Yl TOV UTIOAOYLOUO Twv ¢doptiwv oxeSloopol TNG QVEROYEVWNTPLOG, Ue Bdon Tov
Kavoviopo IEC 61400-1 [29]. ITiG emOpevVEG SUO EVOTNTEG, TEPLYPADETAL TO UTIOAOYLOTIKO £pyaleio
ovaAuong SLOTOUWY Kal TO HOVIEAO KOOTOUG OVEHOYEVVATPLOC. TEAOG, YIVETOL Hla Teplypadrn Twv
HeBOdwv PBeAtiotomoinong mou xpnoldomowntnkav otnv epyacia Kabwg Kol Tou OAOKANPpWUEVOU
neplBdAloviog oxedlacpol kot BeAtiotomoinong. O avayvwotng, umopel va Bpel mapadsiypota
TULOTOMOLNONG TWV €pyoAseiwv Kol OUYKPLONG amMOTEAEOHATWY eite He AA\a epyaleia elte pe
BiBALoypadikeg avadopeg, oTo AyyALKO Kelpevo TG SLatpLPc.

2.1. Agpo-eAaoTikog emAUTNG hGAST

O U6po-0épPo-aepo-eAaoTikog eTAUTNG hGAST, €xel avamtuxBel am'to epyactriplo aepoSUVALKNG TOU
E.M.M., HE OKOTO TNV OEPO-EAACTIKI] TPOCOMOLWAON UTIEPAKTIWV/XEPOALWY OVEUOYEWNTPLWY. To
0EPOSUVAULKO, TO €AAOTO-SUVOUIKO Kal To Udpo-Suvaplkd (sdv umdpyel) povtélo, Aapfdvovrtal
XWPLOTA Kol otn ouvéxela ouvdualovtal emiParloviag KatdAANAn pn-ypappiky oblevén ota onueia
oAAnAemtidpaong toug. Me tov hGAST mpaypotonoloUvtal oL anapaitntol urtoAoyLopol oto medio tou
XPOVoU KaBwce Kat n WLodlavuopatiky avaluon umoAoylopol Twv LELoCUXVOTATWY Kal tSlopopdwy g
avepoyevvntplag. KabBopilovtoag tnv efwteptkry Siéyepon (ouvOnkeg agpa /Kol KUMATIOHOU), oL
umoAoylopoi oto reSio Tou XpOVoU ETUTPEMOUV TNV EKTIUNON TOOO TWV KOTIWTIKWY 000 KAl TWV aKpoiwy
doptiwv.
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2.1.1. AepoSuvapLko HOVTEAD

H mwo ouvnBiopévn péBodog yla tov UTIOAOYLOUO TNG OEPOSUVOULKAC GOPTIONG TWV TTEPUYIWY HLOC
avepoyevvntplag, eivatl n Bewpla Aiokou-Opung (Blade Element Momentum Theory - BEMT) [30] kat
otolxelwv mreplywong. O cuvSUAOUOC TOUC, KATOANYEL OE SUO PN-YPOUULKES EELOWOELC TTOU ETAUOVTOL

ETAVOANTITIKA:
QUerf . 2 2.1
dT = NbladeT (C,cosp + Cpsing)c dr = 4mpU&a(l —a)r dr (2.1)
QUesz . ' 3 2.2
dQ = Nyjaqe > (C,cosp — Cpsing)cr dr = 4mpUya’' (1 — a)r? dr (2.2)

Omnou dT xat dQ n won kot n pomr evog 6aktuAloeldolg aywyol aktivag dr, Npjaqe O 0pLOUOG Twv
ntepuyiwy, @ n mukvotnta tou aépa, Uerr n mpaypotiky taxiinta, Uy, n adlatdpoktn taxutnta
avépou, C; kat Cp oL OUVTEAEOTEG Avwong kol omioBéAkovoag avtiotolxa, @ n ywvia petafu tng
TIPOYHOTIKAG TAXUTNTOG KAl TOU emumESou tou Spopea, T n aktwikr Béon kaBe otolyeiou oe oxéon pe
Tov afova mepLoTpodng, € TO LAKOC TNG TOTILKAG XopdNG Kat £2 n TaxUTnTa MeEPLOTPOPNG.

L
»
x

G

U..(1-a)

Ueff

>

Or (1+a'")

IxAua 2.1: JuvBnKeg MPOOTITWONG TNG PONG AEPA OE OLEPOTOWN).

O ouvTeAEOTNC AEOVLKNG EMaywynG a, EKPPAleL TN Helwaon TNC TOXUTNTAC TOU AVEROU KaBWG MeEpVA LEoa
or’to 8ioko Tou SPOHEN - EVW O OUVTEAEOTAC TEPLPEPELAKAG EMAYWYNS a’, TNV TEPLOTPOdr TIOU
npootiBetat otn por) Adyw G meplotpodng tou Spopea. H mpaypatikn taxutnta Uegss kat n ywvia ¢

(BA€me 2x. 2.1) opilovtal wg €€NG:

Uerr =V [Uow(1 —a)]2 + [2r(1 +a)]? (2.3)
_ — (1 - a)Uoo
@ = tan 1 [m] (24)
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H ywvia mpoomtwong a mou XpnoLUOTOLETAL YLa VO 0pLOTOUV oL cUVTEAEDTEG C; kal Cp givat:
a=¢—(6:+6,) (2.5)

omou 6; kat 6, n Torkn ywvia cuotpodng Kat BRpatog, aviiotoa.

2.1.2. EAaOTO-OUVaULKO LOVIEAO

H avepoyevvitpla Bewpeital wg Suvapikd clvotnua TOAAATAWY CWHATWY, N olvBeon Twv omolwv
TIPAYHOTOTOLETOL CUUPWVA HE TO HOVIEAO TTOAAATAWY cwHATwY (Mmulti-body model) [31]. H avdAuon
NG EAAOTO-OUVOLKNG CUMTEPLDOPAG TNG AVELOYEVVATPLAG CUVIOTOTAL OTNV €€TAON KABE OUVIOTWOAG
TNG KATAOKEUNG EEXWPLOTA OO TLG UTTOAOUTEG KOl TN OUVOECN TWV CUVIOTWOWYV, HECW TNG €MLBOAAG
KOTOAANAWY KIVAUOTIKWY ouvOnkwv Kabwg kal cuvlnkwv ¢optiong mou emiBaiAovial ota cnueia
ocuvéeonc.

H Sopikr povtelomoinon twv avepoyevvntplwy, Baciletol otnv Bewpia dokol (beam theory) [32]. O\
To eUKOUmTa TUAMOTa, Bswpouvtal w¢ bSokol Timoshenko mou umodkewtal oe kapgn 6uo
KkoteuBUvoewy, 6&latunon, edeAkuoud kol otpégn. Ou Sokol xwpilovtat os £va  aplBuod

Slaouvbedepévwy “unto-cwpdtwy” (sub-bodies).

IxAMA 2.2: MoVTtEAO TOANATAWY CWHATWY [E TOTILKA KOl KOOOALKA CUCTILOTOL CUVTETAYEVWV.
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KaBe umo-tuApa Umopet vo avIumpooweUEeL L0 CUVIOTWOA TG avepoyevvntplag (dnAadrn tov mupyo,
Tov G€ova, To MTEPUYLO) B €va HEPOG autoU. Eva tomikd clotnua cuvtetayuévwy [Oxyz] tibetal otnv
apxn KABe cuvloTWwoOG, WG MPOG To omoio opilovtal oL TOTUKEG EAAOTLKEG TTapapopdwoelg (BAEme Zy.
2.2). Eotw 6t o R¥ &nAwvel To Sdvuopa B¢ong tng apxic [Oxyz] tou otoixeiou “k” koL to T* 1o
MNTPWO MEPLOTPODNG ATU'TO TOTILKO 0TO adpAVELAKO CUOTNA CUVTETAYUEVWY. TOTE, To dlavuopa Béong

r(’;‘ €VOC onueiov oto “k” og oxéon pe to adpavelako mAaiolo [0x; Ve z; ], opiletal wg:
r¥ =Rk + Tk 1k (2.6)

H oUvBeon moAAMAWV CWHATWY UMOpPEL va emektabel kKal oTo eminedo Twv SLWV Twv cuvicTwowv. Me
oUTO TOV TPOMO, TA HEYAAX EUKOUMTO OWHATO/CUVIOTWOEC TIoUu UdIoTAVTOL ONUOVTKEG
napapopdwoelg (OMwe Ta mrepuyla), xwpilovtal oe éva aplOpd SLaoUVEESEUEVWV UTIO-CWHATWY,
KaBéva am'ta onola Bewpeital we Eexwplotod otolyeio Sokou. KabBe umo-cwpa £XeL To S1KO TOU cUoTNUO
ouvtetayuévwy [Oxyz]. To mpwto dkpo (P1) tou uno-cwpatog Bewpeitat wg n apxn 0, evw To Seltepo
akpo (P2) Bewpeital wg eAevBepo Gkpo. To cloTtnua cuvtetaypévwy [0xyz] Tou umo-cwpatog “v” tou
owupatog “k” opiletal oe oxéon pe TO OLOTNUA OUVTETAYMEVWY [OXxi Vi Z,] TOU ocwuatog am’'to
Stavuopa B¢ong tng apxns Tou RX kat éva untpwo meplotpodric TX (BAéme 2x. 2.3). To Stdvuoua Béong
“ n

£VOC Ttu)aiou onueiou Tou uMo-cwpatog “v” Tou cwpatog “k” ypAdetal oe oxéon HE TO aSPAVELAKO
ovotnua cuvtetayuévwy [0x; ez | we:

&, = RM(qy, ) + T*(qp, ©) - {RE(GE, t) + TX(gk, t) - ¥} (2.7)

J

Xg

IxApa 2.3: MoviéAo MOAAATAWY CWUATWVY O€ EMIMESO UTIO-CWUATOG,.
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Eav pia cuviotwoo/owpa dlalpebel £vav apketd peydalo aplBud UTIO-CWHATWY, TOTE Ol UETATOTIOELS
KOLL OL TIEPLOTPOGEC - O OXECN UE TO CUOTNLA TOU UTIO-OWHATOC, BewpolvTal UIKPEG KL £TCL UTOPOUV Val
xpnowuomnowinBolv oL eflowoelg Ypapulkng 6&okol. Meydheg TmapapopPwoell Kol TEPLOTPOGEC
“ytilovtal” otadloKA Kol N UN-YPOUWUK Suvapikn elodyetol emiBaAloviag oe KAOE UTIO-CWHA TLG
METATOTILOELG KAl TG TIEPLOTPODEG TWV TIPONYOULEVWY WG KLVAOELS AKAWMTOU owpatog (rigid body
motions). H Suvauiky oUlevén TwV UTIO-CWHATWY ETITUYXAVETAL UE TNV €l0aywyn Twv ¢optiwv
avtidpaong (3 Suvapelg Kal 3 pomEC) Tou MPWTOU KOPPBOU KABE uTo-cWHATOC oToV eEAeUBepPO KOUPO TOU
T(PONYOUEVOU UTIO-OWHATOC WG EWTEPLKO dopTio.

2.2. EpyaAeio avaAuvong Statopwy

MNa tic avaykeg tne SlatplPig avamtuxdnke £va oAokAnpwpévo epyodelo avaAuong SLaTopwy.
Baociletal otn OBewpia TG Aemrd-TolXNG TOAU-CTpwHOTOMOINUEVNG  Statoung [33],[34] kot
XPNOLUOTIOLEITOL Yl TOV UTIOAOYLOPO TwV pntpwwv palog kot Suokaupioc kabe Slatopng tou
nitepuylou. Mpokettal yio avaBdaduion vdlotapevou KwoLKa, Tou €Xel avamtuxBel and kowou petafy
TOU epyaotnpiou aspoduvaplkng-E.M.M. kal tou Mavemotnuiov Matpwv. Itnv mopovoca ekdoyn, o
KwolKag eival oe B€éon va povtelomolosl pe HeyoAUTeEpn akpifela tn yewpetpia kabs Slatoung
(6nuoupywvtag doutkd mMAgypa), va AdBel umoyn v eEWTEPLKN YEWUETPLO TNG Slatoung (Léow Twv
ocuvteheotwv Timoshenko) kat va cupmepAGPel péxpL TpeLg Lotolg (webs). To 18lo epyaleio, pmopel va
TIPOYLLOTOTIOLOEL OVAAUGCN TACEWV Kol va afloAoynosl tnv avtoxr kabe UAlkol Héow Tou KpLthplou
Tsai-Hill, umtd tnv enidpoon Twv eowteplwyv GopTiwv TS SlaTounG. ITo mMapdptnua B, moapoucialetal
OVOAUTLIKA N T(POCEYYLoN TIoU €XeL UL0BeTNOel am’to epyadeio auto.

2.2.1. NoAv-otpwpaTOMOLNMEVN Bewpia

To mTepUyLa TWV CUYXPOVWY OVELOYEVVNTPLWY, KOTAOKEUAIOVTOL MO OTPWOELS CUVOETWY UAKWY T
ormola oxnuartilouv Sopn Aemrto-tolyou keAUdoug (BAéme Ix. 2.5). KaBe moAu-oTpwHATIKO UAKO
amnote)eital and éva cUvoho otpwpdatwv (r.x. TRIAX, BIAX, UNIAX kat BALSA), 6nwg ¢aivetal oto 2.
2.4. EmunAéov, kaBe Slatour amoteleitol and éva MARB0C¢ KeEAlwV - avaloya Ue Tov aplBud Twv LoTwy
(webs). MNa mapadetypa, otn Satopn mou nmapouctdletal oto Xx. 2.5, oL Tpelg LoTol opilouv cUVOALKG
téooepa keAld (kAelotol Bpoyol). KaBe keAl, oxnuatiletal and €éva cUVOAO TUNUATIKWY OTOLXElwV Tou
e&wtepkol PAolol NG SLATOUNG Kot TwV LoTWV TNG. Eotw OTL pe toug deikteg i, j kal k SnAwvovtal To
keAi, To oTotxeio kat n oTPWon UAKOU — evw ME Ny, Nep Kot Nigyer SNAWVETAL TO GUVOALKO TIARBOG TWV
KEAlWV, TWV OTolElwV KAl Twv OTpwoewv, avtiotolya. Emiong, opilovtal tpia ocuothuata
CUVTETAYHEVWV (C.S.): i) TO C.5. TWV OTPWOEWV TwV UAKWV X; V. Z; (x; ekdpalel Tnv katevBuvon tng
vag), ii) To c.s. TNG ouoToliag/otolxeiou xyz Kkad iii) to c.s. tng Statoung XYZ, onwg daivetal oto Iy.
2.5.
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RN YN
___ﬁ_ap_—wrse “?_ f N
X-axis ' “‘?’f/ﬂ/\
1 ~~~

0.,
,;'o'talf‘f_

-

IxAua 2.4: Tumikn Satagn OTPpWHATWY UALKOU, ZIXAMA 2.5: OpLoPOG TWV TIEPLOXWVY SLOTOWUNG
pLag ouvBetng ocuotolyiag, amo To AEmMTO-TOXO TMTEPUYiOU avepoyevvntplag DTU-1I0MW RWT.
KEALUDOC TNC SLATOWNC TTEPUYIOU.

MNna kaBe UAKO, o vopocg tou Hooke, pmopel va ekdppactel oe oxéon Ue TO GUOTNUA CUVIETAYUEVWVY
X1YLZL, OTN Lopdn:

Ei; O 0
] P (2.8)

O':qL-£:[0 Giz O
0 0 Gy,
Itnv o nmavw e€lowon, to q; ekdpdlel TO UNTPpwWO TOTUKAG Suokauiag, & eival to Sldvuoua
nopapopdwoewy, o To Slavuopa Tacswv, E;; To HETPO EAOTIKOTNTAG KATA WAKOG TNG (vag, evw Gy
Kat G, €lval o pétpo Slatunong twv dU0 KATeUBUVCEWV.

lNa tov mpoodloplopd Twv ELoTNTWV SUCKAUY LG OE OXECT HLE TO TOTIKO GUOTNLOL CUVTETAYHEVWVY XV Z,
QTTOULTELTOL O UTTOAOYLOUOG TOU OTPOUUEVOU KATA Ywvia 6 HnTpwou q. (yia meploodTePeg AEMTOUEPELS,
BAEme [34]). Me ohokArpwon Twv ToTkwy Wlotntwv duckaupioag, oe kabe emipavela Tou kKeEAUPoOUG n

TWV LOTWY, TtPoKUTToLY Ta. 3 X 3 pntpwa Suckappiog A7, DI kat B/, yua to j* otouyeio:

Nlayer Nlayer Nlayer hz
Al = Z Gerchi B/ = Z qerhiTr D/ = Z qcrh <é+f;%) (2.9)
k=1 k=1 k=1

Itnv EE. 2.9, hy, elval to mdyog tg kS otpwong - evw n amoéaotach TG oo T KECH VPO TOU TIEXOUS
Tou otolxeilou (BAEme 2. 2.4), Slvetal amno:

hy — H
> ik =1
Ty = i hy—q1 + hy 10
Tp_q + T , yla k= 2,3, ---;Nlayer

omnou pe H dnAwvetal To cUVOALKO TIAXOG Tou oTolXElou.
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Me tnv ohokAnpwon twv lotntwv duckauPiog Tou mMoAu-oTpwiatikol otolxeiov tng EE. 2.9, katd
MNKOG Tou KeAUdOUC Kal Twv LoTwV TG Slatopung, Aaupavetal to pntpwo Sduokappiag K, mou
ouvbdualel Tig Suvapelg Kal tig ponég F, M pe TiG GUVOALKEC MapaopdWOELS KOl OTPOPEC &, K, O OXEoN
UE TO KaBOALKO cUOTNUA CUVTETAYUEVWY XY Z:

r i A A A B B B A
Kll K12 K13 K11 KlZ K13

Fx &
E, K3, Kis K31 K3 Kis (8;\
F\ _ 24 E | _ K K3 K5 Kgs ! & L
{M} - K{K} = M, KB KB KRk« (2.11)
M, sym. KP, KD ’;yJ
My L €N I

EVOELKTIKEG eKPPACELG YLA TOUC OpoUC KAUWYNC Kol oTpEYPng Tou Untpwou duokapiag, mapatiBevral
OTh CUVEXELQL:

Ney
KR =ElL, = Z ¢;(4],2? — 2B/, Z; cos 6; + DI, X?)
j=1
Nej
Kb = Elyy, = XK1y — ZocK3q + Z 2;(=AJ AW Z; + B], (AW cos 6; — 2Z;) + 2D], cos 6))
=1
(2.12)
Ney
KP = Ely, = ) (A]1X,7; + B, (2 sin6; — X; cos 6;) - D, sin 6 cos 0))
j=1
Ney
Kb, = 6 = 24cGol + XocGrAy + ) 8 (4L (A1) + 4BL 1T + 4],
=1

OTIOU X, KO Zg. SNAwvVOUV TN B€0n Tou KEVTPOU SLATUNONG WG TTPOG TN SLATOMN.

