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Abstract

This thesis aims at investigating the constrained aero-structural optimization of hori-
zontal axis wind turbines. Various aspects of the design process are presented, focusing
on the improvement of the classical configuration but also considering innovative solu-
tions to extend the opportunities of design. The requirements are naturally included by
constraint equations, providing feasible configuration at the end of the process. The de-
veloped methods are based on a general approach that recreates the real operative con-
ditions. For this reason a high-fidelity simulation environment is employed to evaluate
the numerous situations imposed by the international standards, making the reported
procedures attractive for industrial applications.

The attention is focused on the design of rotor blades and support tower, that are the
most important aero-structural components in terms of cost of energy. The first chapter
presents the development and implementation of the aero-structural optimization tech-
niques. At first an introduction to the simulation environment is reported, highlighting
the modeling approach shared by all of the procedures. Then the aerodynamic design
of rotor blades is considered, showing how the maximization of the annual energy pro-
duction can be achieved.

Subsequently the optimization of the structural layout of rotor blades and tower is
considered, looking for the minimum cost of energy. In order to increase the compu-
tational efficiency, a multi-layer method is adopted. The optimization is performed at
coarse-level that involves efficient geometrically exact beam models, cross-sectional
analyses and multibody techniques. When the optimal configuration is achieved, a re-
finement can be applied at fine-level by the 3D FE models. The modeling of the CAD
geometry, the meshing and the definition of the FEM is a fully automated procedure
performed by a dedicated tool. The interaction between the coarse and fine-layer is
performed iteratively, by heuristic scaling of design requirements.

Finally the attention is focused on the aero-structural design of the rotor blades.
Two innovative algorithms are presented and compared with a tested one. Each method
involves different user’s participation and computational cost. Each design procedure is
validated by meaningful test cases and the pros and cons of each approach are reported.
Various test cases are reproduced, looking at different classes of wind turbines that
encompass standard industrial applications and future concepts.
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At the end, load alleviation capabilities of passive flap are investigated. This element
is a passive aeroelastic system appended to the rotor blade. An appropriate tuning of
aero-structural properties forces the passive flap with the loads generated by the blade
movement. Therefore no additional active components are required, limiting the neg-
ative effects on the reliability of the entire wind turbine. Moreover, the passive flap is
a distributed mechanism, able to react to localized noise due to the turbulence. Pre-
liminary analyses are performed by simplified models, intending to understand the key
parameters that maximize the passive flap effectiveness. The entire operative range is
explored, identifying the advantages in term of load alleviation and limiting the inter-
ference with the standard wind turbine components.
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CHAPTER1
Introduction

Wind energy has been subjected to an exponential growth during the last years, oc-
cupying a key role among the various renewable energy systems. The success of the
wind turbine is based on different reasons. The first one is the efficiency that turns out
to be comparable or superior to the other renewable energy sources. Furthermore the
governmental funding in several countries and the positive mood of the public opinion
have further incentivized the developing of these technologies, that provides an envi-
ronmental friendly option to limit the consumption of fossil fuels.

The modern wind turbine is the results of a joint effort between the academic word
and the industries. The currently configuration has been achieved by an all-compre-
hensive research that encompasses all the technologies involved in the today’s layout.
Aerodynamics, structure, control laws and electrical systems are only some aspects that
are interconnected in the complete configuration.

Despite the academic efforts and the success in industrial field, the solution of the
optimal design problem of a wind energy system is far to be solved. The multidisci-
plinarity of the wind turbine and the stochastic nature of the wind make the design pro-
cess difficult to tackle. The cooperation of various qualified teams is usually required
to merge the essential skills to achieve a successful result. Generally, this interaction is
performed by successive iterations. This standard approach proves to be uneconomic
and time consuming, diverting the attention from the principal objective: the design.
Therefore, new methods are required to engineer the wind turbine design process, in-
creasing the efficiency of the entire framework.

This thesis contributes to define new methodologies to solve the optimal aero-struc-
tural wind turbine design, aiming at a holistic approach to ensure the achievement of
the best performance. The current section will be organized as follow. A simplified
description of a typical wind turbine is considered in Sec. 1.1, followed by a review

1
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Chapter 1. Introduction

of the available publications about wind turbine design, Sect. 1.2. The topics and the
contributions of the current thesis are reported in Sect. 1.3, while some technical notes
are reported in Sect. 1.4.

1.1 Description of a Horizontal Axis Wind Turbine

Essentially, a wind turbine is a system that converts kinetic energy of the wind into
electrical energy. Two diagrams that display the topology of a typical Horizontal Axis
Wind Turbine (HAWT) are reported in Fig. 1.1 and 1.2, highlighting the main consti-
tutive components.

Figure 1.1: Wind turbine diagram (source: www.wavege.com)

The blades and the hub form the rotor assembly, the most important part of wind
turbine in term of performance and cost. The rotor with three blades can be considered
the most common layout today [1], that is usually adopted in large scale production of
electrical energy. This configuration achieves a high efficiency and it ensures a more
regular operation than a wind turbine with one or two blades [2].

The blades are usually made by fiber reinforced plastic material such as glass fiber
or carbon fiber, exploiting the orthotropic properties of the material to increase the

2

http://www.wavege.com/wind-turbine-diagram.html


i
i

“thesis” — 2014/11/25 — 14:03 — page 3 — #17 i
i

i
i

i
i

1.1. Description of a Horizontal Axis Wind Turbine

Figure 1.2: Wind turbine nacelle diagram (source: www.wavege.com)

performance and to reduce the cost. The hub is linked by a bearing to the structural
part of the nacelle, it connects the blades to the generator and it is usually made of
steel. The link between the rotor and the generator can be direct or through a gear-
box. The first case is defined as direct-drive and it requires specific electrical generator
able to produce electrical power at low rotational speed. In the second case a gearbox
links the low speed shaft, on the rotor side, to the high speed shaft, on the generator
side. The gearbox speeds up the angular velocity of the rotor, around tens rpm, to a
value suitable for a standard generator, hundreds of rpm. Therefore the double-shaft
configuration allows the use of a standard generator but it requires the installation of
extra components, such as the gearbox. In both cases the drive-train has to manage the
significant variations of the power input, so it is a critical component of the design. A
mechanical brake is installed along the drive train to ease the maintenance of the wind
turbine.

The nacelle and the rotor assembly are mounted at the top of the tower. An orien-
tation system is required to align the rotor to the wind direction. The main component
is a bearing that allows the relative rotation between the nacelle frame and the tower.
The nacelle-tower connection is defined upwind or downwind, depending on the rela-
tive position of the rotor assembly and the tower during the operative condition. The
upwind configuration is the most common layout for the multi-MegaWatt (MW) ma-
chines. It is an unstable solution because the rotor assembly tends to be rotated by the
aerodynamic forces in a stable downwind configuration. Therefore this layout requires
the installation of one or more yaw motors to point the rotor properly. On the other
hand a downwind configuration is a stable solution that tends to be aligned to the wind
field by the aerodynamic forces, so it could be designed as a free yaw system. In this
case a yaw brake can be installed to fix the position of the nacelle when required.

The tower can be made by steel tubes, metal lattice or reinforced concrete and it is
based on a reinforced concrete foundation, if an on-shore installation is considered, or
on a concrete-metallic floating or non-floating platform, if an off-shore installation is
taken into account. The tower layout depends on the characteristics of the installation
site. During the design, special attention is focused on the modal properties of the tower
to avoid dynamic coupling with the rotor.

The power production and the machine operation are managed by the control sys-
tem. This component is fundamental to maximize the energy production and to allevi-
ate the operative loads on the structural elements. For this reason, the control logic and
the tuning procedure influence the structural design of the overall wind turbine. The

3
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Chapter 1. Introduction

control system includes sensors, computers and actuators. Reliability considerations
limit the number and the heterogeneity of the constitutive components. Usually classi-
cal controller architectures are adopted, aiming at maximization of the durability to the
detriment of the performance.

Various electrical components, such as transformer, power electronic converter and
cables connect the generator to the electrical grid. These components stabilize the
power output, getting rid of the oscillations related to the turbulent fluctuations of the
wind field.

The concept of wind turbine, briefly reported here, is the most common industrial
configuration. However, other solutions can be considered, as Darrieus or Savonius
type vertical axis wind turbine. None of these alternative concepts has never been able
to achieve the cost of energy ensured by the HAWT, but it is possible that in the future
they will be successfully employed for other purposes. Focusing on production of the
electrical power, the HAWT configuration is considered and studied.