2.2.2. AvaAuon Tdoswyv

TéAog, pe avtiotpodr Tne EE. 2.11 kat pe SeSopévo éva clivolo sowtepkwv doptiwv {F  M}T, pnopel
va yivel pia eKTipnon Twv eAACTIKWY TAPAHOPPWOEWV Kal kapmulotitwy {€ k}T tng Statoun.
AkoloUBwg, oL 0pBég (0;,) Kat SlaTunTkéG (0g) TACELG TOU AVAMTUCOOVTOL TIAVW O KABe UAWKS TNG
Slatoung, umopoulv va UTtoAoylotolv e edappoyr] Tou vouou tou Hook. OL Suo tdoelg, evomolouvtal
KalL guoxeTilovtal Pe TNV avtoxn Tou UALKoU (S;-8lapnkng avtoxn Kot S,-avtoxn Slatunong) LEow tou
kputnplou aotoxlag Tsai-Hill [35], uwoBetwvtag €va ouvteleotn oodolelag UAKwv ¥, = 1.2.
Inuewwvetal OTL n aotoyia tou UAKOU eudaviletal ya TWWEG Kputnplou > 1, evw n pabnuatikr tou
£kdpaon Sivetal amnd tn oxéon:

02 louyl _ o?

== — 2.13
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2.3. KootoAoynon evepyeLag

ITnv evoTnTa QUTH, TEPLYPAdETAL €va TANPEG MOVIEAO KOOTOUG avepoysvvhAtplag. H avdaAuon
mepAapBAvEL pla oUyXpovn Kol AEMTOUEPH TPOCEYYLON ylO TO TTEPUYLA, EVW OITAOUOTEPEC
MOONUATIKEG EKPPAOCELG XPNOLUOTIOLOUVTAL YLO TIG EMIUEPOUG CUVIOTWOES TNG AVEUOYEVVATPLAG (TLYX.
nUpyoC, KLBWTLO TOXUTATWY Kol yewntpla). TEAOG, TAPOUCLAIETAL O UTIOAOYLOHOG TOU KOOTOUG
napayopevng evépyetag LCoE, oe SoAdapla HMA tou 2019.

2.3.1. MoVvtéAO KOOTOUG QVELOYEWNTPLAG

H BiBAoypadia €xeL mpoteivel tpla LOVIEAQ KOOTOUG, YLOL QVEMOYEVVNTPLEG. TO aMAOUCTEPO EXEL
npotaBel an’'to Wind Energy Handbook [36] kal xpnotpomnolel amAég pabBnuatikeég ekdpAOELG yLa TNV
ovaywyn Pe Baon plo avepoyevwntpla avoadopds. To dsUtepo poviélo, €xel avamtuxBel am'to NREL
[37] to 2006 (ede€nc NREL-2006) kol mpooeyyllel TO KOOTOC TwV Olopopwv TUNUATWY TNG
OVELOYEVVNTPLOC LECW NUL-EUTIELPIKWVY EKBETIKWV eKPPACEWY e BAon TNV akTiva tou dpopéa. TEAOC,
AOYW TNG MOAUTIAOKOTNTOC KATAOKEUNG TWV MTEPUYIWY, Hia mapailayn tne Sladlkaoiog KooTtoAdynaong
Tou £xet meplypadel to 2019 am’to NREL [38] (ede€rnic NREL-2019), £xel evowpatwBOel otnv mopovoa
evotnTa.

2.3.1.1. Kéotog nupyou, KIBWTIOU TAXUTATWV KOl YEVVNTPLOG

To 2011, to Wind Energy Handbook mpotelve tTnv KooToAOYNon HLOG QVEROYEVWNTPLAG UE BdAon MLlo
punxavn avadopds (n omnoia cupPoAiletal pe ref’). Ztnv mapoloA €pyacia, N MPOCEYYLON AUTH €XEL
uLoBeTNOEl yla Ta TILO OYKWSEN TUAKATA TNG AVEUOYEVWNTPLAG, SNAadH Tov TUPYO, TO KLBWTLO TAXUTATWY
KOLL TN YEVWNTPLA. TN CUVEXELD TtapatiBevTal ol LaBnUaTIKEG eKPPAOELS:

R.. Ys—u
Tower = Tower™®f [0.90 X < i;i) + 0.10] (2.14)
tip
pares
Gearbox = Gearbox™¢f 5reF g (2.15)
pores
Generator = Generator™ (2.16)

Pref()

orou, P kat £ SnAwvetal N ovopaotikh woxUg Kal teplotpodn TS LNXOVAC, EVW 0 EKOETNG maipvel Tnv
TN Ys_y = 2.16. Eniong, wg avepoyevvrtpla avadpopds Bewpeital n unxavr mou neplypadetat otov
Mivaka 2.1.
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KedbaAato 2: YmoAoyloTikd epyaleia

Nivakag 2.1: Baowég MapAETPOL AVELOYEVVATPLAG avadopdc.

Parameters
Rated power 1.5MW
Rated omega 20.5rpm
Radius 35m
Hub height 65m

Cost of components [in 2019 USA $]

Rotor 336540
Tower 208740
Gearbox 217260
Generator 139160

2.3.1.2. K6oTtog gpyotikwy, MAAUVNG, HNXavIopoU BAUATOC KAl ETUTAYUVOLOUETPOU

Mta evaAlaKTLKA TpooéyyLon €xet potabel amo to NREL-2006. Z& autr, To KOOTOG EVOC TTEPUYIOL €ival
QVAAOYO TOU PAKOUG ToU UPWHEVO oTov KUBO. ITnv mopouaoa epyacia, n Mo MAvVw TPOCEYYLON €XEL
ULOBETNOEL yLa TO KOOTOG TWV EPYATIKWY, LLE TOV EKOETN va alpveL TNV TN Vigo = 2.52.

Labor & Others = 3.898 X R&&O (2.17)

To povtélo autd (NREL-2006), mopéxel Kol HaONUOTIKEG EKPPACELS KAl VLA TIG ETMLUEPOUC CUVIOTWOEG
ToU Spopa: ARV, UNXOAVLOUOG BAUOTOG KoL 0lepoSUVaLKN Slapopdwaon TARUVNG.

hub = 5.757 X Blade Mass + 34280.61 (2.18)
pitch mechanism = 4.303 X thi'258 (2.19)
spinner = 292.65 X Ry, —4116.84 (2.20)

2.3.1.3. Kéaotog kataokeung mrepuyiou

H moAumAokn Soun twv olyxpovwv mtepuyiwv, odriynoe to NREL to 2019 otnv avamtuén evog
AEMTOUEPOUC HOVIEAOU KOOTOAOYNONG MTEPUYLWV OVELLOYEVWWNTPLWV. ITO HMOVIEAO QUTO, €KTOC amd TO
KOOTOG TWV UAIKWY KATAOKEUNG, YIVETAL PLOL EKTIHNON TWV EPYATO-WPWVY TIOU AMOLTOUVTAL, TO KOOTOG
KOTOOKEUNG KOAOUTILWV K.ATL. Ev TOAAOLG, otnv mapouoa epyacio €xel uloBetnBel n Mo mavw
npoogyylon. H mapaAlayn auth, meptAapBAavel Tnv opadomnoincn Twv avaAWolUwy O TPELG KATNYopieg
KoOw¢ Kot amAomolioelg SLapopwy EKTIHACEWY Kal Topadoxwy, OMwE yLa tapadelypa n StakpLlon Twy
KOAAWV 1ou Tpoopilovtal yia To KEAUGOG Kol TouC LoToUC.
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KedbaAato 2: YmoAoyloTikd epyaleia

—— wall boundary === nose c—== |leading = tail — web
== mold oo Caps trailing == tail.v === adhesive
"sandwich" structure
L BIAX |

IxAMa 2.6: H PBlopnxavik KATAOKEUN Twv olyXpovwv Trepuyiwv Baoiletal otn
povtehomnoinon VARTM kat mepAapBAvel TNV TomMoBETNON OTPWOEWY UAAOVNUATWY UE
pelypa pntivng kat KOAAG og KaAoUTLa.

Ta mteplyLa TWV CLYXPOVWVY AVELOYEVVNTPLWY AOTEAOUVTOL A0 SLOTOPEG AETTWY TOLXWHATWY, U0 N
TPLWV KeAlwv, BAEne IX. 2.6. To kéEAudog Twv Ttepuyiwy amoteAsital and dour TUMoOU “cdvtouttg”’, e
ta TRIAX, BIAX kat UNIAX va tomoBetouvtal ekatépwBev evog muprva BALSA. EToL, n ektipnon tng
padag/ko6otoug Twv UAKwY glvol g0koAn umdBeson, apkel va sival yvwotr n Soun tou Ttepuyiou.
Qot000, N KATOOKEUN TOu mtepuyiou meplthapPavel £va kahoUTL, o OyYKog Tou omoiou Bewpeital otL
glval ioo¢ pe to ABpolopa TOU OYKOU TWV MPWTOYEVWY UALKWY TTOAAOTMAQCLOCUEVO £TTL €éval peiov TO
kKAdopa dykou kaBe UAKOU:

Vinatrix = Vfiberglass X (1= Fgy) (2.21)

Me Bdon to okitoo tou Zx. 2.6, paivovral Ta onpeia omou edpappoletal n kOAa. Etol, Aappavetal pLa
2D emudpdvela 70mm X 7mm, MPAYyHOTOTMOLWVTOC E TOV TPOTO AUTO MLO EKTIUNCN TOU KOGTOUG TNG
KOAAQG, TIOU QUTALTELTAL YL TNV KATAOKEUH. TO OUOTNUO AVTIKEPOUVIKIG TIPOOTACLAG ELVOL UTIOXPEWTIKO
Kat Bswpeitat 6t kootilel 40 $/m. ErunmAéov, to HOVTENO aUTO UTIOBETEL OTL éva {eUYOG UITOUAOVLA-
nagluddla, kéotoug 37$ 1o kGBe éva — tomoBetouvtal avd ~15cm tng mepuétpou NG pilag tou
ntepuylov. TéAog, éva oUVOAO amd OVOAWOLUO UALKA XPNOLUOTIOLOUVTAL Ylol TV KOTOOKEUR TOU
nitepuylou. Xtov Mivaka 2.2, o avayvwotng Ba Bpel Tig podnuatikeg ekbpdosel yio kobgva am’autd.

To povtélo auto £xel ouykplBel pe to NREL-2019 kal BLpAloypadikég avadopég (BAEne AyyAko Kelpevo
™¢ StatpiPng), amodeikviovtag TNV UPNAr TLOTOTNTA TOU HOVTIEAOU, TIOPA TLG OTOLEG OUTAOUCTEUOELG.
Qotooo, kavéva Hovtédo Sev elval oe B€on va TOPEXEL ULl EKTIUNGCN TOU EMUTAEOV KOOTOUC TIOU
TPOKUTITEL art’ TNV edappoyn TEXVIKWV Ttadntikol eAéyxou. Mo mapadetypa, Sgv pumopet va umohoylotei
10 KOOTOG TNC TOMOBETNONG TOU HOVO-KATEUOUVTHPLOU UALKOU UTIO ywvio, oUTE TO KOOTOC KATOOKEUNG
KUPTWV MTEPUYLWV.
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KedbaAato 2: YmoAoyloTikd epyaleia

Nivakag 2.2: KootoAdynon avaAWoLWY UALKWV.

avoAwoiua

Nonsand
tape

Chopped
strand

Tubing
Tacky
tape

Masking
tape

Peel ply

Tackifier
adhesive

Release
agent

Flow
medium

Chop
fibers

White
lightning

Hardener

Putty

Putty
catalyst

padnuotikn oxéon EVOEIKTIKEC TLUEC

Proportional to R;;;,

9 * Roll Width * Ry, * Unit Cost Roll Width = 0.127m
1 — waste Unit Cost = 1.67 $/m?
waste = 10%
Riip * Mass/Unit Length * Unit Cost Mas/Unit Length = 0.037 kg/m
1 — waste Unit Cost = 2.16$/kg
waste = 5%
Length/Blade Length * Ry, * Unit Cost Length/Blade Length = 5m/m
1 — waste Unit Cost = 0.23$/m
waste = 5%
10 * Ry, * Roll Cost Roll Cost = 21.22$/roll
Roll Length * (1 — waste) Roll Length = 3.5m
waste = 5%
Ryip * Roll/Length * Roll Cost Roll/Length = 0.328m
1 — waste Roll Cost = 5.50%/roll

waste = 10%

Proportional to 4,145

Amouas * Unit Cost Unit Cost = 1.94$/m?
1 — waste waste = 15%
V.Bulk/Area * Ay 145 * Unit Cost V.Bulk/Area = 3.1 x 1073 m3/m?
1 — waste Unit Cost = 6762.8$/m3
waste = 5%
V./Area * Apoiqs * Unit Cost V./Area = 2.57 X 1075 m3/m?
1 — waste Unit Cost = 15691.82$/m3
waste = 5%
0.70 * Ayporas * Unit Cost Unit Cost = 0.646 $/m?
1 — waste waste = 15%

Proportional to A,,,;

Mass/Area * Ay * Unit Cost Mass/Area = 0.00976 kg/m?
1 — waste Unit Cost = 6.19%/kg
waste = 10%
V./Area x Ay * Unit Cost V./Area = 2.04 x 10~° m3/m?
1 — waste Unit Cost = 3006.28 $/m3
waste = 10%
Tubes/Area * Ay * Unit Cost Tubes/Area = 0.012 #/m?
1 — waste Unit Cost = 1.65$/tube
waste = 10%
Mass/Area Ay, * Unit Cost Mass/Area = 0.0244 kg /m?
1 — watse Unit Cost = 6.00$/kg
waste = 10%
Mass/Area  Agyye * Unit Cost Mass/Area = 0.00488 kg /m?
1 — waste Unit Cost = 7.89%$/kg

waste = 10%
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KedbaAato 2: YmoAoyloTikd epyaleia

2.3.2. Extipnon LCoE

JUudwva pe to [39], to LCoE umopel va urtoAoylotel and tn oxéon:

CAPEX _
—_— i

LCoF (rce + BOP)W‘F OPEX (2.21)
o8 = AEP

ormou 1o ICC dnAwvel To Kepalalouxlkd KOOTOG e Bdon To povtélo Tou Tiponyndnke, BoP otnv epyacia
aut AndOnke (oo pe 281$/kW, OPEX ocuvABwg ektipdtol oto 5% tou apykol Kedahalouxtkou
KOOTOUG Kal To AEP pmopel va umoAoylotel PHEOW OEPO-EAACTIKWY TIPOCOUOLWOEWY. Ol GUYXPOVEG
avepoyevntpleg, oxebialovral yioo N = 20 xpovia Kat yLa £va TUTILKO eTLToKLo i = 6%.

2.4. MéBobdol BeAtiotonoinong

TNV evoTNTa QUTH, Yivetal pla clvrtoun meplypadn Twv mo dnuodplwyv maketwy BeAtiotonoinonc.
Juykekplpéva, Tteplypadovtat: (i) COBYLA, (ii) SLSQP kau (iii) Newton (pall pe tn oxedov-Newton, BFGS).
OL duo mpwteg pEBodoOL, eival eAsUBepa StaBoipeg and tn BLPALONKN SciPy tng Python [40], evw n
televtaia analtel Tov MPoypaApUATIONO TNC.

2.4.1. M€Boboc COBYLA

Mpokettal ywa tov Constrained Optimization By Linear Approximation (COBYLA) [41],[42] mou mapéxeL tn
SuvatotnTa €UPECNG TNG EAAXLOTNG TLUNAG HLOG OVTLKELUEVIKNG OUVAPTNONG Faim(B),B € R™ xwpig va
OTALTEITOL O UTOAOYLOMOG TWV TOPOYWYWV TNG, EVW TOUTOXPOVA ETLOEXETAL UN-YPOLULKOUG
TLEPLOPLOMOUC TNG LOPDNG Ci(B) =>0,i =1,2,..,m. O aAyoplOuog oxnUatilel yPOUULKEG TIOAUWVUMLKES
TPOCEYYIOELC TWV TIHWV TNG CUVAPTNONG Faim(l_))) KOl TWV CUVOPTHOEWV Ci(E) he mopepUPOAn petaly
Twv Kopudwv evog xwplou simplex. Me Tov 6po simplex n Slootdcswv meplypadetal £va KUpTo
nepiPAnua n+ 1 onueiwv, 6mou n o aAplBUOg TWV UETAPANTWY TNG QVILKELMEVIKAG ouvaptnong. O
oAyOpLOUOC amaltel oL TIHEG TNC oUVAPTNONG Faim(l_))) VO UImopouV va uroAoyLotouv os KaBe kopudn
Ejj =0,1,...,n &vog un ekpuliopévou simplex Sldotaong n. Auto EMLTPENEL TNV EVPEON HOVASIKWV
YPAUpIKWV cuvaptioewy F ka €, i = 1, ..., m mou mapepuBAANOVTAL OTNV AVTIKELUEVIKH GUVAPTNON KoL
TOUG MEPLOPLOKOUG OTIC 1 + 1 KopudEC. To MPOPANUA eUPeonG TNG EAAXLOTNG TR Tpooeyyiletal £tol
ME €va TPOPBANIA YPAUULKOU TIPOYPOUUATIOMOU TNG LOPNG:

min Faim(D) (2.22)

st CG(b)=0,i=12,..,m
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KedbaAato 2: YmoAoyloTikd epyaleia

2.4.2. M€Bodog SLSQP

H avtipetwnion npoPAnudatwyv BeAtiotonoinong Ue UeEYAAo aplOpd TApAUETpWY KAl N avaykn
CUMTILEONG TOU UTIOAOYLOTIKOU KOOTOUG, KaBLoTd amopaitntn tn Xpron TEXVIKWY Tou otnpilovtal oto
Slavuopa tng kAlong. Tétoleg pEBodol £xouv amobelxBel otnv npaén nwg e€acpaiilouv tn otabepotnTa
KoL 08NyoUV o€ CUVTOUOTEPO XPOVIKO Slaotnua otn BEAtiotn Avon. H oxetikr BLBALoOnkn tng Python,
TapEXEL pLa e€alpeTIKA dnuodIAn TexVik, Tn Sequential Least Squares Programming (SLSQP) mou £xel
npotaBel apyikad am’'tov Dieter Kraft to 1963 [43]. H pébodog autr), eAaxlotomolel pla ouvAptnon
TOAWYV PETABANTWV LE OMOLOVEATIOTE CUVOUOOUO Opiwv, MEPLOPLOUWY LOOTNTAG N/KaAl avIoOTNTOG.
‘Etol, To MPOBANUA UN-YPAUILKAG BEATIOTOTIOINGNG, EXEL TN YEVIKN Hopdn:

min Foaim(D) (2.23)

s.ti Gi(b)=0,j=12..k
Gi(h)=0,j=k+1,..,m
E’l;ower < Bi < B;‘pper,i =12,..,n

omnou b amotelel to Stavuopa (pey£Boug n) Twv petaPAntwy BeAtiotonoinong, m eival to mMARBoC Twy
TIEPLOPLOUWVY aVIOOTNTAC KaL k gival To mANB0oG¢ Twv MEPLOPLOUWY LOOTNTAC.

2.4.3. M€Bodog Newton kat axedov-Newton

H moapadootakn péBodog Newton, otnpiletal otnv Wéa OTL TO OKPOTATO OnUeio plag s€iowong
(eAdyoto, MéyLOTO, ONUElD KAWTAG), Xapaktnpiletal amo pNndevikn TLUR OTNV TMPWTN TAPAywyo.
JUVETWG, 0G UTOBECOUNE TNV TPOCEYYLON MLOG CUVAPTNONG ME TNV TETPAYWVIKI CUVAPTNON TNG
HopdNG:

- 1 - - -
Faim(b) = 5b"Ab+B"b +a (2.24)
H npooéyylon tn¢ Héow tnG oelpdg Taylor, €xeL tn popodn:

- - - - - 1 - - T - - -
Faim(b) = Faim(b.) + VFqim(b.)(b — b.) + E(b —b.) V2Fym(b)(b —b.) + - (2.25)

o, n
*

Omou o Seiktng SnAwvel To onpeio avapopdg Kat xwplg Seiktn UTOSELKVUETAL £Vl YELTOVIKO OhUElo.

‘Etol, n 6eUTePN MAPAYwWYOC EXEL TN HOpDN:

> - b, o > - - -1 .
VFaim(b) = VFim(b,) + V2Faim(b.) (b — b.,) = b = b, — [V2Fain(b.)] ~VFuim(b.) (2.26)

TNV MEPIMTWON TIOU N CUVAPTNON £lval TETPAYWVIKAG Hopdng, amatteital éva povo PApa ylo tnv
gvpeon t™Ng Along. e Slodopestikn TepiMTwon, oamaltouvtal emavalfPel HECW TNG AVASPOULKAG
oxéong:
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- S - -1 -
by = by — My [VzFaim(bk)] VFaim(bk) (2.27)
P

omou o deiktng “k” dnAwveL tov aplBud tng emavaAnng kat to Stévuopa p kaAeitat “katevBuvon”.

levikd n péEBodog¢ Newton, Bewpeital pla mapadoolokn Texvik PeAtiotonmoinong mou omavia
XPNOLUOTIOLELTOL OTLC HEPEC Hag, AOyw Tou uPnAol UTtoAoyLloTikoU KOOTOUG ekTipnong tou Eoolavou
untpwou (&nAadn tng mocoTNTAC VzFaim(Bk)). H BBAoypadia £xel mpoteivel Katd KalpoUG, TIOAAEG
eVOANOKTLKEG Ttpooeyyioelc. Mia oAU Snpoddng maparlayn tng peBodou Newton, sival n TeXVIKN
Broyden-Fletcher-Goldfarb-Shanno (BFGS) mou mpotd®bnke to 1970 [44-47]. ZVpdwva pe auth, o
UTtOAOYLONOG Tou Ecolavol untpwou (yia amAdétnta cupPoliletal Hy, ), umoloyiletal pe Bdon to
UNTPWO TOU TIPONYOULEVOU BUOTOG LECW TNG AVASPOLKNG OXEONG:
- _ o HSSiH | Yk
Hyy1 = Hy = —57—> ~T =
Sk HySk Vi Sk (2.28)

s.t. Sty >0
H mo mavw oxéon, amaltel plo apykn ektipnon tou Eoolavol PUNTPWOU KATA TO Onuelo ekkivhong.
AUTO pmopel va ylvel, eite pe Tov UTIOAOYLOUO TOU OTO TIPpWTOo Bripa tng dadikaoiag BeAtiotonoinong

(eav eival evkolo KaATL TETOLO) €ite TMOANEG POPEG XPNOLUOMOLEITAL OMOLOGOATIOTE BETIKA OPLOUEVOG
Tivakag (r.x. o povadiaiog).

2.5. NepBarov BeAtiotonoinong

Ehaylotonoinon tng ouvaptnon f({wvs, v4}, {cs, ca}) ne petaPAntég oxedlaopol v, 14 Kal oTtabepég
TILPOUETPOUG Cg, €4, E TOUG YEWUETPLKOUG TIEPLOPLOUOUG:

ga(vn) < 0,g5(vs) < 0,8y r(vy,v5) <0 (2.74)
KOLL TOUC TTEPLOPLOUOUC PopTIWV:
f)s(’lYA,’lY_g) <0, fw/g"(’lYA,’U’_g‘) <0 (275)

omou pe tov beiktn A SnAwvovtal oL 0EPOSUVOUIKEG TIOPOAUETPOL KOL HE S Ol KOTOOKEUOOTIKEG
TIOPAUETPOL. H QVTIKELHEVLKI) ouvapTNnon f Unopel va elval elte n ocuvoAKn HAla TNG AVEUOYEVVATPLOG,
elte to LCoE.

H Sladwkaoia, mepthappdavel €éva oUVOAO UTIOAOYLOTIKWY €PYOAELWV TIOU €XOUV TOPOUCLAOTEL OTO
keddAalo auto. H avdluon tng €owteplkng SOUNAG TwV TTEPUYiLWY, TOOO ylo Tov KaBoplopd Twv
MNXOVIKWV LOLOTATWY KABE SLOTOWNG TTOU CUVBETEL TO MTEPUYLO TNG AVEUOYEVVATPLAC (UNTpwa palog Kat
Suokapdiag) 600 Kal N avaluon Twv Tdoswv (LE€ow Tou Kpltnpiou Tsai-Hill), mpayuoatonoteital pe to
gepyoheio avaluong Slatopwv. H aepo-gAACTIK TIPOCOMOLWON TNG MNXAVAC Ylo TNV EKTMNCN TWV
doptiwv mou avamtvooovtal oe Sladope cuvONKeg AslToupylog, TPAYHUATOTMOLETOL UE XPron Tou
erAUTN hGAST, eV n KOOTOAGYNGN TNC LNXAVAC TIPAYLOTOTOLE(TAL LE TO HOVTEAO TIOU £XEL Tieplypadel
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otnv evotnta 2.3. Ta Backd XapaKTNPLOTIKA TNG OVEUOYEVVHTPLOC OMWCE €lval n Kotavoun Xopsng Kat
ocuotpodnc, mpooeyyilovtal pe KaumUAeg Bezier. Itov mupnva tng Stadikaoiag oxedSlaopol, BplokeTal
pLa art' T peBodoug PeATIOTONOINONG TOU GUVAVTNCOE OTNV TIPONYOULEVN EVOTNTO KAl OKOTIOG TOU
givat o xelplopdg twv petapAntwy oxedlacpol/BeAtiotonoinong.
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/ I —_
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— _ - -~
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IxAna 2.7: Araypappa Stadikaciog oxedlaopol Kal BeAtioTonoinong.
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KedbaAato 3: EAaylotonoinon palag dpopéa avepoyevvntplag 10MW

KedpaAaro 3

3. EAaylotonoinon palag dpopea
avepoyewntpLlac 10MW

O 0TOX0G KOTAOKEUNC QVELOYEVVNTPLWY TIOAD HEYAANG Loxuoc (> 20MW) Kal n cupmieon Tou KOOTOUG
™G MapayOuevnG amo autég evépyelag (Levelized Cost of Electricity - LCoE), oe emineda xaunAotepa
amd TIG OUMPATIKEG TNYEG €VEPYELAG, MMOPEl va emteuxBel POVO HEOW VEWV TEXVOAOYLKWV
ovakoAUPewy Kol TNV ULOBETNON KAWoTOpwv WOewv, oL omoleg Ba KaBLoToUV TI( OVELLOYEVVNTPLEC
ehadpltepeg Kal ¢pONVOTeEPeC. TETOLEG KOLVOTOWEG LOEEG, £XOUV ATMOOXOANOEL Ta TEAeUTAld XpoOvLIO TNV
ETILOTNHOVLKN KOLWVOTNTA KUPLWC HEOW TNG OVATTUENG TEXVIKWY eAéyxou doptiwv. Ol TEXVIKEG AUTEC,
Slokpivovtal oe duo KoTnyopieg: TOv MAONTIKO KAl TOV EVEPYNTLKO €AEyX0. IKOTOC TOU KedoAaiou
autoU, elval n mapouciacn TETOLWY TEXVIKWY e Wolaitepn éudaaon otnv edappoyn madbntikwv pebodwv
eAéyxou doptiwv — KATL TTOU Ta TeAeuTtaia xpovia €xel MPOCeAKUOEL To evlladEpov Tou KAASOU NG
QaLOAKNG evépyelag. H epyaoieg [48] kat [49], éxouv amodeifel mwe n edappoyn TEXVIKWY mabnTikol
€ANEYXOU MMOPEL va HELWOEL ONUOVIIKA Ta okpaia ¢opTia mou avamtlooovtol OTOo TITEPUYLO TNG
OVELLOYEVVNTPLOC, TOOO KATA TN SLdpKeLla TG Aettoupyiag TnG 000 Kal Katd Th otddusucon tne (ouvenkeg
£KTOG Asttoupyiag). H mapamdvw peiwon twv doptiwy, emtpénel tn xpAon Alyotepng HAlog UAKWY
KATAOKEUNG, Teplopilovtag £tol tnv Kedpalawovyiky Sarmdavn (CAPital EXpenditure - CAPEX) kot
KO EMEKTOON TO KOOTOG evépyelag. Me Baon to meplparlov oxedSlaopou kal BeAtiotomoinong mou
neplypadnke oto TEAOG Tou Tponyoluevou kedalaiou, €xel avamtuxBel kal mapouclaletal ot
OUVEXELX ULlot OAOKANpwHEVN Sladlkacio peiwong Tou TAXOUG TWV TOXWHATWY TWV TTEPUYIWV
avepoyewntplag. TéEAog, mapouolalovial TPELG EhapOYEG OL oToleg e¢eTtalouv Ta meplBwpla pelwong
™G Hadag Twy mrepuyiwy, metuyaivovrog pa eAddpuvon 8 — 10%.
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3.1. Evepyntikog kot madnTtikog Eleyxog poptiwv

OL 1o ouvnBLopEVEG TEXVIKEG eAéyxou doptiwy, Bacilovtal oTig evepynTkéG LeBdSoug. EvepynTikog
£\eyxo¢ pumopel va mpayuatonolnBei eite pe tn puBuon tou Brparog (Individual Pitching Control - IPC)
[10], elte pe xpnon peta-mrepuyiwv (Individual Flap Control — IFC) [50]. Tétoleg texvikég, Bewpouvtal
mAéov Sokilpaopéveg, adol €xouv Nén efetaotel amod OSadopa €PeuVNTIKA TIPOYPAUUATO Kol
dnuootevoelg [11] - evw £xouv ePpapUOCTEL KOL OE EUTIOPLKEG AVELOYEVVNTPLEG [51].

ATUTnV GAAN, oL maBnTikég pEBodol eAéyxou doptiwv Exouv meplypadel am’tnv MLOTNHOVLKY KOWwoTnTa
pEéow Tou Opou “Aegpo-shactik Alopdpdwon” (Aero-elastic Tailoring — A/T). H A/T Baoiletat otnv
KATAAANAN Slapopdwon TG YEWUETPIOC Kol TWV KOTOOKEUOOTIKWV/UNXAVIKWY LOLOTATWY TWV
TITEPUYLWY, UE TPOTIO WOTE O£ GUVOUOOUO Kol UTO TNV emiSpaon tng agpoduvapikng dléyepong va
gTLTUYXAVOVTAL pelwpéva doptia. To Bépa tng A/T kaL n edpapuoyrn TNG OTIC VEEG UEVAAEG
OVELOYEWNTPLEG, OTO TAaiola evOog OAloTikoU meplBalhovtog oxedlacuol TTeEpUYLwY, €lval €va
WBLattépwe mikatlpo medio tng olyXPOVNG EMLOTNHOVIKAG £PEUVAC KOL yLa ToV AOY0o auTd amotEAEcE Kol
omoteAel QVTIKEIUEVO TOAAWV E€PEUVNTIKWY TIPOYPAUUATWY Ta teAeutaia xpodvia [21],[52] kat [53].
Mevikd ot peBodol A/T (BTC r)/ka FEC), uropolv va Stakpltbouv og Suo Katnyopieg:

e Baosl UAKWV: pmopel va emiteuyBel pe TNV €lcoywyn KATtAAAnAng ywviag otnv koatevBuven tou
povo-kateuBuvtrplou UAWKoU mou Pploketal otnv meploxn twv ‘Kamokiwy' (BAéme IyxAuo 3.1),
EMNPEAGLOVTOC LLE TOV TPOTIO AUTO TNV AVIOOTPOTILA TOU TITEPUYLOU.

e Bdaosl yewpetplog: 1000 TO €£WTEPIKO OXNUO TN TITEPUYAC O0O0 KAL N €0WTEPLKA TNC YEWUETPLA,

glvatl Suvatd va MPooapUooToUV e TETOLO TPOTIO WOTE VO EMITUYXAVOVTOL HELWPEVO dopTio Kal
TEPLOPLOUEVEG TaAQVTWOELS. Etol, €xouv mpotobel mteplylol QAVEUOYEVWNTPLWY HE KATAAANAN
KUPTOTNTA (sweep) Kal petatomiopéva ‘Kamakia’ (BAéne IxAua 3.2).

tip

I TRIAX N UNIAX
BIAX BN BALSA

~ .
~

Chord plane\ N

Ixipa 3.1: Ewoaywyy otpodng oto povo- ZIxAua 3.2: Tewpetpikd FEC. ITo MAvVWw HEPOG
katevBuvtiplo UAWkO (UD), mou PBpioketal ota daivetal n Siatopn avadopdg, evw OTO KATW
‘karakwa’ - BTC. HEPOG N UETOTOTLON TWV ‘KOTTAKLWV .
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O oXedlaoUOC TWV TITEPUYLWV ULOG AVELOYEVVNTPLAG, KaBopileTal amno ta ¢popTia mou mpokUITouV Uno
oKpaieg ouvbnkeg avépou (Design Loads Cases - DLC), cUpdwva pe to mpotumno IEC 61400-1 [29]. H o
Kown mnyn tétowwv doptiwy, elvat oL cuvBnkeg évtovng tupPng avépou (DLC-1.3), BAene Napdptnua A
Tou AyyAlkoU Kelpévou. Juudwva pe tnv unapyouvoa BiBAloypadia [53],[54], oL teXVIKEG taBNnTKoL
eléyxou tumou BTC (Bend-Twist-Coupling) elval amoteAeOUATIKEG YLl TNV QVTLETWITLON/avakoUdLon
Twv akpaiwv ¢optiwv mou avamtlocovtal o TETOLEG ouvOnkes. Mapd TAUTO, UMAPXOUV Kal
TIEPUTTWOEL OTIOU Ta MEYLOTA dopTio Tapatnpolvtal OTav N HNXavikn ivol otabulopévn (ektog
Aewtoupylag) kat oe katdotaon “pelavtl” (DLC-6.x). Meléteg €xouv amodeifel mwe Ta peyalluTtepa
doptia mapatnpouvvtal o MAeuplkoUg avépoug ywviog [—40°, —15°] 4 [+159,+40°] [25]. Mwa Abon
OTO TIlO TAVW TIPOPANUaA, eival n evioxuon tng anooBeong Tou MIepUYiou pEow ouleuéng Twv Suo
kateuBuvoewv mreplyLlong kot meplotpodng (Flap-Edge-Coupling - FEC) [55].

3.2. M€Bodoc¢ peiwaong palag mrepuylwv — epappoyn SOUKAG TOAU-TIESLAKNG
BeAtiotonoinong
H Swadikaola pelwong tng pAlog Twv TITEPUYLWV avepoyevvrtplog, meplhappavel Suo Bpoxoug. O

SLOXWPLOPOC TNG SLadLkaoiag, ETUTPEMEL TOV XELPLOUO ULKPOTEPOU MANB0oUC petaBAnTWY oxeSlaopuol Kat
TN CUUTILECN TOU AMOLTOUEVOU UTIOAOYLOTIKOU KOOTOUG.

e Tov efwiepkd Bpoxo, xewiletal o PeAtiotomolntig kot KoaBopilel TG PaolkEG HeTAPANTEG

oXeSl0opoU afLOAOYWVTOC TN OUVAPTNON KOOTOUG. 2TIC £hOpPUOYEC TOU akoAouBoulv, KUPLEG
HeTABANTEC oxedlaopol amoTeAoUV Ol YEWETPLKEC TTAPAUETPOL Tou BTC (M.X. Ol KATOVOUN YWwViog
TOU povo-KateuBuvTtrpLou LVALKOU), evw ocuvaptnon kdotoug Bewpeital n mooootlaia peiwon tng
padag tou mrepuyiou, og oxéon Ue To TtepUyLo avadopdc.

e Tov gowteplkd PBpdyo, amoteAel plo emavoAnmriky Stadikacio mou Kabopilel TG TWEC TwWV

Seutepevoucwy petoPAnTwWyY Tou TpoPARuatoc. Me Tov Opo Seutepslouceg HeToPANTEG,
£VvooUVTaL Ol PETABANTEC TTOU OXeT{OVTAL PE TNV KOTAVOUN TOU TIAXOUG TOU TIOAU-CTPWUATIKOU
UAKOU, TIOU OUVOETEL TO TOlXWHO TOU TITEPUYIOU TNG QVEUOYEVVATPLAG. JUYKEKPLUEVA, O BPOXOC
auUTOG, avalnTacel TG EAAXLOTEG TULEG TOU TIAXOUG VLA TLG OTIOLEG oL PEYLOTEG TLUES Tsai-Hill eival oto
1610 eminedo He TG AVTIOTOLKEC TIUEG TOU TITEPUYIOU avaPOopdC. INUELWVETAL, OTL OTLG EDAPUOYEG
Tou akoAouBoUv €xel umoteBel pia opolopopdn avaroyia pelwong maxoug os kabe Slatopn Tou
TTeEpUyLou.
KaBe Brua tng eowteptkng dtadikaoiag, mepthopPBavel ta €A (i) oL unxovikeég dLotnTeg Sokol Tou
nitepuylou, mpoodlopilovtal pe BAon TOoo TIG KUPLEG mapapEéTpoug oxedlaopol (m.x. n dtapdpdwon
BTC mou afloloysital) 600 kot omod ¢ SeutePeOVOES TTAPAUETPOUC (TT.X. TO XN TwV UAKwv), (i) ta
akpatia poptia MPoKUTITOUV KATOTILV 0lEPO-EAACTIKWY TIPOCOUOLWOEWY EVOG UTIO-OUVOAOU TOoU GaKEAOU
TILOTOMOLNGNG TNG QVELOYEVVNTPLOC Kal (iii) Ol KATOVOUEG TACEWV Kal Ol TWECG TOU KpLtnpilou aotoxiag
Tsai-Hill, aflohoyolvtal oe kaBe Siatoun tou mrepuyiou. Ta PAupata (i) kat (iii) mpaypatonolovvral
XPNOLLOTIOLWVTAC TO EpyaAeio avaAuong SLATOUWY, EVW OL TIPOCOMOLWOELS - SnAadn to Bnua (ii), e T
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Xpnon tou aepo-eAactikol emiAUtn hGAST. Me 10 mépag kabe emavaAnng, oL TIHEG Tou Kpltnplou
ooToXlag ouykpivovtol HE TIC OVTIOTOLYEC TIMEG Tou TrTepuyiou avadopdc Kal otnv Tepimtwon
onuavtikwv Stadopwyv Eekvasl pla véa emavaAnn Aopfdavovtag umoPn TNV KATOVOUN TWV VEWV
naywv. H Stadikaoia emavadappavetal €éwg otou emteuxBel n ouykAlon. Ailel va onuelwBel, otL ota
ntepuyla pe omotadnmote Stapdpdpwon BTC, elval amapaitntog o enava-cXeSLAOUOC TNG KATAVOUAS
ouotpodng, wWote va amokataotaBolv ol anwleleg woxvog. Ta mo mavw Bruata, meplypddovral oTo
Slaypappo pong tou 2x. 3.3.