1.2 Aero-structural design of horizontal axis wind turbines

The extreme working condition and the remote installation site make the reliability the
most important requirement for a wind turbine. The active components and the com-
plexity of the constitutive systems are usually limited to minimize the fault probability
and to maximize the durability of the entire configuration. In such a framework, the
aero-structural design of the wind turbine is crucial to achieve the best performance
because it refers to the intrinsic nature of the components, without relying on the in-
stallation of extra elements.

The aero-structural design problem of wind turbines concerns the definition of the
optimal external aerodynamic shape and of the structural components that realize some
desirable compromise among several figures of merit, including aerodynamic efficiency,
weight, manufacturing costs, transportability, etc. All necessary trade-offs are usually
considered and ultimately finalized within the more general problem of designing the
whole wind turbine, where the goal is typically the minimization of the Cost of En-
ergy (CoE).

The most important aero-structural elements can be identified by analyzing the in-
vested capital of each component and by considering the effects on the global perfor-
mance. Usually the rotor blades are acknowledged as the most important aeroelastic
elements because of their key role in power production process. Furthermore, they are
the main source of the applied loads on the wind turbine, so they influence the entire
structural design. The maximization of the performance suggests to apply optimization
techniques to asses the blade design problem. This choice implies the the definition
of a merit figure that is usually identified by a CoE model, allowing the right trade off

between different parameters and pointing out the best compromise [3]. Notice that
the global optimum can be identified only by a holistic procedure, able to include the
fundamental couplings from the initial phases of the project. However, the difficulties
related to a multidisciplinary approach are usually solved by splitting the blade aero-
structural design in multiple mono-disciplinary problems, involving the aerodynamics
and the structure separately.

Considering the structural design of the blade, the engineering approach relies on

4
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1.2. Aero-structural design of horizontal axis wind turbines

multiple modeling levels. After a first coarse-level preliminary sizing performed using
beam-like models, one performs a fine-level verification using 3D FEM and corrects
any possible deficiency. This two-stage analysis is typically performed “by hand”, re-
vealing to be an high consuming procedure. Possibly, the result of the fine-level verifi-
cation is used to update the coarse-level dynamic model and the process is iterated until
convergence. Clearly, this procedure is time consuming and labor intensive. Further-
more, the design is not conducted as an integrated multi-level optimization, and might
lead to sub-optimal results since there is not a consistent way to reflect the results of
the fine-level analysis into modifications of the coarse-level models.

The design of wind turbine blades has been the subject of several investigations, and
software packages are available that can support the process at the various necessary
description levels. In the following some of the relevant literature is reviewed, first for
preliminary coarse-level sizing and then for detailed fine-level verification.

As previously stated, a coarse beam model is often sufficient for preliminary anal-
ysis as it is capable of providing fast and accurate results for primary parameters such
as natural frequencies, deflections, loads and the estimation of the overall dynamic
behavior of the machine. At this stage, multibody procedures are routinely adopted,
using geometrically exact beam formulations as in [4] and as in the nonlinear finite-
element-based multibody dynamics wind turbine simulation code Cp-Lambda (Code
for Performance, Loads, Aero-Elasticity by Multi-Body Dynamic Analysis) [5,6] used
here, or with Timoschenko beam elements as in [7]; modal representations of the flex-
ible elements are also in widespread use, as in the wind turbine aero-elastic codes
FAST [8] and GH-Bladed [9].

The use of such tools for preliminary design of rotor blades has been described in
a few publications. In particular, the codes RotorOpt [10, 11] and FOCUS6 [12] im-
plement integrated design environments. A suite of design tools is described in [13],
providing the facilities for preliminary blade design, although the various software
modules do not appear to be integrated in a unified optimization framework. Re-
cently, the multidisciplinary wind turbine design code Cp-Max (Code for Performance
Maximization) was described in [14]. In that work, the structural blade design prob-
lem is formulated as a constrained optimization based on a two-level modeling sys-
tem. The first level is represented by a parametric aero-servo-elastic multibody model,
while the second level by 2D finite element parametric models of the blade cross sec-
tions. The integration of the two models allows for the synthesis of a beam given
its cross sections, and for the evaluation of the sectional loading given the beam one,
which are the two crucial steps of the design problem. In fact, from the sectional mod-
els, fully-populated stiffness matrices are computed using the code ANBA (Anisotropic
Beam Analysis), based on the anisotropic beam theory formulated in [15]. The stiff-
ness matrices obtained in this way are used for defining geometrically exact shear and
torsion-deformable beams [16] in Cp-Lambda. On the other hand, recovery relations
provided by ANBA allow for the computation of local sectional stresses and strains based
on internal stress resultants computed with Cp-Lambda.