Quolkd, To 1o xpovoBopo Tunua tg Stadlkaciog armoteAoUv oL 0EPO-EAACTIKEG TIPOCOUOLWOELG OTO
niedio Tou xpovou. Itnv mapoloa epyacia, ta akpaia poptia Aappdavovtal pe BAacn T SUCUEVEDTEPEC
OUVONKEC TIOU TPOKUTTOUV oo Tov Kavoviopo IEC 61400-1 (avepog pe €vtovn tuppn DLC-1.3, ota
13m/s), BAéne [54] kau [53]. NPOKEIUEVOU VO HELWOEL aKOpO TIEPLOCOTEPO TO UTIOAOYLOTIKO KOOTOC,
k@B mpooopoiwaon Slapkel mepimou 150sec, xpovikd Slaotnua mou Bewpeital OTL eival apkeTod yla va
OUUTEPNABEL TN XPOVLKH OTLYUA OTIOU TtapotneolVTaL Ta akpaia ¢optia.

Read STRUCTURAL &
AERODYNAMIC data of
Reference Blade

Determine MASS & STIFFNESS
BEAM properties

IEC hGAST aeroelastic
simulation of Reference Blade
calculation of extreme loads.

Determine stresses
distribution & Tsai-Hill values
over blade cross-sections

Define values of Design |
Variables (BTC angles, radial !
extend of BTC parts)

|
77777777 Blade re-twist
Determine MASS & STIFFNESS

BEAM properties e

IEC hGAST aero-elastic
simulations
calculation of extreme loads

Adjust walls
Determine stresses thickness
distribution & Tsai-Hill values

over blade cross-sections

< or = reference

Tsai-Hill check

=relerence INNER LOOP
Assess OBJECTIVE
FUNCTION
(overall blade MASS) OUTER LOOP '
|
(OPTIMIZER) |

IxAna 3.3: Aldypoppa pong ylo TNV shaylotonoinon tng palag mrepuyiou, pe Stapopdwon BTC. O
£€wTePLKOC Bpo)OG, mMepAapPBAVEL TIG KUPLEG HeTaBANTEC oxeblacpol (m.X. KaTavour Tng ywviag tou
UD UALkoU) - eVW 0 ECWTEPLKOC BPOX0C KaBopilel TNV KATOVOH TOU TIAXOUC TWV TOLXWHATWY, WOTE VAl
SlatnpnBouv ota iSla emimeda oL HEYLOTEG TWEC Tou KpLtnpiou Tsai-Hill, katd pnkog Tou mrepuyiou.
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3.3. EdappoyEg

H peiwon twv dpoptiwv mou mMPokUTITEL WG ATIOTEAECUO TNG EQAPHOYNG TEXVIKWV TaONTIKOU €AEyXoU
doptiwy, emTpenel Tn pelwon ToU MAXOUG TWV TOXWHATWY TWV TITEPUYLWV TNG AVEUOYEVVATPLAG. Me
Bdon tn Sladikacia mou €xel meplypadel otnv evotnta 3.2, diepeuvwvtal Ta MeplBwpla peiwong tng
palag Tou Trepuyiou NG avepoyewntplag DTU-I0MW RWT. Itn ouvéxela, efetalovial TPELS
TIEPUTTWOELG: i) 0 OXESLAOUOC KUPTWV TITEPUYLWV (sweep), ii) N TUNUATIKA €l00ywyn ywviog oto povo-
KOTELBUVTAPLO UAIKO TwV ‘Kamoklwy' Kal iii) n swoaywyn ywviag oto povo-kateuBuvtrplo UALKO
Ttepuyiou mou dépel otabepd mabntiko €Aeyxo oUlevéng kappewy mreplylong Kat meplotpodng (FEC
3%) — ouvbuaopog BTC kot FEC.

3.3.1. Melwon palag Spopéa, HE T Xprion KUPTWV TITEPUYLWV

MapoAo mou éva teplyLlo Aoyw KUpTwong Ba mapouaciale peyaAlTepo UNKog, evtoUToLg N avakoUdLon
TwV GOPTIWV ETIUTPETEL TN UELWGN TOU TIAXOUG TWV TOLXWUATWY Tou, Pe Baon tn Stadikaoia mou €xel
nepypadel otnv evotnta 3.2 kat oto XX. 3.3. H duvatdtnta xprong TETOWWV, KUPTWV TTEPUYLWV
g€etaletal otnv evotnTaA QUTH.

3.3.1.1. Avalrtnon “xwpou” kat BeAtiotornoinon, yia Kuptd mreplyla

ApxLKa mpaypatomnoleital pLo Stepelivnon Tou xwpou AUoswy, e€eTalovTag TIG TIHEG TOU AKPOTTEPUYIOU
Stip, 0T0 Stdotnua [0 — 8m] pe Bdon v e§iowon:

2

r

sweep = Sy, (R_> (3.1)
tip

2updwva pe tov Mivaka 3.1, n peyoAUtepn peiwon LALOG eMTUYXAVETAL Y Sy = 6m (oTo €676 Ba
kaheital ‘sweep-6m’). Napatnpeitat 6Tt KABWG au§dvetal N T TOU Stip, N KAUYN Tteplylong (flap-
wise moment) ¢aivetal va peLWVETAL - VW N pomr otpédng (torsion moment) mapouoidlel avénon.
AvtiBeta n kapyn otnv katevBuvon meplotpodnc (edge-wise moment), Sev mapouvolalel cadr taon.
To yeyovoc auto, odeiletal oe Suo mapdayovtec: (i) 0To oUVOALKO HAKOC Tou mTepuyiou kat (i) otnv
EKKEVTPOTNTA TWV TUNHATWY TOU MTEPUYioU og oxéon pe tov afova Prpatog. H pomr otnv katevBuvon
TePLOTPOPNG (edge-wise moment) LELWVETOL ylal METPLEG TIHEG Sty (EWG Kal 6mM) WG AMOTEAECHA TOU
UELWHEVOU TIAXOUG TOLXWHATWY, VW aufAveTal yla HeEYOAUTEPES TWEC. S0udwva pe Tov Pavese [56],
Sladopec Sapopdwoelg trepuyiou £xouv aflohoynOei, AapBavovtag Tpelg mapapétpous oxedlaouou:
(i), To onueio ekkivnong tng kUpTwong, (i) N péylotn amdkAon TnS KUpTWOoNC Kot (iii) N MPoC Ta EUMPOG
KUPTWON TOU TtepuUylou. XTnv Tmapovca esdapuoyr, €EETAOTNKE WIOL QVTIOTOLXN TIPOCEYYLON
XPNOLLOTIOLWVTAG KAUTIUAEG Bezier Te000pwV ONUEIWV EAEYXOU (LOATIEXOVIWV WG TPOC TNV OKTLVLKN
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Béon). Duotkd, otn pila tou mrepuyiou Bewpeltal PNdevikn KUPTOTNTA KAL YLO AUTO Ta TpwTta Suo
onpeia éxouv tomoBetnBel otov Gfova Pripatog. Kipleg LeTaBANTEG oxedlaopuol Tou TpoBANUATOC,
€xouv BewpnBel oL ouvtetayuéveg Twv Suo TeAeutaiwv onpeiwv (v, kaL v, oto Ix. 3.4), evw TO TAX0G
TWV TOLXWHATWY Tou Tttepuyiou kaBopiletal amo tov ecwTePLKO Bpoxo (deutepeliovoeg LeTOPANTEG) TOU
Slaypdppotog oto X. 3.3. AVTIKELUEVIKN cuvaptnon Bewpeital n cuvoAikr palo Tou MTEPUYioU, EVw N
BeAtiotomnoinon Baoiletal otnv mpocéyylong BFGS.

Nivakag 3.1: Enidpacn kuptoétnTag otn pala Kot ta poptia mrepuyiou.

Stip[m] Blade mass [kg] Flap-wise [kNm|] Edge-wise [kNm] Torsion [kNm]

0 40089 69256 23237 384

1 -0.67% -0.26% -2.12% +34.83%
2 -1.34% -0.73% -3.37% +137.03%
3 -1.99% -1.39% -4.00% +271.58%
4 -2.72% -2.17% -4.16% +405.12%
5 -3.62% -3.06% -4.19% +530.87%
6 -3.74% -3.93% +1.38% +662.68%
7 -2.18% -3.92% +0.39% +805.72%
8 +0.11% -4.04% +12.26% +961.98%

H texvikn BeAtiotonoinong BFGS, amattel Tov umoAoyLopo Tou apxlkol Untpwou tng Eoolavrg. MoAAEg
$OpPEC TO UNTPWO AUTO UTIOAOYIZETAL XPNOLLOTIOLWVTOC TIEMEPAOHUEVEG SLPOPEG, EVW LA TILO QTTAN
TPooEyylon eival n xprnon tou povadiaiou mivaka. ¥to mopddelypa autd, £xel uloBstnBel n mpwtn
T(POOEYYLON, XWPIC OUWC TOoV UTIOAOYLOMO TwV eKTOC-Olaywviou Opwv. Ito XX. 3.4, mopoucotdletal to
BéAtioto oxnua (ede€ng ‘sweep-opt’), to omoio eival katd 8.6% shadpltepo oe OXEON LE TO MTEPUYLO
avadopdg.
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IxAna 3.4: Alapopdwon KuptotnTag yLo: (i) mrepuylo avadopag, (i) sweep-6m kat (iii) sweep-opt.

3.3.1.2. Niotomnoinon twv dlapopbwaoswy sweep-6m kol sweep-opt

H emaAnBguon MpoyUOTOMOLEITAL LECW EVOG AVIUTPOOWITEUTIKOU KOl EKTETOUEVOU UTIO-CUVOAOU QEPO-
ENAOTIKWV TIPOCOUOLWOEWY, HE Paon to IEC 61400-1. H afloAoynon, mepllapfdvel éva €Upog
TOXUTATWY aVEUOU OMOU cuykpivovtal ot Vo Slapopdwoelg (sweep-6m Kal sweep-opt) og oxéon Ue T
anoteAéopata Tou Trepuyiou avadopdc. Xto ). 3.5 mapouclaleTal n cuvioTapévn pomr Kaudng otn
pila tou mrepuyiov, evw oto ). 3.6 daivetal n pormn otpéPng. Ta anoteAéopata £Xouv MPOKUYPEL HEOW
pwv 10min MpoocOUOWWOEWY aVvEUOU, HE okpaia TUPPn (DLC-1.3). Kat ot 6uo Slapopdpwoelg
MAPoucLAlOUV ULIKPOTEPN CUVLIOTOUEVN POTIH, HE TN HeyoAUTeEPN Helwon va mapatnpeital oto oxedlo
ntepuylov mou mpoékuPe amo tn dadikaoia BeAtiotonoinong. Mapatnpeital avakoludlon otn pomn
kapdng oe kaBe taxlTnTO AVEUOU, UE TN HEYOAUTEPN HElwoN va emLTtuyXavetal ota 25m/s ya
oxeblaotikn Stapdpdwon ‘sweep-opt’. Onwe avopévetal, onoladnmote KuptdtnTa odnyel os avénon
™¢ pormng otpéPng. Qotdoo, To BEATIOTOMOLNUEVO OXHHO TIAPOUCLAlEL pa Tito Arita avénon, e€attiag
™G ‘MPOG-TA-EUTPOC KUPTWONG TOU ECWTEPLKOU TUAUATOC. Ma mopddelypa, yla TaxUTnTa avEUOU
13m/s, to sweep-6m napoudtalel o avénon 509% otn ponr otpEPng - evw n sweep-opt 364%.

H kuptotnta Sev €xel amoteA€éoel LEPOC TNG Epeuvag Tou Kedpalaiou 4, yla Toug £€ng Adyouc:

® N KUPTOTNTA WIMOPEL va EMNPEACEL TN CUUMEPLDOPA TOU TITEPUYIOU WG TIPOG TOV AUYLOUO, 0 omoiog
Sev efetaletal otnv Mapovuca epyacia.

e TO PoOVTEAO KOoToug Sev mepthapBavel To kd6aoTog: (i) Tou KuptoU KaAouTiou, (i) kataokeunc ko (iii)
HeTadOPAC KUPTWV MITEPUYIWV.
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Ixua 3.5: Juviotapévn pomn otn pila mrepuyiou, ZxAMa 3.6: Pomr otpédng otn pila nrepuyiou, yla
ylia Siadopeg toxutnteg aveépou: (i) mrepuylo Sadopeg taxvtnteg avépou: (i)  mrepLylo
avadopadg, (ii) sweep-6m kal (iii) sweep-opt. avadopag, (ii) sweep-6m kal (iii) sweep-opt.

3.3.2. Meiwon palag Spopéa, pe xprion Texvikwyv BTC

Afloloyouvral n ywvia otpodnc tou povo-kateuBuvtiplou uAkou (BTC) kal to onpeio ekkivnong tng,
pe otdxo TN “yaptoypddnon” tou mediou twv mBavwyv AVcswV Tou poPBARUATOC eAaxloTonoinong tng
palag mMTEPUYIOU aVEUOYEVWNTPLOC. XTN OUuVEXela, pe Pdaon tn Sadikacia BeAtiotomoinong mou
eplypadnke otnv evotnta 3.2 kat oto Xx. 3.3, SlEpEUVATAL N TUNMATLKA EL00YWYH ywVviag oTo povo-
kateuBbuvtiplo UAWKO, alomowwvtag tov PBeAtiotorointry COBYLA. H peAETn OAOKANPWVETAL PE TNV
TANpN afloAdynon Twv BEATIOTWY oXediwv Tou £xouv TPOKUEL, TOCO WE TTPOC Ta akpaio doptia 660
KoL WG Tpog ta poptia KOMwaonc.

3.3.2.1. AvaZrtnon “xwpou” kat BeAtiotonoinon, ya rtepuyla e BTC

Mua mpwtn ektignon tng duvatdtnrog peiwong tng palag Twv nrepuyiwv BTC ¢aivetal oto aplotepd
Siaypappa tou Ix. 3.7, omou aflodoyouvtal Tpelg ywvieg (52, 7.5° kat 10°) tou povo-kateuBuvtrplou
UALKOU. EkTOg amd tnv enidpaon tng ywviag, oto o dtaypapua afloloyeital To onpeio ekkivnong,
adol mapouoialovral 0ot ot Suvatol cuvduaopol (3 ywvieg X 20 onpeia ekkivnong) Tng elcoywyng
ywviag arnd tn pilo tou mrepuyiou, pExpL ta 2/3 Tou pAKoug tou. H pdla tou TrEpuyiou KAOe
nepintwong mou €xeL aflohoynBel, otnv MPAyUATIKOTNTA UTtOAOYIZETAL OO TOV ECWTEPLKO BPOXO TNG
Slabikaotag mou £xel meplypadel oto 2. 3.3, yla otabepég TIpéEG petofAnTwy oxedlaopol (otabepég
TWéG ywviag BTC). H péylotn peiwon sival mepimou 8% kat Aappavetal yia ywvia 7.5° Eekwvwvrag and
10 25 — 40% TOU TTEPUYLOU. INUELWVETOL OTL OL BETIKEG OXETIKEC SLOPOPEG, AVTLOTOLXOUV O al€naon Tng
palag Tou mrepuylou (oe oxéon Le TO TTEPUYLO avadopdg), onwc cuppBaivel yla mopadelypa otnv
nepintwon tng ywviag 10° n onoia katahapBdavel 6Ao To HAKOC Tou Tttepuyiou. H mapandvw avénon,
propel va attiodoynBei ar’to yeyovdg otL n otpodr) ToU HOVO-KOTEUBUVTAPLOU UALKOU GUVETTAYETOAL LILOL
g€aoBévnon otnv kavotnta TG Tépuyoc va rapalapPavel doptia, pe amotEAeoUo va amatteital n
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Xpnon HeyoAUTePNG MoooTNTAG UALKOU yla va StatnpnBolv ol TIHEG Tou Kkputnpiou Tsai-Hill ota (Sl
enineda e 1o mreplyLlo avodopdg. To Skt diaypappa tou 2. 3.7, Seiyxvel tn oUykALon TN Stadikaoiag
pelwong tng palog. Awamotwvetal Ot amattovvtol 4 — 5 emavoAfPel; tou sowtepkol Bpoxou
BeAtiotonoinong (mepAapBavel agpo-eAACTIKEG TIPOCOLOLWOELG), £WC OTOU TITEUXOEL n oUYKALDN.

«— ply=50°
ply=T7.5"
. = ply=10.0"
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IxAna 3.7: Meiwon pddag mrepuyiwv BTC, yla Tpelg ywvieg povo-katsuBuvtiplou uAkou: 52, 7.5°
kat 10°. Ektog amod t ywvia, aflohoysital Kol To onpeio ekkivnong (kaBe onueio ot KOUTTUAEC
avtlotolyel oe Sladopetikd onuelo ekkivnong) — aptotepo oxnua. NMopeio cUYKALONG TOU E0WTEPLKOU
Bpoxou PBeAtiotomoinong, yia onueio ekkivnong=0.3 — 6eéi oynua. H pelwon tng palog,
npaypatonoleital yio ed5ouéveg oxedLooTIkEG mapapéTpoug BTC (ywvia & B€on ekkivnong) wote va
SlatnpnBel n katavoun Twv Héylotwy Twv Tsai-Hill, o ox€on pe o mrtepuylo avadopdc.