The formulation described in [14] enables the structural optimization of rotor blades
through the integration of 2D cross sectional analysis and 1D spatial beam models. Al-
though that paper mentioned the link towards a detailed fine-level 3D FEM verification
of the design, the formulation lacked the ability to close the loop from fine-level analy-

5
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Chapter 1. Introduction

sis back to coarse-level representation, which is the only way one can generate a design
that is optimal and constraint satisfying at the finest description level. Another exam-
ple of multi-level optimization approach is performed in [17], using meta-models to
include in the optimization procedure geometric wind turbine parameters, for example
rotor diameter and hub height. Considering large wind turbine, a complete presentation
of a design procedure can be found in [18].

Different algorithms can be applied to rotor optimization. Sequential quadratic pro-
gramming techniques are exploited in [14], allowing to include large amount of con-
straints in efficient way. Particle swarm algorithm is applied to optimize composite
blade structure and position of spar caps in [19]. Multiobjective aerostructural opti-
mization techniques are performed in [20], focusing on rotor thrust, annual energy pro-
duction and blade mass. Also structural topology can be optimized as reported in [21],
where an unconventional spar cap configuration is introduced.

Considering the fine-level verification, several tools have been produced for the de-
tailed structural analysis of wind turbine blades, typically developed in the form of pre-
and post-processing software interfaced with commercial FE solvers. For example,
NuMAD [22] serves as a pre-processor for the commercial FE software ANSYS. Given
an externally generated Computer Aided Design (CAD) model, the code produces a
mid-thickness model of the blade, meshes it using shell elements, and lets the user de-
fine all necessary material properties, loading and boundary conditions for the required
analyses. Similarly, FOCUS6 is also capable of generating detailed structural models
of rotor blades using lay-up shell elements, while NSE-blade-mesher [23] exploits
a combined solid and shell element mesh in connection with the FE solver ABAQUS.
This code was used for confirming the bending and twisting behavior of a blade pre-
dicted by sectional analysis in [24], while a full structural multi-criteria optimization
for a given aerodynamic shape is performed in [25] by utilizing a parametric FE model
using ANSYS.

The attention of the scientific community for the structural design of the rotor blades
is clearly highlighted by the various papers herein reported. The potentialities of the
structural design can be smartly enhanced by looking at the contributions of the dif-
ferent components to the Initial Capital Cost (ICC) of a wind turbine. The ICC can
be considered as the summation of the expenses to realize and make operative a wind
turbine. The contribution of the tower to the ICC is comparable to the rotor cost and it
is around 16% of the total price for a land-base installation. Considering an off-shore
solution, the wind turbine cost is a lower fraction of the ICC, but the cost of support
structures increases considerably [26]. This fact highlights the importance of the tower,
and the support structures in general, and it suggests to pay attention also to tower
design.

Different approaches concerning the structural design of the single tower are in-
vestigated by the available publications. Classical tubular steel tower optimization is
performed considering different structural properties as merit figures [27] or measur-
ing the optimality by a cost model [28]. Different degree of detail can be found in the
design procedure, ranging from global structure analysis to local details as reported
in [29] and [30], where local opening and welding joints are considered. Also different
architectures are explored: steel lattice towers optimization are analyzed in [31], while
a solution based on fiber-reinforced composites is reported in [32] and a comparison be-
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tween the use of steel and concrete is shown in [33]. Despite the variety of the reported
methods for the tower structural design, a general approach to design the rotor blades
and the tower structure is missing. Since these components are strictly connected by
aerodynamic and structural couplings, it is assumed that only a monolithic procedure
is able to identify the best configuration, achieving the minimum CoE.