H BéAtiotn oxedlaotikn Stapopdwon BTC, MPOKUMTEL EVEPYOTIOLWVTAG KOL TOV £EWTEPIKO PpOXO TNG
peBoboloyiog mou €xel meplypadel otnv evotnta 3.2. ITn cuvexela e€eTAlovTal TECOEPLE TIEPUTTWOELG
KOTOVOUNG YWVIOC TOU HOVO-KOTEUBUVTIAPLOU UALKOU. 3TIC TPEL( MPWTEG TEPUTTWOEL, TO TITEPUYLO
Xwpiletal o€ 2, 3 | 4 tuRpata avtiotowya (to cuPBoro N dnAwvel To MARBOC TWV TUNUATWY) oTabepnG
vywviag. H tétaptn meplmtwon, meplypddel o BewpntTikl CUVEXH KOTOVOUN ywvioag, n omoia
TEPLYPADETAL A0 TNV AKOAOUON LABNUATIKN €KbPAC TPLWV TIOPAUETPWV:

r—15\"
Py (73 PWtip; 13 ¥) = PWeip [1 - (1 1= r) ] (3:2)
S

omou 1 ekdpddel TNV abldotatn aktiva Kat oL TPELG TAPAUETPOL plyyiy, T, ¥ SNAWVOLV Tn ywvia Tou
povo-kateuBuvtrplou UAIKOU OTO aKpOTTePUYLo, TV adldotatn B€on ekkivnong tng otpodng Tou
UALKOU Kal Tov ekBETn NG ouvAPTNONG OVTIOTOLXO. XTIC TPELS TPWTEG TEPUTTWOELS, WG UETOPANTEG
BeAtiotomoinong BewpnOnkav ol ywvieg kobwg kot To PRKog twv tehevtaiwv N — 1 THnpATWY - evw
otnv teleutaia mepintwon, ot petaPAntég BeAtiotonoinong mep\apBAvouV TIG TPELS TTOPOUETPOUG TNG

eflowonc EE. 3.2.
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IxAua 3.8: BéAtiotn (w¢ mpog TN pelwon palag) katavoun ywviag povo-katsuBbuvtrplou UALkoU —
apLOTEPO Slaypoupa Kol LEYLOTN Helwon palag mrepuyiwv — 8&éi Staypauua Twv Stapopdwoswv BTC
TIOU €X0UV eEETAOTEL.

310 Xx. 3.8, mapouaotdlovtal ot BEATIOTEG TIHEG TwV METABANTWY OXESLACUOU KAl N avtiotolyn T TG
OUVAPTNONG KOOTOUC (N OXETKN pelwon tg palag tepuyiou). Na N = 2, n péylotn pelwon padag sivat
8.3% yla ywvia povo-kateuBuvtriplou uAkol 6° kal onueio ekkivnong tng meplotpodrig Tou UALKOU oTo
22% tou pnkoug tou Ttepuyiou. Na N = 3, n péylotn peiwon palag avéavetat oto 10% yla ywvisg 5°
kat 7.89, Eexwwvtag and 20% kat 50% avtiotowa. Mo N = 4, 8ev €MITUYXAVETOL OUCLOOTIKG Kapia
nepALTéPw PBeAtiwon. H cuvexng KATAVOUN OTNV TIPAYHATIKOTNTA Opilel TO AVWTEPO OPLO HEIWONC TNG
nadag (mepirmou 10.5%,) evog mrepuyiou pe dlapdpdwon BTC, HE TG THHEG TWV TOPAUETPWV: Plyy =
8.36°, r, = 6.9% katL y = 2.5. Eivaw cadég, otL n nepintwon N = 3 mANoLaeL To Péyloto BewpnTIKO
0pLO, XWPLG Vo TIEPUTAEKETAL N KATOOKEUH Tou Ttepuylou. Eival emiong afloonuelwto OTL oL TWEG TwV
TPLWV MPWTWYV TIEPUTTWOEWY E(val oXESOV TUNUATIKA O0TABEPECG MPOCEYYLOELG TNG CUVEXOUC KATOVONG,
onw¢ daivetal oto aplotepo Slaypappa tou Xx. 3.8. H diatagn tng BeAtiotomolnuévng dlapopdwaong
ntepuylou yia N = 2, daivetal oto . 3.9.

Y10 XX. 3.10, mapouctaletol n BEATLOTN KATAVOWN TOU OXETIKOU TTAXOUG TWV TOLXWHATWY KOTA URKOC TOU
nmtepuylou. H avoloyia auth, UTOSELKVUEL TN HEYLOTN EMUTPEMOUEVN Uelwon Tou TAXoUuG Twv
TOLYWHATWVY Tou TItepuyiou BTC mou eMITPEMEL TN SLOTAPNON TWV PEYLOTWY TLUWV Tou Kpltnpiou Tsai-Hill
oTo eminedo tou mrepuyiou avadopds. Ito Xx. 3.11, mapouoidletal n cUYKALON TOU €wTePLKOU BpoXOoU
yla tnv nepintwon N = 2. 1o 8lo oxNua, mopouotalovtal oL TLUEG TwV HETABANTWY OXESLAOHOU KaBwC
KOL TNG OouVAPTNONG KOOToUug, ot KABe emavaAnyn mou mpayupatonowidnke. Eival mpodaveég otL
auéavovtag to MARBog Twv peTtafAntwv oxedlaopol, n PBeAtiotomoinon kabiotatal mo SUOKOAN
(amattovvtal meplocotepeg emavaAnelg). Etol, yla tny nepintwon N = 3, anmottolvral TPLAVTA-TIEVTE
enavaAqPeLs - evw yla tnv amdolotepn nepimtwon N = 2 HOVO ELKOCL-TIEVTE.
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IxAna 3.10: BEATLOTN KATAVOLL TOU GUVTEAEOTH
HETABOANG TTAXOUG TOLXWHUATWY KOTA HAKOC TOU
ntepuyiov. O cuvteAEOTHG AUTOG, yyudTal TV
eA\axlotomoinon ToUu TMAXOUC TWV TOLXWHATWY

ouVAPTNONG KOOTOUG — KATW OLOYpOoUUa TOU
efwteplkoU PBpoxou PeAtiotomoinong, yla tnv
nepimtwon N = 2.

KABe Slatopung, Slatnpwvtog Tn HEYLOTN TLUA
Tou KpLtnpiou Tsai-Hill ota dla enineda pe to

nitepUlyLo avadopac.

3.3.2.2. Notonoinon twv dwapopowoswv N = 2 kat N = 3

YTNV evoTnTa 0UTH, Tilotomolouvtal ot Suo amlovotepeg (N = 2 kat N = 3) oxeSLaoTIKEG SLapopdWOELS
BTC mou &xouv mpotabel mio mavw. H mpwtn Stapopdwon (N = 2), amotelel tnv tumikn entloyn BTC
mou ouvnBwcg Teplypadetol otn BLBAloypadia, pe plo opodpopdn otpodr oTo povo-kateuBuvtiplo
UAO amd 1o 22% Ttou mrepuyiou. H &eltepn Slapopdwon (N = 3), amotedel éva gladpwg 1o
neplmAoko OXESL0, HE ULKPOTEPN Ywvia OTO MPWTO THNMO TOU MTEPUYIOU Kal HeyaAUTepn ywvia oto
televtaio. QoTO00, TO LOVTEAD QUTO, eTLTPETEL oXeSOV 2% emumAéov pelwon otn pala tou mrepuyiou. H
KOTAOKEUN Kal Twv duo oxediwv, Bewpeital edpikty. Onwg kot otnv mponyoUUevn edbapuoyn, n
TLOTOMOLNGN TWV TPOTEWVOHEVWY OXESIWV péow Tplwv 10min oegpo-eAOOTIKWY TIPOCOUOLWOEWY OE
Sladopec ocuvOnkec Aettoupyiag, Oswpeital emiBePAnuévn. OL Suo autég Stapopdwaoelg, aflodoyolvtal
TO00 o€ oX€on He Ta akpaio doptia 600 KAl WG POG TNV KOTIWON.
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200 LAY WY Tl MY IxAna 3.13: Yroloywopodg doptiov kdOmwong
4 13 17 21 25 ,
weind speed [mys] avepoyevvntpag DTU-10MW RWT kat twv
oxeblaotikwy dtapopdwoswv N = 2 ko N = 3
(v) ULOBETWVTAG Kavovikr TUPRN avépou DLC-1.2:
IxAua 3.12: Yroloyloudg akpaiwv poptiwy yia (@) katavour DELs tng peong opig taong ota
DTU-10MW RWT Ko OXeSLOOTIKGV Slapopdey-  KATAKL' kai (B) Twv pomiv tou mrepuyiou.

cewv N =2 kot N =3, Bewpwvtag Eviovn
TOpPn avépou DLC-1.3: (a) péylotn TN
kputnpiou Tsai-Hill, (B) uéylotn ouvictapévn
pomr KAauyng otn pila tou mrepuyiov kat (y)
MEYLOTN OUVLIOTOUEVN pomh KApYng otn Bdon
Tou mupyou.

Y10 2. 3.12, mopouotdlovtal Ta akpaia doptia ya Siadopeg TaxUTNTEC OVEUOU, CUYKPIVOVTAC TIG
oxeblaotikég Stapopdpwoeic N = 2 and N = 3 oe oxéon pe tnv DTU-10MW RWT. Ot péyLoTec TIHEC Tsai-
Hill (n aotoxia ocupPaivel otav AaBet Ty > 1) dailvovral oto dvw SLAypappd, n LEYLOTH CUVIOTAMEVN
porr) kauPng otn pila tou mrepuyiou mapoucldaletal OTo pecOio SlAypappa KOl N HEYLOTN POTN
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kapdng otn Bdon Tou MUpyou oTo KATW Slaypappa. OMwg avVaUEVETOL, OL LEYLOTECG TIEG TwV Tsai-Hill
napatnpouvtat yia DLC-1.3, ota 13 m/s ywa k&Be oxediaotikn Stapopdpwon.

Nivakag 3.2: Konwtikd ¢optia (DELs) portwv otn Bdacn tou mUPYou, YL TNV OVELOYEVVNTPLA
avadopdag DTU-1I0MW RWT kaBwg kat oXeTikr mooootiaia Stadopd twv Stapopdwoewv N = 2
kot N = 3, uloBetwvrtag kavoviki Tuppn DLC-1.2.

reference N=2 N =
Fore-aft moment 123449 -0.77% -0.74%
Side-side moment 53748 -4.04% -4.53%
Porr cuotpodng 32037 -4.49% -5.38%

H komwon tou mrepuyiou ektipdrol pe Bdon ta woduvapa doptia kénwong (Damage Equivalent Loads
— DELs), mou unoloyifovtau utoBetwvrtag tig mapapétpoug Weibull € = 11m/s katk = 2, Nyop = 107
KaBwg Kol toug ouvtedeotég Wohler m = 10 ywa tnv nepilmtwon twv mrepuyiwv kat m = 4 ywa tov
mopyo. 3to XX. 3.13, mapouactalovTal Ta AMOTEAECHATO TWV KOTIWTIKWY GOoPTIWY yLa TV AVEUOYEVVTPLA
avadopdg DTU-10MW RWT, kaBwc kat yia Ti¢ Suo amAoUoTEPEC OXESLOOTIKEG SLOUOPPWOELG TIOU £XOUV
npokUPeL. Ito mavw Stdypappa, doivovral To KOMWTIKA dopTia tng péong opbNg Taong otnv mepLloxn
TWV ‘KATOKLWY - EVW OTO KATW SLAypappa TopouoLalovTal To KOTWTKA GopTia TwV TPLWV POTIWV KOTA
unkog tou mrepuyiou. Télog, otov NMivaka 3.2 Mapoucldlovtal To KOMWTIKA GopTia TWV POTwV Tou
oxetiovtal pe Tn Baon tou UPyou yla kaBe mepintwon. Ta mpotewvopeva oxédla BTC, mapouaotalouv
pHeElwpéva doptia kata 0.8% otig pomég Tou mUpyou Kat £wg 10% otnv pomr tou mtepuylou. AvtiBeta,
TO KOTIWTLKA doptia TNG HEong opBn¢ taong auvgavetal £éwg 14% oto 75% tou HRKoug Tou mtepuyiou,
e€autiag Tou PELWPEVOU TTAXOUC TOLXWHATWY - EVW KOVTA 0T pila avgavetal povo katd 2.7%.

3.3.3. Meilwon palag Spopéa, pe ouvduvaotikn epappoyn BTC kat FEC

Ytnv edappoyn mou akolouBei, Stepeuvatat n Suvatdtnta cuvduACUEVNC XPAONES TTABNTIKWY TEXVIKWY
BTC kat FEC, pe otoxo 1600 Tn Heiwon NG HAlag Twv TITEPUYLWYV OVEUOYEVWNTPLAG 00O KAl TNV
g\aylotomoinon Twv TOAQVIWOEWV TOU TPOKAAOUVTIAL KOTA TN OTABUEUON TNG OVEUOYEVVATPLAG
(Aewtoupyla “pelavti’). O oxeblaopog tou Tpomomoilnpévou (oto €€ng  “modified”) mrtepuylou,
mpaypatonoleitatl pe Baon tn Stadikacio mou £xeL meplypadel otnv evotnta 3.2. H Stadopd pe tnv
mponyouuevn sdhapuoyr, EYKELTAL OTO YEYOVOG OTL TO MrepUylo Bswpeltal mwg £xel plo otabepn
oULZeuén twv Kappewv mtepuylong kat eplotpodnc FEC 3% - evw n povadikn petaBAntrh oxedlacpou,
Bewpeital n ywvia otpodrg tou povo-kateuBuvtriplou UAkoL (§ekvwvtag ar'to 7/Ryy, = 20%).
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3.3.3.1. Meiwon pafag pe xprion Siadopwv pebddwv BeAtiotonoinong

Xpnolgomotlouvtal avedptnta Tpelg pEBodolL PBeAtiotomoinong, He oOTOXO TNV AMOTUMWON TNG
enidpaong tng peBodou BeAtiotonoinong otnv ektiunon tg PEAtiotng Abong: (i) COBYLA, (ii) SLSQP kau
(iii) n mapadooiakry péEBodog Newton. Itov Mivaka 3.3, mapoucldletol 0 oplOUOC TWV KANCEWV TNG

Sladikaoiag ehaylotonoinong mou amattel kaBe pEBodog. To uMOAOYLOTIKO KOOTOG, £lval avaloyo tou

oplBpol Twv KANCEWV TIOU amaltouvtal yla tnv aflodoynon twv unoPndliwy AUCEWV Kol Tov

uTtoAoyLlopd Tou untpwou tng lakwplavrg/Ecolavrg (Jacobian/Hessian). Onwg avapévetal, n pébodog

tou NeUTwva glval n 1o olkovopkn emiloyn e€arttiog Tou oAU HikpoU aplBpol petafAntwy (MoALg 1) -

EVW Umopel va yilvel e€atpetikad ypriyopn HEBodog atnv mepintwon nou nmapaiinionownBei n Stadikacia

Tou umoAoylopoU tng Eootavng.

Nivakag 3.3: AplBUOC KANOEWV QVTIKELUEVIKAG CUVAPTNONC, TIOU amaltel kaBs uébodog.

Number of objective function calls COBYLA SLSQP Newton
For assessing the candidate solution 23 14 0
For estimating the Jacobian/Hessian matrix 0 12 15
Total number of calls without parallelization 24 26 15
Total number of calls with parallelization 23 20 5
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Ixqua  3.14: Katoavopny TOU OUVTEAEOTH UETABOANG TAXOUC TOLXWHATWV

(ecwTtepLkdc Bpoxog) Kat ywviag povo-kateuBuvtrplou Ao (e€wTteptkdg Ppoxog).

OAeg oL pEBobdol, daivetal va ouykAivouv oto (6o amotédeopa. To TeAlkd oxnua, eival éva

Tpomomnolnpévo TrepUylo  “modified” pe 8.3% Awodtepn UHAlo O OYEon HE TO TTEPUYLO TNG
avepoyswntplag avadopds. H peiwon auth, EMITUYXAVETAL ME TNV Eloaywyr ywviag 5.8° oto povo-
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KOTELBULVTAPLO UALKO. 2TO 2X. 3.14, apouacLAleTal N KATAVOL TOU CUVTEAECTH HELWONG TOU TAX0OUG TWV
TOLYWHATWVY TOU MTepUYiou (pia péon Tun tou gival 92%).

3.3.3.2. Mgtornoinon oxedlaotikwy dlapopdpwaoswv BTC 52, FEC 3% kat “modified”

TNV evotNTA QuUTH, n Tpomorolnuévn “modified” mtépuya pali pe ¢ meputtwosl tou BTC 5°
(exkwvwvtog amo to 20%) kat to FEC 3%, emaAnBelovral HECW TPLWV AEPO-EAOOTLKWY TIPOCOLOLWOEWY
£VOC UTIO-CUVOAOU Tou dakEéAoU Tou Kavoviopou IEC. Ztov Mivaka 3.4, mapouclal{ovtol oL AEMTOUEPELEG
KaBe Slapodpdwong mou efetdletal, OnMwG N Mala Tou MTepuylou Kal N UEon mapayouevn woxue. MNa
napadelypa, otnv nepintwon tou FEC 3% to mtepuylo napouvotdlel 0.3% peyalutepn pala - Evw ot
Slapdpowon BTC 5° n etiota anwAeta toxlog sivat poig 0.3%, efautiag Tou emava-oxeSLaopol g
KOUITUANG ouoTtpodnc.

Nivakag 3.4: Mivakag efetalopevwy Slapopdwoswyv Kal olykplon pe tnv DTU-10MW RWT. Ot
napapetpot Weibull yia tov umtodoylopo tng etrotag toxvog, ivat: € = 11m/s katk = 2.

) Ply angle Caps displacement Blade mass Mean power Reduce loads
desien [°] [% of the chord] [tn] [MW] of
reference 0 0 39.97 6.13 -
BTC5° 5 0 39.97 6.11 DLC-1.3
FEC 3% 0 3 40.10 6.13 DLC-6.x
modified 5.8 3 36.69 6.11 DLC-1.3 & 6.x

Jta Zx. 3.15 kat 3.16, cuykpivovtal ta QmoTEAECHATA TWV akpaiwv ¢opTiwv yla KABs pla am'tig
TECOEPLG OXESLAOTIKEG SLAUOPDWOELS. ZUYKEKPLUEVQ, 0TO XX. 3.15 mapouatdlovtal oL LEYLOTEG TIUEC TOU
kputnpiou actoyiog Tsai-Hill , kaAUmtovtag TG taxvtnteg avépou [9 — 25m/s]. Ar'ta anoteAéopara,
enBeBatwveral 6tL n Sucuevéotepn Katdotoon mopouactdletal ota 13 m/s yla OAeg TG SlapopdPWoELS.
To BeAtiotomnolnuévo mteplylo, TAPOUGCLAleL XOUNAOTEPEG UEYLOTEG TAOELG O KAOe ToUTNTO AVEUOU
(ne TN peyolltepn peiwon va mapovotdletal ota 21 m/s). Inuewwvetol OtL n péyotn twun Tsai-Hill tou
BTC 59, eival mpdypartt xapunAotepn o€ oXEoN HE TO TepUyLo avadopds — OxL povo ota 13 m/s (peiwon
4.2%), oaM\a koL oe OAec TIC GM\ec toxVtnteg avépou. TEéhog, to FEC 3% eudavilel shadpwg
peyalUtepeg TipEC Tsai-Hill og dAeg tig toyvTnTe Ka umtepBaivel tnv TinA 1 ota 13 m/s. Auto odeiletal
OTO Yeyovog OtL to FEC mpooplleTal yla TNV OVILLETWIILON TWV aKPAiWV TOAAVTWOEWY OTAV N KnXovn
Bploketal og katdaotaon “pehavil” Kot OxL yla TN pelwon twv akpalwv poptiwv Asttoupylac.
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Kedahato 3: EAaylotomoinon palog Spopea avepoysvwntplag 10MW
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Ixnua 3.15: Akpaia ¢optia DLC-1.3 o€ oxéon ue
TIC TaxUTNTEG OVEHOU, YLo KABe oXedLaOTIKN
Slopdpdwon (pe ouvtedeotég acdaleiog): (o)
péylotn TR kputnplou Tsai-Hill failure oto
ntepLyLo, (B) Héylotn ouvioTapévn pomn oth pila
Ttepuylou Kat (y) HEYLOTN CUVLOTAWEVN POTI OTN
Baon tou mUpyou. OL moocooTtiaieg SladopEg,
Kotaypddoval TAvw ar'Tic Umapeg.
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Ixnua 3.16: Akpaia ¢poptia DLC-6.x 0 ox€on UE TIG
ywviec avépou, yla kaBe oxedlootikn Slapopdwon
(ue ouvteleotég aodalelag) (a) Tumiky amokALon
(std) tng kaudng meplotpodnc otn pila mrepuyiov,
(B) péylotn ouvictauévn pomn otn pila mrepuyiou
Kat (y) Héylotn ouvicTauévn pomn otn Baon tou
nupyou. Ot mooooTtilaieg dtadopeg, kataypddovral
TIAVW OTUTLG UITAPEG.

210 Xx. 3.16, cuykpivovtal ta doptia tou DLC-6.x yla TI¢ Técoeplg Slapopdwoelg. OnMweg avapevotay, n

péylotn poption mapouactaletal ylo ywvia avépou +30° 1600 yla To MTepUylo 060 Kal Yo Tov Ttupyo.

Qaivetal otL 0 MabnTikdg EAeyxog BTC, Sev emnpedlel GnUAVIIKA TN GUUTEPLPOPA TN AVELOYEVVATPLAG

oe kataotacn “pehavtl”, oe avtibeon pe tnv texvikn FEC n omola ywo pa petatoron 3% twv
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KedbaAato 3: EAaylotonoinon palag dpopéa avepoyevvntplag 10MW

‘Kamakwy’, metuxaivel pelwon NG TUTILKAG OMOKALONG TWV ponwv Teplotpodng (edge-wise moment)
MEXPL KaL 66%. TéAog, N cuvduaoTikn epapuoyn BTC kat FEC £xelL €va TOPOLOLO ATOTEAECHA TOCO OTNV
TUTUKA otOKALON TwV PopTiwv TNG pilag Tou mrepuyiou (Peiwon 63.3%), 600 Kal TN CUVLOTOUEVN POTIN
(neiwon 23.5%). Qg ek TouToU, N cuvolkn enidpacn tou FEC ota oxedlaotika poptia eival eVepPyYETIKA
mapd TNV eAadpws SucUEevVN eNidpaon MoU MapaATNPELTOL 0TO AETOUPYIKA GOpPTia TNG MTEPUYAC.

Nivakag 3.5: 20ykplon dpoptiwy kOmwong DLC-1.2 petafd tou DTU-10MW RWT kal Twv Stapopdwoswv
nadntikol eAéyyou mou efetalovtal. Ta DELs umoAoyilovtal yla SLaotnpa (k0oL ETWV L€ CUVTEAEDTN
Wohler m = 10 yia ta mttepUyLa ko m = 4 yia tov nupyo, Nyep = 107 kOKAot ko tapdpeTpol Weibull:
C=11m/s kat k = 2. Ta amolvta ¢optia (oe kNm) katoypddpovtol ylo TNV OVEUOYEVVATPLA
avadopdg Kabwe Kal n oxetiky moocootiaia Stadopd Twv SlapopPwoswv.

designs Blade Root Tower Base
Myiap Myitch Megge Mgore—aft Myaw Msige side
reference 25045 420 27791 111751 24460 33549
BTC5° -5.1% -3.6% -0.3% -3.3% -3.9% -2.0%
FEC 3% +0.7% +10.7% +0.4% +0.7% +0.6% +1.8%
modified -5.5% +1.9% -8.9% -1.3% -5.2% -0.5%

H aflohdynon twv tecodpwv oxediwv, mpayuatonoleitol pe Pdaon to DLC-1.2. Ta wooduvauo doptia
komwong (Damage Equivalent Loads - DELs), umtoAoyiovtat yla TG TaxUtnTeg avépou oto dlaotnua 5 —
25m/s, unoB£tovtag OTL N avepoysvhTplo €xel Stdpkela {wNC eikool etwv. Mo Tov TLO TAVW
uTtoloylouo, €xouv umotebel ol mapduetpor Weibull: € =11m/s, k =2 kat Npor = 107 kOKAot
avadopac. TEAoG, yla Ta treplyLla £xel AndBel o ouvteleotric Wohler ioog pe m = 10 kat yLa Tov upyo
m = 4. tov Nivoka 3.5, mopoucidlovtal ta DELs tng avepoyevvhtplog avadopds pall pe TIC
nooootiaiec Stadopéc Twv AANwvV Tplwv Slapopdwoswv mou efetdlovial otnv mapoloa evoTnTa.
YUpdwva Aonodv Ue ta anoteAéoporta, n kabopn ebappoyn BTC £xel LELWOEL TA KOMWTLKA dopTia TOoO
TOU TUPYOU OO0 Kal Tou TTepuUyiou, Pe TN peyoAUtepn peiwon va adopd tn pomn mteplynong (flap-
wise), 5.1%. AvtiBeta, to FEC 3% mpokaAel pia pikpr avgnon o OAa Ta KOMWTIKA ¢optia TOoo Tou
mUPYoOU 000 Kal TOU TTeEpUYiou. Onweg avapevotav, n cuvduaoctiky edappoyr) BTC kat FEC, cuvduadlel
TO. TTAEOVEKTHMOTA KAl TO HMELOVEKTAMATA Kol Twv SUo Texvikwy, odnywvtag oe 5.5% pelwon twv
KOTIWTIKWV ¢optiwv mreplylong (flap-wise moment) kot 8.9% ota ¢optia meplotodng (edge-wise
moment).
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Kedalalo 3: EAayxlotomnoinon palag Spopéa avepoyevvitplog 10MwW
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KedbaAato 4: NoAu-niedlakn aepo-ehaotikn BeAtiotonoinon DTU-10MW RWT

Kepalawo 4

4. NMoAu-TtedLaKr) aEPO-EAQOTLKN
BeAtwotomoinon DTU-10MW RWT

H mnpoodatn taon oto oxeSlaopd aVeEUOYEVVNTPLWY, €ilval N  TIOAU-TESLOKN OEPO-EAACTIKN
BeAtiotonoinon [21], koatd tnv omoia avtlpetwrnilovial oe kowo PBpoxo TOOO Ol AEPOSUVOAULKEG
TMAPAPUETPOL TOU TIPOPAAUATOC OXeSLOOHOU OCO0 KoL Ol KOTOOKEUOOTIKEC. XTO KeDAAOLO aUTO,
uloBeteital to meplBaAAov oxedlaopol mou £xel avamntuxBel otnv evotnta 3.2, cUVSEOVTAG TO LOVTEAD
KOOTOUG TNG evotntag 2.3 yla TNV KOOTOAOynon tng mopayOuevng svépyelag. e avtibeon pe to
T(PONYOUUEVO KEPAAALO, E6W WG AVTLKELUEVIKI OCUVAPTNON Bewpeital TO OTABULOUEVO KOOTOG EVEPYELOC
(Levelized Cost of Electricity - LCOE), evw oplopéveg art'tig LeTaBANTEG oxeSlaopol cuvdéovtal e Ta Th
YEWUETPila Tou Spopéa (m.x. katavoun Xopdng kKal cuotpodn¢ Kabwg Kal To HNKOG TOU TITEPUYIOU).
Extég amno epappoyég BTC (Bend-Twist-Coupling), oto keddAatlo autd moapouctaletal o SLadopeTikn
npocéyylon tou FEC (Flap-Edge-Coupling) kaBwg kat n Suvatdtnto cuvSuaoTIKAG edapUoynG TOUC.

4.1. BéAtiotog cuvduaopog BTC kat FEC — kat pLot eVOANAKTLK TIPOCEYYLON TOU
FEC

JUXVQ Ol KOTAOKEUAOTEC AVTLUETWITI{OUV To TPORANUa TG “amdkiiong euBuypappiong”, dnAadn étav n
avepoyevwntpla Pploketol ektog Asttoupyiag (kataotacn “pelavti”’) Kal TVEEL AVEUOG UTO LEYAAN
ywvia anokAlong, mapouctalovtal EVTOVESG TAOAQVTWOELG TTOU UTOpPEL va uTtepPBouv Ta OXESLOOTIKA OpLa.
Mua ad hoc Auon eival n evioxuon twv mrepuylwv pe emumAéov UAKO. TEtoleg AUOCELS pmopel va
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KedbaAato 4: NoAu-niedlakn aepo-ehaotikn BeAtiotonoinon DTU-10MW RWT

Bepamelouv to MPOPANUA, WOTOCO AMEXOUV Ao To va eival BEAtioteg, avfdvovtag To BAPOg/KOOTOG
TOU MTEPUYLOU Kal emnpeadlovtag Ta AETOUpyIKA doptia TG pnXovnG. ITo KEPAAALO AUTO, EMLSLWKETAL
0 BéATIoTOG cLUVSUAOUOG TWV TABNTIKWY cuoTnuAtwy (BTC — yla ta Asttoupyka ¢optia kat FEC — yia ta
doptia oe ocuvBnkeg “pehavtl”), Ta omola oxedLAlovTal TOUTOXPOVA LE TA KOTAOKEUAOTIKA/YEWUETPLKA
XOPAKTNPLOTIKA TNG KNXavAG (TL.X. Kotavoun xopdng kat cuotpodng r/kat pnkog mrepuyiou). MNa tov
UETPLAOUO TwV GOPTiwV TTIOU TPOKAAOUVTAL OTNV AVELOYEVVATPLA OTAV BPIOKETOL 08 KOTAOTAON €KTOG
Aettoupylag, aflomolouvtal duo mpooeyyioel. H mpwtn €xel Adn peletnBel oto kedpdlalo 3 Kal
OXETI{ETAL UE TN METATOTLON TWV ‘KOmaKklwv’', evw n Seutepn mapouctdletal yia nmpwtn ¢dopd oTo
kepahalo autd. TUpudwva He TNV TEAEUTALA TIPOOEYYLon, N oULEVEN TWV KATEUOUVOEWV TTEPUYLONG
(flap-wise) kal meplotpodnc (edge-wise), umopel va vAomolnBel amoteAeoUATIKOTEPO HECW TNG OVTL-
CUUUETPIKNG evioyuong twv UAwv TRIAX kot UNIAX mou Pplokovtal otig meploxeg: (i) tou xeidoug
npooBolncg (leading) tng mAsupdg umo-mieong Kat (ii) tNg akung ekduyng (trailing) tng mAeupag unep-
niieong (BAéme Xx. 4.1, aplotepd). Mua akopa Siadopd tou kedbohaiou autol oe oOxéon UE TO
Tiponyouuevo, sival OtL ot epappuoyEg FEC (site mpoKettal ylo HETOTOMLON ‘KATIOKLWY — YEWUETPLKO FEC,
gite mpokeltal yla TNV acVOUUETPn MeTaBoAn Tou Ttaxou¢ — UAKO FEC), avtipetwriletal péow TNG
BEATLOTNG KATAVOWUNC TOUC KOTA LAKOG TOU TITEPUYIOU.

trailing leading [ nose M tail M caps webs

Low Pressure (L/P) PP
L ] F
* _"\_ positive direction ——
k of shift

e e
—

High Pressure (H/P)

IxAna 4.1: Awatopn mrepuyiou ovepoyevvrtplog, pe edappoyr] UAkoU FEC (aptotepa) kat
VEWUETPWKOU FEC (Sg€ia), péow OOUUUETPNG UETABOANG OTO TMAXOG TWV TOWHATWY Kol
UETATOMLONG ‘KATTOKLWY .

4.2. EpapuoyEg

YT epappoyEg Tou mponyoupevou kebahaiou, aflohoynOnke n duvatotnta ehaylotonoinong tou LCoE
UE TN ocupmieon TG palag Twv UAKwY Katookeung (ehaxlotomoinon CAPital EXpenditure — CAPEX).
Mapad T'autd, LeEAETEG [7] £xouv amodeiel OTL LA TILO ATTOTEAECUATLKY TIPOCEYYLON VLA T GUUITIEST TOU
LCoE eivat n av€non ¢ Slapétpou Tou dpopéa (peiwon €8IKNG LOXUOG). To MPWTO MOPASELYUA TNG
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KedbaAato 4: NoAu-niedlakn aepo-ehaotikn BeAtiotonoinon DTU-10MW RWT

gvOTNTAC AUTNG, paypatevetal tn duvarotnta epapuoyng mtepuyiwv pe BTC, aflohoywvtag TO00 Ta
MEPLBWPLO HEIWONG TWV UALKWY KATAOKEUNG (o€ Kamola onueia tou mrepuyiou (owg auvénBolve kal
Alyo) Tou mrtepuyiou 600 Kal TN duvatotnTa EMUARKUVONG Tou. Itn eUtepn edpapuoyn, aflohoyeital n
Suvatotnta ocuvduaoTtikng edappoyng BTC kal FEC (yewpeTpkod Kal UALKO), afloloywvtag mapdAAnia
Kol Ta Aewtoupylkd doptia (DLC-1.3) kal ta doptia MOU TMPOKUTTOUV OTOV N Unxovn lval eKtog
Aettoupylag (DLC-6.x). Exel akohouBnOel pLor Opola MPAKTIKA He To Keddhalo 3, OoU Ta AELTOUPYLKA
doptia evtonilovrat katomwv 150sec mpooopoilwong - evw n mpafn €xel Seifel OTL T Poptia NG
OTABOULOUEVNG LNXAVIC QIALTOUV HEYOAUTEPO XPOVLKO Stdotnua (touAdylotov 300sec).

4.2.1. EAayiotonoinon LCoE, pe texvikeég BTC

To BeAtiotomolnuévo ox€dlo tou Ttepuyiou (ede€ng “modified”), mpokimtel an'tn Siadkoacia MDAO
(Multi-Disciplinary Aero-elastic Optimization) mou é€xeL meplypadel otnv evotnta 2.5 kot 3.2), ue
OVTLKELUEVIKT ouvaptnon to LCoE. Ot petaPBAntéc oxeSlaopou sivat:

e To mAxXo¢ TwV TOWWHATWY Tou Ttepuyiou: kabopiletal and tic deutepelouoeg UeTAPBANTEG TTOU
aflohoyolvtal arm’'tov ecwTepLkd Bpoxo tng Stadikaciag tou ). 3.3.

e H ywvia tou povo-kateuBuvtiplou UALKoU — ekkwvwvtag arn'to 20% (kUpla petaBAntn) tnv omoia
Xewpiletal o e€wteplkog Bpoxocg.

e To UAKOG TOU TTEPUYIOU Kal n Katavour xopdng kat cuatpodnc (KUpleg LETAPBANTEG), OL TIHEG TWV
omnolwv agloAoyouvtal eniong amn’tov BeAtioTonolntr) — eEWTEPLKOC BPOXOC.

4.2.1.1. Nepypaodn dadikaciag kal armoteAéopota

Katd tn Sladkaoia BeAtiotonoinong, OAEC oL CUVIOTWOEG TG avepoyevnTplog avadopdc DTU-10MW
(m.x. mUpyog, yevvATpla KOL KIBWTLO TAXUTATWV) €KTOC ar'ta MTepUYLA, TIAPAUEVOUV QUETABANTA.
ApEeTABANTEG eMioNG, MAPAUEVOUV OL AEPOTOUECG TIOU XPNOLUOTIOLOUVTAL KL OL OXETIKEG Toug Béoelg. H
ghaylotomoinon tou LCoE, vlomoleltatl UTo v TpolTo0eon OTL N OVOUAOTIKA OXUG TNG HNXOAVAG
napapével ota 1I0MW kat n Katavopr Twv HEYLOTWY TIHWV Tou Kpttnpiou Tsai-Hill ev umepPaivel Tig
QVTLOTOLYEG TLUEG TOU Ttepuyiou avadopadgs. H BeAtiotonoinuévn mrépuya sival katd 3.7% pakputepn
Kot kotd poA 1% Baputepn, pe 5.9° oto povo-kateuBuvtriplo UAKO. I etiola Bdon, o vEog SpopEac
napayel 2.4% mneploootepn evépyela Kol €xel pelwpévo LCoE kata 0.71%. Stov Mivaka 4.1,
cuyKpivovtal Ta KUpLa XOPOKTNPLOTIKA TOU Tpomonolnuévou “modified” mtepuyilou, os oxéon Pe TV
ovepoyewnTpLa avodopds kabwg kal tov ehadputepo Spopéa mou mposkue am'tnv epoppoyn 3.3.2.
(amdoVotepn nepimtwon N = 2) — 6mou cupPoAiletal pe to akpwvupo L/R (Lightweight Rotor).
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KedbaAato 4: NoAu-niedlakn aepo-ehaotikn BeAtiotonoinon DTU-10MW RWT

Nivakag 4.1: ZUYKpLon KUPLWV XOPOKTNPLOTIKWY avepoyevvhtplag DTU-10MW RWT,

Spopéa L/R am’'tnv evotnta 3.3.2. kal Tpomnononpuévng Sltapdpdwong “modified”.

parameter reference L/R “modified”
Rated power [MW] 10.0 10.0 10.0
Rated omega [rpm] 9.6 9.6 9.3
Radius [m] 89.2 89.2 92.5
Blade mas [tn] 40.0 36.8 40.4
Combined moment at blade root [MNm] 64.0 59.9 70.9
AEP [GWH] 45.1 50.2 51.4
W/T cost [$] 14.67 14.59 14.95
LCoE [$/MWh] 44.96 44.77 44.64
0.08 5
e ST = referance . .
Z D{JE_ jlt 'II E G'_ - madilied =::".
a Eo z ot
o Ll = -
:'-:'.: 0.04 1 ., = -5 A .
2 T z :
I U'DE' A - relergnce . = _1(} = .
+— modified '
0.{]':} T T T T '15 et T T T T
oo 0.2 04 068 0.8 1.0 00 02 04 06 08 1.0
Ry [-] FRyp [-]
(o) (B)
™ 1.05 9w 12.0
] . = gErm—————
Eﬁgb- lil!lil'll!a.:[;"ﬁ% % 2.0 1 JG,:”.-J"'J
2 e . T T 6.0- &
:Uﬁb' : L — - _33 g ,‘-}1'41‘
= T = £ 3.0 s “--e reference
% ;:J-; _,-a-""‘" ===- maodified
o 0.75 T T T T D 5 Uﬂ' = T T T T
00 02 04 068 08 1.0 4 3] 3] 10 12 14
r Ry [-] Wind velocity [m/s]
(v) (8)

IxAna 4.2: JOykplon Twv PetoPAntwy oxediaong pHetall mrepuyiov avodopdg Kol TPOTOMOLNUEVNG
Slapopdwong pe aktiva Ry, = 92.49m: (o) katavopn xopdng, (B) katavour cuctpodns, (v)

KOTAVOLL TIAXOUG TOLXWHATWYV Kal ywviag povo-kateuBuvtrplou UALKOU Kal (8) KapumuAn toxvoc.
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KedbaAato 4: NoAu-niedlakn aepo-ehaotikn BeAtiotonoinon DTU-10MW RWT

210 2). 4.2, cuykpivovrtal ol HeTaBANTEC oxedLoopoU PeETAEL TOU TEpUYLoU avadopdg Kal Tou BEATIOTOU
“modified” oxedlaouol. ZuyKeKpLUEva, oto ZX. 4.2a Kol oto ZX. 4.2 mopouctdlovtol Ol KOTOVOUES
Xop&Nng Kal cuoTpodr¢ avtiotoLlya — evw oTo 2). 4.2y GalVETAL N KATAVOUN TOU CUVTEAEDTH) UETABOANC
TOU TIAXOUG TWV TOLXWHATWY KAl N ywvia 0To UoVo-KATeUBUVTPLO UALKO TTOU BPLloKETAL OTa ‘KaTakLa.
Mapatnpeital Ot sival edikt pla pecootadbukn peiwon tou mdayxoug yupw oto 11 —12%, evw o
BéATiotog oxeblaopog £xel “petatortiosl” eAadpwG TPOC TO OPLOTEPA TO METABANTO HEPOC TNG

KOUTTUANG LoXVOE, LELWVOVTAG E TOV TPOTIO aUTO TNV €l8IKA LoXU (BAEme Zy. 4.206).