Despite the interdisciplinary nature of the wind turbine, the pure structural design
has been considered up to now. Nevertheless, the design of wind turbine rotors is an
inherently multidisciplinary activity that requires the complex integration of several
different optimization processes. On one hand, the external shape of a wind turbine
blade is driven by aerodynamic considerations that ultimately aim at maximizing the
power extraction from the wind. This implies the use of very efficient and thin aerody-
namic profiles along the span of the blades and the design of a very low solidity rotor.
On the other hand, structural efficiency requires a high distribution of area moment of
inertia to achieve a satisfactory bending stiffness of the blades. This means both the use
of thick airfoils and for a given aerodynamic shape high chords throughout the span
of the blades. Looking at the figure of merit of a wind turbine rotor design optimiza-
tion problem, the minimization of the CoE produced by a wind turbine is identified
as being the strategy to be pursued. However, in the CoE formulation the Annual En-
ergy Production (AEP) and the cost of the rotor drive the design in opposite directions.
In this context, a coupled aero-structural optimization process is seen as an important
development in the research context of wind energy.

Looking at the available scientific literature, large efforts have been recently carried
out towards the aero-structural optimization of wind turbines and wind turbine rotors
in particular. Current research programs are for instance being conducted at the U.S.
National Renewable Energy Laboratory (NREL). In [3], the effect of using different
cost functions for the same optimization problem is analyzed, concluding that the CoE
as merit figure leads to the most correct results, but also highlighting the need for high-
fidelity cost models, which are generally unavailable to the public. Important studies
have also been conducted at Politecnico di Milano, highlighting the strong contrasts
between aerodynamic and structural efficiency. In [14], high fidelity models have been
used for either aerodynamic or structural optimizations and a coupling of the two pro-
cedures was tempted. A recent development [34] used lower fidelity models to include
the capability of simultaneously designing airfoils, chord and twist distributions and
internal structure as done for the optimization of modern wings for high efficiency air-
crafts. Several other studies have also been conducted with many other tools with a
varying degree of model fidelity. In [17], a multi-level framework is developed to coor-
dinate multiple optimizations, involving different disciplines and modeling techniques.
The ultimate goal is to perform a top-level optimization that provides a feasible aero-
structural design according to all disciplines. A simultaneous design of aerodynamic
properties and Bend-Twist Coupling (BTC) is carried out by [35]. Airfoil shapes, chord
and twist distribution and degree of structural coupling are considered as optimization
variables, while a CoE model provides the merit figure. The reduction of the CoE,
achieved by the authors, is due to a decrease of the blade loads, keeping constant the
aerodynamic performance. A site-specific aero-structural design is instead achieved
in [36], aiming at a reduction of the CoE for a specific wind turbine location. The
effects of the site-specific wind distribution are highlighted comparing the optimal de-
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Chapter 1. Introduction

signs for different locations. It is also particularly notable the recent work performed
by Ashuri et al. [37], which aims at achieving a good trade-off between model accu-
racy and computational costs to reach the minimum CoE. In [37], a global reduction
of the CoE is reported thanks to an optimal coupling between rotor aerodynamic per-
formance and rotor and tower structures. Notice that, if a CoE model is not adopted
as merit figure, multi-objective optimization technique can be applied. An example is
reported in [20], where aerodynamic properties and structural properties are optimized
by considering as objective functions turbine trust, AEP and blade mass.

Until now the attention has been focused on the optimal design of aero-structural
properties of the rotor blades and the structural characteristics of the tower. Obviously
the classical concept of the aerodynamics and the structure is fundamental to maximize
the performance, as emerged by the review of the scientific literature. However, the
classical configuration could merge with innovative solutions, aiming at a further im-
provement in terms of CoE. In this case, the main requirement of each extra-component
is a limited reduction of the reliability of the wind turbine.

An important example is represented by the load alleviation techniques. They aim at
the reduction of the loads acting on the wind turbine, allowing a more efficient structural
design, that turns out in a reduction of CoE. In the last years, a remarkable interest
has been focused on these techniques as shown by the various research papers, for
example [38,39]. Notice that it is not possible to provide a broad-spectrum investigation
of load alleviation methods because it would require a remarkable amount of time due
to the extension of the topic. For this reason, the attention is focused only on a specific
application that appears to be innovative in wind energy field, as shown hereinafter.