4.2.1.2. A§LloAéynaon tpomornolnuévou oxediou

TNV evOTNTO QUTH, TTPAYUATOMOLE(TAL N TILOTOTOINGCN Tou BeATioTomoLNUEVOU oXedilou HEOW EVOG UTIO-
cuvolou Tpuwv 10min mpooopolwoewy, ar'tov pakedo Tou Kavoviopol IEC 61400-1. Ito Xx. 4.3q,
mapoucLalovtal oL PEYLOTEG TIUEC TOu Kpttnpiou Tsai-Hill mou epdavilovtal oto mrepuylo yla Stadopeg
ToXUTNTEG OvEpou, okpaiag tupPng (DLC-1.3). Eivol cadég, OtL oL PEYLOTEC TIUEC TOU Kplthpiou
napouotaovtal ywo taxvutnta ovépou 13m/s, oe kdBe Swapdpdwon TrTEPUYIOU — Ywpig va
umtepPaivouv oe kapia mepintwon tnv péylwotn tun Tsai-Hill tou mtepuyiov avadopag. 3to ). 4.3B,
daivetal n cuviotapévn pomn otn Bacn Tou UPYoU yla KABe taxuTtnTa aveépou. H péylotn katanovnon,
napouotaletal eniong ota 13m/s - pe ™ BéAtotn Sapopdwon va sudavilet 1.7% yopnAotepn
UEYLOTN TLUN, O OXE0N e TO TepUYLO avopopac.

13 =5 reference 555 mindified 400 ) -
i 4 E 5.-. - [i '-1 1.9%
— 09 e = 300 RF] R o B
' K = CEY K w "
[ ] =] [ = ] [ ] ] | o ]
Ex g 0% kA T R
e 0.6 [y b 200 .,‘.."‘ ."."1 I".i lll-lll-li
1 BB : L v bk
ks 5 SRS KRS KRS
0.3 FEY R =100 P44 P4 i s
L R b R R
oo kK o ikl KRS 4
9 13 17 21 25 13 17 21 25

wind speed [m/s) wind speed [m/s)
(a) (B)

Ixaua 4.3: Avaluon okpaiwv $opTiwv, KATOMLV 0EPO-EAACTIKWY TPOooopolwoswv DLC-1.3 yua
Sladopeg tayxltnNTeg avépou: (a) Héylotn TR Kpuenplou Tsai-Hill (fT"/‘,‘_‘,x) kat (B) péylotn TN
OUVLOTAUEVNG POTING ot Pdon Tou mupyou. OL moocootiaieg Sladopeg o oxéon HE TNV

ovepoyewnTpLa ovadopag, Katoypadovtol mavw ort' TG Uapsc.
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4.2.2. EAayiotonoinon LCoE, eotialovtag os ouvOnkeg “pelavti”
Jtnv mapovoo evotnta, meplypadovrol avoAuTIKA ol S1ddopeg oXeSLAOTIKEG Slapopdwaoelg mou
g€etalovral oTn CUVEXELA.

4.2.2.1. Nepypadn oxediwv

Jtov NMivaka 4.2, mopatiBevral ol mévie oxedlaotikég dapopdpwoelc (CASE A, B, C, D kaL E) mou
g€etalovral, poll Ke TIG TEXVIKEC MaBNTIKOU eAEyxou Tou edpapudlovtal os KABe mepintwon.

Nivakoag 4.2: Nabntikog EAsyX0C AVELOYEVVATPLOG, LE OTOXO TNV ehaylotomoinon tou LCoE.

design material FEC  geometrical FEC re-twist material BTC Comments
reference DTU-10MW RWT

CASE A \ FEC control

CASE B ' v FEC control

CASE C ' v FEC control

CASE D \ v v FEC with re-twist

CASE E \ v U v FEC&BTC with re-twist

e CASE A: mpooeyyiletat to UALKO FEC, pe Bdon tnv alénon Tou mayoug Twv neploxwv: “leading” umo-
Ttiieong Kat “trailing” umep-niieong (BAEme 2x. 4.1, aplotepd). Elodyetol €vag cuvteAeoTG LETABOANG
TOU TAOUG TWV TILO TIAVW TIEPLOXWV O€ KABe Slatopr Tou mrepuyiou, uloBeTwvTag KAUMUAeg Bezier.
E€etalovral tpelg petaPAntég oxedlaopou/Beltiotonoinong os kABe mAsupd (cuvolikd £€1): (i) n
TLUA TNG TETAYHEVNG TOU TpWwTou onpeiou (otn pila Tou mrepuyiou) kat (i) ot TLHEG (TEUNUEVN Kal
TETAYMEVN) TOu peoaiou onpeiou. To tedeutaio onueio eAéyxou, Bewpeital «maywpévor». Ektog
Ot TOUG TILO TIAVW OUVTEAEOTEG, Aappavetal unoPn €vag emMAEOV OUVTEAECTAG Tou adopd To
TLAXOG TWV TOLXWHATWY 0AOKANPNG TNC SLATOUAC.

e CASE B: mpooeyyiletal 1o yewpetpikd FEC, pe Baon tn petatomnion Twv dUo ‘kamakiwy' (BAEme Zy.
4.1 6€€1d). H petatomnion auth (oe kaBe MAEUPA TOU TITEPUYLOU), UAOTIOLEITOL MECW HLAG KOUTTUANG
Bezier Tplwv onpeiwv mou ekdpdlel TNV MOCOOTLALA LETATOTLON KATA UNKOC Tou MTepuyiou. Onwg
KoL otnv mponyoupuevn mpoogyyion (CASE A), To tedeutaio onpeio eAéyyou sivol mMaywpévo - EVW
METABANTEC OXESLAOUOU OMOTEAOUV N TETAYHUEVN TOU MPWTOU, KABWG KoL Ol CUVTETAYUEVEC TOU
peocaiou onuelou. EmutAéov, n eloaywyr] evog oALKOU GUVTEAECTH EMLTPETEL TNV CUVOALK UETABOAN
TWV TOYWHATWVY KAOE Slatounc.
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4.2.

CASE C: mpokeltal yla Th ouvSuaoTikn edapproyn Twv SUo TIO TTAVW TEXVIKWY (UALKO KOl YEWUETPLKO
FEC). Mpokeluévou va HewBel to mANBo¢ twv petofAntwv oxedlacpol/Beltiotonoinong,
KpaTAOnKe otabepn n TIUA TNG TETUNUEVNG TOU pecaiou onpeiou eAéyyou KABe KAUMUANG.

CASE D: otnv mpaypaTKOTNTA TIPOKELTAL YL TNV epimtwon CASE C, emutpenovtag autn tn dopd
600 emumAéov petaPfAntéc va kaboploouv TNV KATAVOUN cUCTPOdHG TOU MTEPUYLOU. TUYKEKPLUEVQ,
KoL n ouotpodr MmapapeTponoleltal Ye tpia onuela Bezier, 6mou oL TeTayuéveg Tou ohnuelou oto
7/Rip = 0.25 kaBwg Kat Tou teAeutaiou (0TO AkPOMTEPUYLO) amoTEAOULV TIG ETUMAEOV LETABANTEG
BeAtiotomoinong.

CASE E: otnv teleutaia mepinmtwon, omAd el0AyeTal Pl akOpa petopAntr oxeSlaopol n omola
kaBopilel tn ywvia oTo Hovo-KaTEUBUVTAPLO UALKS TwV ‘Kamakiwy’, §ekvwvtag and /Ry, = 0.20.
Y16x0¢ Tou BTC auth tn ¢opd eival va UETPLACEL TNV TUXOV apvnTikn emnidpacn tou FEC ota

AeLtoupyka okpaia dpoptia.

2.2. YAKO koL yewUEeTpkO FEC (CASE A kot B)

Y€ aquTH TNV evOTNTA, MOpoucLAlovTal TO OMOTEAECHUATA TWV TMPWTWV SUO OXESLAOTIKWY SLapopdwoEwV
(CASE A kat B). Kabe pia am’autég, £€etdlel pepovwpéva tic Suo mpooeyyioelg FEC mou £xouv

neplypadel mo navw.

-==- ---- |gadi - === HiP --- LiPc -

75 trailing eading 1.00 _j 16.0 cap ap 100 _;
. =1 ::1'?. . ' £

o f 0 = & S T - L 0.« =
_?_'5 — 50 e 0.90 i_l E. 8.0 - . _-h'"*-,__\_ J 0.98 IJ
gt 77 T = = - Py _ =
58 / L 0.80 5 T 0. e 096 2
E U x'\_\ \.5 -E . _J._'!--"' -t Fma |':| 94 "'5
QB 254 s S FOTOE e e -
o 2 'y o = 804 o
= g k3] 2 ] -0.92 ©

/ B et S TV == = =

0.0 . . - a -16.0 . . . - a

00 0.2 04 06 08 1.0 = 00 0.2 04 0B 08 1.0 =

IXAua 4.4: YAkO FEC (CASE A): ouvteleotég
HeTABOANG maxou¢ Ttwv UAkwv “TRIAX” kot
“UNIAX”, ywa TIc meploxég “trailing”
niieong) kat “leading” (umo-mieonc), kaBwg kat o
OUVOALKOC OUVTEAECTNG TIAXOUG TIoU adopd OAn

m

riRyp (-] rfRyip (-]

IxAua 4.5: lewpetpkd FEC (CASE B): KOTOVOUEG
TMOCOOTLA0G UETATOTMIONG TWV ‘KATOKLWY TOU
TItepUylou o oxéon He tn xopdn, Kabwg kal o
OUVOALKOG OUVTEAEOTAC TIAXOUCG TIoUu adopd OAn

(umep-

™ Slatoun (mMpacivo xpwia).

Slatopn (mpdowo xpwpa).
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OL BéAtioteg KaumuUAeg Bezier (pall pe TG TIHEG TwV PeTaBANTWV oxedloopol) yla Tn oXeSLAOTIKN
Stapopodwon CASE A, mapouaoialetal oto ). 4.4. EMUTA£0V, OTO OXHO QUTO TTOPOUGLATZETOL N KOTAVOW
TOU OUVOALKOU OUVTEAECTH LETAPOANG TWV TOLXWHATWY TOU Ttepuyiou (mpdovo xpwpa). Elvat yeyovog,
OTL yLa TNV Tteploxn “leading” amatteital peyohUtepn av€non Tou MAXOUC TNG OE OXECN KE TNV TEPLOXN
“trailing”. uykekpluéva, otn pia oL avtioTolyeg TIEG TOU OUVTEAEDTH UETaBoANG mayoug sival 5.5 kat
3.3. DUOLKA, QUTH N OXETIKA LEYAAN AUENGCN TOU TIAXOUG CUVOSEVETAL KOL QTIO £VAL ETILIMTAEOV CUVTEAEDTH)
(0.5 yia tn pila), mou epopuoletal oe OAEG TLG TTEPLOXEC TNE SLATOUNG. To TLO MAVW CXNIO, ETUTPEMEL TN
peiwon tng palag tou mrepuyiov katd 10.3% kot tou LCoE kata 0.82%. MapdAAnAa, oto Ix. 4.5
napouactalovral oL BEATIoTEG KOUMUAEG yia to CASE B (yewpetpkod FEC). Onwg daivetal, to ‘Kamakl’
oTNV TAEUPA UTIO-TIlEONG HeTaTomieTal pog To TpooBlo dkpo katd 10.4% otn pila tou mrepuyiou -
EVW N avtiotolyn HETATOMNION TOu ‘Kamokilol’ umep-miieong eival mepimou 7.2% mpog tnv avtiBetn
kateLBuvon. Qotdoo, n enldpacn AUTHG TG MPOCEyyLlong, dailvetal va eival TIOAD TILO TIEPLOPLOEVN
(uelwon padag mrepuyiou woALg 3.1%) os oxéon pe TNV mponyoULuevn (BAéne 2. 4.6).

40.0 50.3 0-16% 45.0
4.1% . 13%
E 375 _ 502 T 44.8 e
E <100 3% g E
= 350 9 501 & 44.6 A5k
3 f 'y
2325 50.0 Y 444
30.0 : : 49.9 & : . 4.2 & : :
Ref. A B Ref. A& B Ref. A B
(o) (B) (v)

Ixnua 4.6: (a) pala ntepuyiou, (B) etnola mapaywyn evépyelag kat (y) kootog evépyetag LCoE yia Tig
mepntwoelg UAkoU FEC (CASE A) kot yewpetpikol FEC (CASE B), kaBwg Kol oL TOCOOTLOLEG TOUG

Sladopéc.

4.2.2.3. Suvbuaotikn epapuoyr texvikwy adntikou ehéyxou (CASE C, D kat E)

Itnv evotnta auth, efetdlovtal ta ocuvbuaotikd oxedlia CASE C, D kat E. Ita Ix. 4.7 koau 4.8,
MAPOUCLATOVTAL Ol OKTIVIKEG KOTOVOUEC TWV OUVTIEAEOTWV TAXOUC TWV UALKWV KOL HETOTOTLONG
avtiotoya. Qalvetal OTL n cuvSuaouévn edappoyr Twv Suo TtexVikwV FEC Sev PeTABANEL ONUAVTLIKA
TIC TAPAUETPOUC oxedlAoUoU Tou UAKoU FEC, og avtiBeon e TIG MOpAUETPOUC TOU YeEWHETPLKOU FEC
(BAéme 2x. 4.8). Emiong, eival evbladépov va onpelwdel 6tL oto CASE C, n BEATLOTN HETOTOMION TWV
‘Kamakwy’ g entdpAavelog umep-miieong eivat mpog tnv akun npodéontwong (L/E), evw to ‘Kamakl g
emupAveLag umo-Tiieonc mopapével oxedov apetakivnto. Auto, Umopel va atttodoynBel am’to yeyovog
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OTL UE TOV TPOTIO AUTO HEVEL TIEPLOCOTEPOG “YWPOCG” TNG TePLoXnG “trailing” tng mMAgUpaAg unep-mieong,
ETUTPETOVTAG £TOL TNV KaAUTEPN aflomoinon tou UAlkoU FEC. H peiwon tng palag mou emTuyXAveToL
oto CASE C eivat 13.3%, to omoio amoteAel To ABpOLOUO TWV HELWOEWY TIOU TIPOKOAOUVTOL OTUTLG
Slopopdwoelg CASES A kal B.

6 12
---- CASEA CASE D [ B
= CASEC  ---- CASEE 647 T R
T_ﬁ E ._‘:_‘ w & U =
FE 2 Tl ""1.,_ T
9 TressoIIin S -6 1 —ees CASEB CASE D
i e A CASEC  ---- CASEE
0 iz
(a) (a)
& 12
T | TR 6
gt 4 = -oemnTITI
g « °1 T h
o - ) — - o~
= § _2 '\-_'l _E =+ '--. B
ﬂ T T T T '12 [ T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
M/ Riig [-] r/Riig [-]
(B) (B)

Ixnua 4.7: Katavounn ouvieAeotwv UAKOU FEC IxAua 4.8: KOTavour) CUVIEAEOTWV YEWMETPLKOU
yla Tig meploxec: (a) “leading” kat (B) “trailing”  FEC ywa tig emiddveleg: (a) umep-mieong kat (B)
Twv Stapopdpwoewv: A, C, D kat E. umo-Ttieong Twv dtapopdwoswv: B, C, D kat E.

Itnv mepintwon CASE D, o enava-oxeSlaopog tng cuoTtpodng AEITOUPYEL WG EMUMTAEOV LNXAVIOUOG
puBULONG tNg SoUKAC cuotpodnG. To yeyovog auto, odnyel ot mepaltépw Helwon Tng palag Tou
nitepuylov (mepimou 14%), oe oxéon pe Tnv Tponyouuevn oxedlaotikr Stapdpdwon. TEAog, n
Slopodpdwon CASE E cuvbudlel 6AOUG TOUG HNXAVIOUOUG KOL TOL QITOTEAECHUATA TWV PEATIOTWY TLLWV
TWV TIOPAUETPWY TNC, TOPOUCLALOVTAL CUVOTITIKA 0To 2X. 4.9. JuyKekplpéva, n BEATOTN ywvia povo-
kotevBuvtrplou UAoU (BAéme Zx. 4.98) eival 6.2° — evw pia péon peiwon (cuvoAKOC ouVTEAECTAS
mayoug Statopwv) gival ~0.75. H katavoun tne cuotpodnc Stapopdwvetal Pe TPOTO WOTE va ouéndel
n Souik cuotpodr TOU MTEPUYiOU, XWPIC va TIPOKUTITOUV UEYAAEC QMWAELEC eVEPYELAG AOYW TNG
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edpappoyng BTC. Onwg €xel n6n mapatnpnOet (BAéne CASE C kat D), to uAwko FEC kuplapxel petad twv
TEXVLIKWV TABNTIKAG oUlEVENG TwV KATEUOUVOEWVY MTEPUYLONG Kol TEPLOTPOdNG. Ze avtiBeon He TIg
nieputtwoelg CASE C kat D, EMTUYXAVETOL [LLO ONRLOVTLKH UETATOTILON TOU ‘KAMAKLOU' TNG MAEUPAS UTIO-

Tiieong mpog to L/E (BAéme Xx. 4.9B).