A decreasing of the load value could be achieved by active or by passive techniques.
The active techniques rely on active control systems. These solutions can drive actua-
tors that move the entire blade, i.e. the pitch actuator, or they can employs distributed
devices, such as active flaps or plasma actuators placed along blade span, or they can
deals with a combination of these systems [40]. In this case a reduction of reliability
of the wind turbine is expected for various reasons. The first one is the increase of the
actuator duty cycle due to the load alleviation activity required by the control law. The
second reason is the existence of extra components, as sensors and actuators, that in-
crease the maintenance activity. This issue is magnified by considering the distributed
systems that are installed along the blades. Both aspects are usually unbearable in wind
energy, implying a poor success of the active techniques for load mitigation in real
industrial applications.

On the other hand, passive load alleviation techniques affect the system reliability
partially, so they seem to be more suitable to wind energy applications. The traditional
techniques, such as BTC and geometric coupling, have proved their effectiveness [41].
These techniques usually encompass a large span-wise extension of the blade, so they
operate like an individual pitch actuator installed at the blade root. Therefore, these
solutions are unable to react to local noise due to turbulent fluctuations of the wind
field. The gap between these passive solutions and a distributed active configuration
can be filled by a passive distributed device. An example of this system could be a
passive control surface with limited span-wise extension, installed on each blade. The
passive control surface is forced by the loads due to the motion of the blade, so no
active components are required. This concept, here defined as passive flap, merges
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the advantages of the distributed control with the reliability of a passive device. The
calibration of the aerodynamic and structural properties of the passive element is crucial
because it determines the interaction with the overall wind turbine. The main goal of
the tuning is the load alleviation, minimizing the interference with active control system
and other standard wind turbine components.

The passive load alleviation by appended devices has been employed in aeronautic
applications, especially before the developing of the active control systems. A first
example of a gust-alleviating passive flap can be found in aeronautical field [42]. The
experimental setup shows the effects of a long-period dynamically overbalanced flap on
an aircraft wind tunnel model. A reduction of the acceleration due to an atmospheric
gust is displayed but also a decrease of airplane stability is reported.

Considering rotorcraft applications, an analytic investigation of aeroelastic devices
appended to rotor blades is cited in [43]. Among different devices, a passive trailing
edge tab concept is shown. The importance of the tuning is highlighted, since the tab
motion must be correctly phased to delete the blade harmonic airloading that induces
vibrations to the mast. A preliminary simplified analysis is provided, showing promis-
ing results. However the device appears to be counter-productive if examined in a more
complex framework. The authors do not identify the causes of this mismatch and they
suppose that the tab is not tuned properly.

Another passive rotorcraft appended device, similar to the passive flap, is the free tip
rotor [44]. The free tip rotor is a conventional rotor except that the blades are modified
in the outer part to embed a free pitching tip. This device improves the aerodynamic
efficiency, smoothing the airload distribution in the blade tip region when the blade
azimuth position is varied. Also in this case the tuning is crucial, as the position of
aerodynamic and mass center of the tip relative to the blade pitch axis. Passive control
strategies are applied to modulate the torsional moment applied to the free-tip. Different
solutions are shown in [45], reporting the sketches of the design concepts.

These studies have shown that the advantage, ensured by a passive device, is over-
come by the increase of weight. Therefore, the installation is not convenient in aeronau-
tical and rotorcraft applications, where active systems are preferred despite the loss of
reliability. Different requirements characterize wind energy solutions, where the maxi-
mum reliability request is stressed, making the passive flap idea still attractive. A first
application in wind energy of passive distributed system for load alleviation is analyzed
in [46]. A passive camber control concept is investigated, considering 2D aeroelastic
typical section. The variation of airfoil camber is imposed by local aerodynamic load,
while the original shape is restored by concentrate spring and damper. Three simplified
load cases are evaluated, showing a significant decrease of load fluctuations.

Passive load alleviation can also be achieved by structural morphing concept as re-
ported in [47]. A bi-stable specimen is designed, tailoring orthotropic material. When
the applied load exceed a threshold value, the structure switches from the reference
state to the other statically stable state that generates less lift. This process does not
require moving parts, but the main drawback is that an active component should be
installed on the blade to restore the original shape [48]. For this reason the solution
cannot be considered as a purely passive solution.
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1.3 Contributions of the Present Work and Outline

Two macro-areas of research are considered: the first one is the aero-structural opti-
mization of wind turbines while the second one is the application of the passive load
alleviation techniques in wind energy field. These research topics are considered as
two common parts of the aeroelastic design of wind turbine. Therefore the differences
should be only apparent because only a monolithic approach can ensure the maximiza-
tion of the performance, merging load alleviation techniques with an holistic wind tur-
bine design. This project moves in this direction, developing and validating the required
methods for a holistic aero-structural wind turbine design that will consider passive load
alleviation techniques.

1.3.1 Research approach

As shown by the cited literature, the design of the aerodynamic and structural prop-
erties of the wind turbine has been widely considered by the scientific community.
However, in most cases, the optimal design problem has been solved taking into ac-
count simplified case studies that are distant from the operative conditions defined by
the international standards. This limitation is overcome by the current project, where a
general approach is always pursued, using a reliable simulation environment to evaluate
the wind turbine working conditions.

The analyses are based on in-house developed software, such as Cp-Lambda and
ANBA, commercial package, like MSC.Nastran, and open-source codes, as TurbSim.
A detailed description of the modeling approach will be reported below, but it is here
remarked that the developed techniques are tailored to this general approach. The hy-
potheses and the approximations are compliant with a real operative framework. Tur-
bulent and deterministic working conditions can be considered, furthermore specific
situations can be reproduced by the flexibility ensured by the analysis tool.

The complications, involved by the generality, force to develop the design methods
by an incremental approach. At the beginning the problem of optimal design is solved
by considering the monodisciplinary optimization of the standard components of wind
turbine. This approach allows to identify the potentialities of each procedure, before
increasing the tool complexity. After that, a multidisciplinary design tool is developed,
providing different techniques to face the aero-structural design of a wind turbine. The
validated design procedures are finally extended by an innovative concept for load alle-
viation. This research approach is followed by the structure of this thesis, as it is clearly
stated by the next section.

1.3.2 Treated Topics and Presentation Outline

The first research activities are concerned with the structural design of wind turbine ro-
tor blades for given aerodynamic shape. Although this is only one aspect of the general
problem of designing a wind turbine, as mentioned above, it is nevertheless a highly
complex and challenging task. In fact, the design should identify optimal structural
layout, choice of materials and proper sizing of all structural members to ensure a cost-
effective, safe and efficient operation throughout the lifetime of the machine. Given
layout and materials, the sizing problem should be performed in such a way that all
blade components (from webs, skin and spar caps, to root bolting and all the way down
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to glued connections, reinforcements, etc.) can withstand extreme loads and the effects
of fatigue due to deterministic cyclic and stochastic turbulent excitations. Furthermore,
the blade should be designed in such a way to avoid resonant conditions, which would
increase vibrations and fatigue, be stiff enough to avoid striking the tower even under
extreme operating conditions, be flutter-free in all of its operating envelope including
emergency conditions, and also free from local instabilities such as skin buckling, wrin-
kling, etc. The design should also be able to fully exploit the anisotropic properties of
composite materials, for example for inducing load mitigating couplings between blade
bending and twisting [49]. Clearly, these goals should be met with the minimum pos-
sible cost, while satisfying all necessary manufacturing constraints.

The main challenge of this design problem comes from the need to marry the un-
steady nature of loading in a wind turbine, which requires transient analyses, with the
need to capture local effects such as stress concentrations and instabilities in complex
3D structures made with anisotropic composite materials. Transient analyses are rou-
tinely performed with beam-like models of the machine dynamics, coupled to suitable
aerodynamic models and control laws that enable the simulation of the whole spectrum
of unsteady operating conditions defining extreme loads and deflections, as well as fa-
tigue. On the other hand, the verification of the local state of stress and strain and its
stability are typically conducted with detailed 3D static finite element models, under
loading conditions obtained from the ones computed with the transient models.