FEC material
coefficient [-]

Twist [deq]

75 --=-_trailing ---- leading
e
25 T== - l"-\
{:Il:l' T T T T
00 02 04 06 08 1.0
tRyig [-]
(a)
5 += Raf ---—- CASEE
.{""d
0 - .!_,-'
-5 4 r"'"
e
04 4
'15 '"._'-‘ T T T T
0o 02 04 06 08 1.0
M Riip [-]
(v)

Coefficient
of thickness |

Move of caps [%]

16 --—- HiFcap -——- L/Pcap
8 N
[} A i --____. l‘*..
'8‘ T T T T
o0 02 04 06 08 1.0
t/Ryp (-]
(B)
1.0 8
:l EI B L B B S i e . D S S L E
:I E B, oy g - -
y -4
0.7 1 i
061,. 2
:JU T T T T D
00 02 04 06 08 10
M Ruip [-]

(6)

Offset ply angle [deg]

IxAua 4.9: CASE E: katavoun (a) uAkou FEC, (B) yewpetpwkol FEC, (y) cuotpodnc kat (8) ywviag
HoVOo-KaTteuBuvTrplou UAIKOU KaBwe Kal cUVOALKOU CUVTEAEDTH HETOROANC TAXOUG TOLXWHATWV.

H oxedlaotikr dtapdpdwaon tou CASE E, £xel €éva ONUOVTLKO AMOTUNTWUA OTN HElwon Tng palag tou
nitepuylov (mepimou 19.5%) kaBwg kot 1.36% oto otabuiopévo kootog evépyelag (LCoE). Ta
OUYKEVIPWTIKA amoteAéopata kaBe oxedlou, mapouoidlovtal oto Zx. 4.10. TéAog, otov Mivaka 4.3
apoucLAlovTal AETMTOUEPWS OL TLUEG TwV HETAPANTWY OXESLOOUOU Tou TpoékuPav yla KaBe ox€dLo

BeAtiotomoinong.
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Ixnua 4.10: (o) pala mrepuyiou, (B) ethola mapaywyn evépyelag kal (y) kootog evépyelag (LCoE),

KoBwC¢ Kal ol TocooTLaieg Touc SladopEg.

Nivakag 4.3: AnoteAéopata Twv PETAPANTWY OXESLAOUOU TwV OXESLACTIKWY SLapopdWoEWY Tou

e€etdotnkav. OL TWECG LE KOKKIVO XPWLA, OVTLOTOLXOUV OTIG LETOBANTEG oXeSLAOUOU He oTaBOgpn TIUN.

CASEA CASEB CASEC CASED CASEE

V1 (trailing/root C/P in y-axis) 3.34 - 3.14 2.83 2.58
V2 (trailing/interm. C/P in x-axis) 0.34 - 0.34 0.34 0.34
V3 (trailing/interm. C/P in y-axis) 0.18 - 1.18 1.18 0.91
V4 (leading/root C/P in y-axis) 5.50 - 5.14 4.56 4.48
V5 (leading/interm. C/P in x-axis) 0.76 - 0.76 0.76 0.76
V6 (leading/interm. C/P in y-axis) 5.73 - 5.90 4.92 7.17
V7 (H/P cap/root C/P in y-axis) - 7.20 -9.10 -0.80 0.60
V8 (H/P cap/interm. C/P in x-axis) - 0.47 0.47 0.47 0.47
V9 (H/P cap/interm. C/P in y-axis) - 14.00 13.80 10.80 15.40
V10 (L/P cap/root C/P in y-axis) - -10.40 0.20 0.10 -5.90
V11 (L/P cap/interm. C/P in x-axis) - 0.51 0.51 0.51 0.51
V12 (L/P cap/interm. C/P in y-axis) - 6.50 5.90 1.60 9.10
V13 (twist/interm. C/P in y-axis) - - - -5.54 -6.24
V14 (twist/tip C/P) - - - 2.47 4.16
V15 (BTC angle) - - - - 6.16
Number of design variables 6 6 8 10 11
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4.2.2.4. Matomnoinon BéAtiotwy oxediwv

TNV evoTNTO QUTH, TTPAYUATOTOLETAL N TiLotomnoinon Twv oxediwv CASE A, B kal E péow 10min aegpo-
€\OOTIKWV TIPOCOUOLWOoewWV. KaBe Sapdpdpwon, e€etaletal yia S1adopeg TOXUTNTEG AVELOU OE EVIOVN
TUpPN (DLC-1.3) kat og dtadopeg ywvieg avépou oe kataotaon “pehavil” (DLC-6.x), BAgéne Zx. 4.11 kau
x. 4.12.

3 hef 2] cASEA P70 CAsEB F7] CASEE A mef 21 casEs P50 CASEBR F2] CASEE
05% <1.1% -L0% -1.7% .I.8% O6%  1.2% 04% -25.56% -FI%
33 I1% .25%  AT7H 34 EX: 0.2% -12.1% -19.5% -I.
80.0 E?ﬁ- ‘Ju.;.-'as :qﬁ;-e :z?—r:s J-;.'?::s 80.0 ;a-:% ;.ms i‘5 :‘-e 25.8% J;f:::s
‘E 0.0 i ‘E T0.0
£ E ' £ E i
4~ 60.0 | L 1 <~ 60.0 g {
3 2 I
i i _
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400 400 .
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3 = 3 = 350
Eg ol gf; 300
= II ' =
VR 250 Fﬂ:ﬂ
k| 13 17 21 25 -60 -30 0 430 480
wind speed [mys] yaw angle [deg]
(B) (B)

Ixinpa 4.11: Akpaia ¢optia DLC-1.3 vy IxAua 4.12: Akpaia doptia DLC-6.x yio Stadopeg
Sladopec Taxvtnteg avéuou (mepthapPdavovtol ywvieg avépou (mepthapBAavovtal ol CUVTEAEOTEG
oL ouvteleotég oodaleiag), vy t™n péylotn  aocdadeiog), yia tn HEYLOTN cuvioTopévn pomn: (a)
cuvioTapévn pomr): (a) otn pila tou mrepuyiou otn pila tou mrepuyiou kat (B) otn Pdon Tou
Kot B) otn Bdon tou mupyou. nvpyou.

'OAeg oL Slapopdwoelg Tou e€eTAOTNKAY, TIEPLOPI{OUV CNUAVTIKA To péyLoto doptio Tng DTU-10MW RW
(BAéme 3. 4.12a), mou mapatnpeitat oto DLC-6.x ywa ywvia +30°. MdAwota, n péylotn peiwon
grutuyxavetat yla to CASE E, 25.8%. Mapouolo mocooto pelwong, dpaivetal va mapouactdlet kot to CASE
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A - 6xL 0pw¢ to CASE B (LOALg 19.5%). Mpodavwe, 0 MEPLOPLOKOG TWV TAAAVIWCEWY TOU TITEPUYIiOU KaTd
™ SLAPKELA TNG KN-AELTOUPYLOC TNG INXAVAG, EXEL EUEPYETLKO ATOTEAECHA KAl oTa GopTia ToU TUPYyoU
(BAéme Zx. 4.12B). Onwg odaivetar oto Zx. 4.11la, ta akpaia Asttoupylkd doptia tou TTEPUYiOU
TapoucLAlouv XoUNAOTEPEG TIUEG Yo OAa ta oxedla. Onwg avapevotav, n xprnon BTC (CASE E) £xel
EUEPYETIKA AMOTEAECUATA OTA AELTOUPYLKA dopTia TOoO otn pila Tou mMrepuyiou 600 Kal otn Baon Tou

nvpyou.

53



Kedalaio 4: MoAu-nedlakn agpo-eAaotikn feAtiotonoinon DTU-10MW RWT

54



KedbaAalo 5: Zupnepaopota

Kedpaato 5

5. Zuumepaopato

210 KepAAalo auto, cuvoilovTtal Ta ONUAVTIKOTEPA CUUMEPACHATO KOL OL TTIOPOTNPHOELS TNG EPYACiag.
EKTOC TV MWV, mapoTiBeTal Yo Opd amd avartavtnTa EpWTHHATA TTOU Umopouv va tpododotioouy

TN LEAAOVTIKN €pEuva.

5.1. TeVIKEC apATNPNOELS KOl OUUMEPACHOTA

JTOX0C TNG epyaciog, ATav n ovamtuén evog moAu-medlakol meplBarloviog oxedlaopol Ko
BeAtiotonoinong (Multi-Disciplinary Aero-elastic Optimization — MDAQ) TTEPUYLWV AVELOYEVVATPLAG.
210 mepBAAoV aUTO, OL AEPOSUVAULKEG TTAPAMETPOL (TT.X. KATOVOUN XOpSdN G Kal cuoTpodnc) kabwg Kat
Ol KOTOLOKEUALOTIKEG (TT.X. KOTOVON TOU TIAX0UC TwV UALKWV Kal epappoyr) mabntkol eAéyxou dpoptiwy
BTC rj/kat FEC), BeAtiotonolouvtat atov iblo Bpoxo. Ztdxog tou oxedlaopou, eival n ehaxlotonoinon
Tou otaBuLlopévou kdatoug evépyelag (Levelized Cost of Electricity — LcoE). O XElpLOMOG TwV PETABANTWY
oXe6L00UOU, TTpOYUATOTOLETOL HE pLo art’Tig peBodoug BeAtiotomnoinong: COBYLA, SLSLQP kat Newton,
n omola amoteAel tov muprva Tou o TAvw MDAO meplBdAlovtog oxedlacpol - svw Sladopa
UTIOAOYLOTIKA epyaAeia a€loToLOUVTAL YLOL TNV EKTIHUNGCN TWV HNXOVIKWY BLOTATWVY TNG KATOOKEUNG, TWV

dopTiwy KOL TOU KOOTOUG EVEPYELAG:

o ofpPo-aépo-ehaotikog emAlTnG hGAST
e gpyadeio avaluong Slatopwy

®  LLOVTEAO KOOTOUC QVELOYEVWNTPLWV

Ye mpwtn ¢aon, otodxog tng dtadikacia¢c MDAO eival n ehaxlotonoinon tng avaykaiog Halag UALKWY
kataokeung tepuyiwv (CAPital EXpenditure — CAPEX), Katomv ebapUoynG TEXVIKWY adnTikou eAEyyou
doptiwv. E€etdotnkav tpelc epapuoyec/mapadeiypora:
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Jtnv npwtn edapuoyn, afloAoyeital n SuvATOTNTA KATACKEUNG MTEPLYIlWY Ue KUpTwon (sweep). H
KOUTIUAOTNTA TOU MTEPUYIOU, MPOCEYYI(ETAL UE LLO KOUTIUAN Bezier — ta onpeia eAéyxou tng omoiag
amoteAolv tig petapAntég oxedlaopol/BeAtiotonoinong. To amotéAsopa ou mpoéku e Atav éva
TTeEPUYLO [ 8.6% Ayotepn pAla UALKWV.

J1tn Seutepn edpapuoyn, aflohoyeital N SuvaTOTNTA TUNUATIKNAG OTPOdG TOU HOVO-KATELBUVTHPLOU
UALKOU Ttou Bploketal ota ‘Kamakia’ Tou Trepuyiou. ALamoTwOnKe OTL ylo TNV OVEUOYEVVATPLA
avadopdc DTU-10MW RWT, pia pétpla ywvia 5° — 7.5° am’to 15 — 30% tou mrepuyiou, propsi
va odnynoel oe pelwon tg palag touv katd 8%. Mua muo nmepimhokn Swatagn, pe otadiakn avénon
™G ywviag (kabwg mpooeyyilleTal To 0KPOTTEPUYLO), Unopel va odnynoet péxpt kat os 10% peiwon
otn palag tou mrepuyiou.

210 televtalo mapadelypa, aflohoyndnke n amholotepn dldtagn Tng mponyoluevng ebapUOYNG O
€va Tpomomnolnuévo mrepuylo (ue FEC 3%), to onolo mapouotldlel MEPLOPLOMEVES TAAAVIWOELG KOTA
Vv otdbueuon tou. To MPOPANUA QVIILETWTIOTNKE He Sladopeg TeXVIKEG BeAtiotomoinong, ot
omolec efetdotnkOV WG TPOG TNV TAXUTNTA CUYKALONG Kal TNV guotdBela toug. OAeg oL péBodol
£6woav mopouoLeg TEALKEG BEATIOTEG AUoeLg (SnAadn mreplylo pe Pelwpévn pala Katd mepimou
8%).

3TN oUuVEéxela, TpayuatomnolBnke moAu-miedlakog oxeSlaocpog tou Sdpopca avepoysvvitplag 10MIW .

J1o)0G, NTtav n elaylotonoinon tou LCoE, cuvdualovtag pe BEATIOTO TPOTIO TIG SLAPOPEG TEXVIKEC

nadntikov ehéyxou (BTC kot FEC), padl He TO KATOOKEUAOTIKA/YEWUETPLKA XAPAKTNPLOTIKA TNG LNXAVAS

(katavoun xopdng katl cuotpodrg). Auo epappoyEg, £XOUV TAPOUCLAOTEL:

Itnv mpwtn edapuoyn, wg HeTaPAntéc oxedlaopol Bewpnbnkav To UAKOG TOU TTIEPUYioU, N
KOTAVOUR XopSNG Kol cUoTPOGNG, N KATOVO TOU TAXOUG TWV TOLXWHUATWY TOU TTEPUYLOU, KabBwg
KoL N ywvia Tou povo-kateuBuvtrplou UALKoU. To amoTEAECUA TIOU TIPOEKUE Qo TNV TIAPATIOVW
avaAuon, Atav éva mtepuylo pe 3.7% peyahUtepo PNKog Kat LoALg 1% Bapltepo, e ELoaywyr] LG
pétplag ywvia 5.9° oto UD uAikd mou Bpioketal ota ‘Korakia’.

Itn Sevtepn edapuoyn, atlodoynbnkav mévie oxedlaotikég Stapopdwoelg (CASE A-E) oL omoieg
oTadlOKA eVOWHATWVOUV BSLadopeg TEXVIKEG OUTeLENG Twv KateuBUVoewv TTEPUYLONG KoL
nieplotpodng (VALK Kol yeWHETPLKO FEC), kaBwg Kot tnv texViKn ouleuéng kapgnc/otpeédng (BTC).
To amotéAeopo TOU TPOEKUPE, ATAV Lot OElPG TIPOTEWVOUEVWY TITEPUYIWV TIOU Tieplopilouv
ONUAVTIKA TOOO Ta A£ITOUPYLIKA doptio TnG phxovng (DLC-1.3), éoo kot ta doptia KATd TN Un-
Aettoupyia (DLC-6.x) — katdotaon “pedavil’. Puokd, To amoTéAECHA OTN Helwon TG LAlag KaL TOU
LCoE mowkilel amo oxédlo — oe oxédlo kat ¢ptavel to 19.5% kat 1.36% avtiotoxa, yla tv
MePIMTWON Tou cUVSUACHOU OAWV TWV TEXVLKWV EAEYXOU.

5.2. MeM\ovtikn €pguva

Oodotia tng epyaciag autng NTav va CUMUPBAAEL OTNV QVATTTUEN KOl KOTOVONGON VEWV TEXVIKWV

OXEOLOOMOU Kal SLapopdhowong MTEPUYLWV AVELOYEVVNTPLWY. ZTNV KatelBUvVON auth, n epyacia £édwoe

anavnoel oe TANBOC €pWINUATWY TOU AMTovVTalL TNG PEATIOTNG XPNONG KOLWOTOMWY HeBOSwY

56



KedbaAalo 5: Zupnepaopota

nadntikou eléyyou. Mapd TaAUTA, TMOPUUEVEL HLO OEPA OO OQVAMAVINTA £PWTNUATA, TO ormola
UropoUV va amoteAécouv To epaAtriplo yia PeANOVTIKN €pguva. Auta cuvoyilovtal:

e OTnV enéKktaon Tou PEATIOTOU OXeOLOOMOU Kol Ot GAAEC EMPEPOUG OUVIOTWOEG TNG
QVEUOYEWNTPLOG (LY. TUPYOC, KIPWTLO TAXUTATWY K.ATL.) | OKOUN Kal 0To cUVoAo Tnc. Mo Tétola
£pEUVQ, OTNV MPAYLATLKOTNTA Ba anoteAoUoe T GpUOLKH CUVEXELA TNG TTOPOUCAC Epyaciag,

o otn 3D avdAuon, pe Xpron TPLOSLACTATWY EUMOPLKWY TtakeTwy (Tt.x. ANSYS 1 ABAQUS), Wbiaitepa
yla TNV anotipnon tng mbavotntag aotoxiag o€ AUYLOUO,

®  OTO OXESLOOUO VEWV TTOAU-IEYAAWVY UTIEPAKTLWY QVEUOYEVWNTPLWY > 20M IV,

e OTNV QVATTUEN VEWV HOVTEAWV KOOTOUC TTou Ba TPpoPAETIOUV TNV EMLITAEOV OLKOVOLKN EMLBapuvon
art'tn Xpron TEXVIKWY tadntikol eAéyyou.

5.3. Xpnuatodotnon

H StatpiBn, £xel otnpxBel OlLKOVOULKA Ao TG aKOAOUBEG TINYEC:

e H é£peuva €xel umootnpBel am’'to EAANVIKO 16pupa

Epeuvag & Kawotopiag (EA.A.EK.) oto mAaiowo tng 2™ EAIA E K
Mpoknpuéng Ymotpodwwv EAIA.EK. ya Yroyndloug . el

EAAnvikd 15pupa Epevvag & Kavotopiag

Awdaktopeg (AplBuog Altnong: 867).

e H vulomoinon tng Sbaktoplkng Slatpifrg cuyxpnuato-
dotnBnke am’tnv EAAGSa kot tnv Eupwmaiky Evwon
(Eupwmaiko Kowwvikd Tapeio) péow tou Emixelpnolakou

Mpoypdppatog  «Avamtuén  AvBpwriivou  Auvaplikou, - I APYMA
y KPATIKQN
Exnaibevon kat Ad Biou MaBnon», 2014-2020, oto . YIIOTPO®IQN

nAaioto tng MNpdénc «Evioxuon Tou avBpwrnivou Suvapkou . I KY
HEow TNC LAoToinong SL6aKTopLKAG €peuvag Ymodpaon 2:

Mpoypappa xopriynong umotpodwwv IKY oe unmoyrdloug
S16aktopeg twv AEl tng EAAASOC». (AplOBuodg zuuBaong:
2022-050-0502-52636).

o |SuwTIkA eTalpelol EPELVAG OVAVEWOLUWY TINYWV EVEPYELAG ‘Wind
“IWind” (yLa meploodtepe AEMTOUEPELEG, EMLOKEDTELTE TN IWin
¥ Renewables

oelida https://www.iwind.gr i e-mail: info@iwind.gr).
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