The scope of the first project phase is to improve on the current design method of
rotor blades, by proposing a multi-level design procedure that conducts the design in a
fully integrated and automated manner. The method includes 2D finite element mod-
els for the characterization and analysis of the blade cross sections, aero-servo-elastic
multibody models for load calculation according to certification guidelines [50, 51],
and detailed 3D finite element models for detailed stress-strain, fatigue and buckling
analysis. The design optimization is conducted by iterating among the various levels,
so as to deliver a cost-minimizing design solution that also satisfies all desired design
constraints at the finest description level, i.e. the detailed 3D model.

A new tool is described for the automatic generation and analysis of 3D FE structural
blade models. First, a detailed CAD model is generated in terms of Non-Uniform
Rational B-Spline (NURBS) surfaces directly from the blade geometry obtained at the
coarse description level. Next, the CAD model is associated with material properties,
boundary as well as extreme and fatigue loading conditions, and meshed into shell or
solid elements to enable the execution of the necessary analyses.

Static deflection and fatigue analyses are conducted on the fine-level 3D model, with
the goal of verifying the satisfaction of the stress, strain and fatigue constraints, since
the 3D model can represent effects that sectional and beam models cannot capture.
Furthermore, a buckling analysis is performed under the most severe loads conditions.

A heuristic approach is used for incorporating the effects of the 3D FEM level analy-
ses back into the coarse-level model. This way, new 2D sectional models are generated
which in turn define a new 1D spatial beam model, and the complete process is re-
peated. Typically, very few iterations between the coarse and fine levels are necessary
for convergence.

Through the new procedure described herein, a multi-level optimization is used to
determine cost-minimizing design solutions that satisfy all desired constraints at the
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Chapter 1. Introduction

finest description level within reasonable computational costs. In particular, the loop
closure between fine 3D FEM static and coarse multibody dynamic and cross sectional
models is a valuable contribution of the present work.

Having examined the multi-level structural optimization of the rotor blades, the at-
tention is focused on other structural components of the wind turbine, especially on the
tower. In scientific publications, a clear separation appears between the rotor and the
tower design. This gap is filled by the current project, unifying in a common proce-
dure the optimal sizing of these components. This approach turns out to be of primary
importance for multi-MegaWatt (MW) machines, when the requirement of the blade-
tower clearance becomes essential. The clearance parameter is the minimum distance
between the blade tip and the tower structure that can be encountered in the wind tur-
bine operating range. It depends on the aero-servo-elastic behavior of the wind turbine,
establishing a strict connection between blade and tower structures. The best compro-
mise, that ensure the minimum CoE, can be achieved only by an unified optimization
procedure where blade and tower are sized in a high fidelity modeling environment.
This part of the project exploits the state of the art simulation techniques to define a
general design environment where blade and tower structures can be sized by a unique
optimization. Furthermore, the developed procedure can be useful applied to perform
trend studies, identifying the optimal value of parameters that are not included into the
optimization procedure. In this case trend studies allow to optimize the layout of the
wind turbine, considering the parameters that affect directly the clearance, such as the
rotor cone angle and the nacelle uptilt angle.

Once the structural optimization capabilities of the design tool are increased, differ-
ent optimization algorithms are proposed to achieve an optimal aero-structural design
of a wind turbine rotor. The final configuration is identified by the minimum CoE value,
evaluated by a model that merges all the characteristics of the wind turbine in a single
value, representative of the entire machine. Compared to all the works just referenced
by the literature analysis, in this project higher fidelity models are used, following an
industrial approach. This approach is coherent with the pure structural optimization
of the rotor blades and of the tower. This means that the final design needs to survive
to the long list of Dynamic Load Cases (DLC) specified by international standards,
like the ones released by the International Electrotechnical Commission (IEC) [50] and
by Germanischer Lloyd (GL) [51]. Moreover, a long set of constraints is accurately
taken into account in the optimization process. On one side, aerodynamic constraints,
as maximum blade tip speed, maximum chord or chord and twist maximum tapering
values, must be respected. On the other side, the rotor structure needs to satisfy stress,
strain and fatigue constraints, but also the placement of blade natural frequencies, min-
imum tower clearance and others. All these constraints have a crucial effect in the
optimization and only their inclusion from the initial steps of the process ensures to
achieve a correct identification of the minimum CoE. In this work two aero-structural
optimization approaches are developed and compared to an existing method.

Considering the structure of the thesis, the optimal design methods are reported
in Chap. 2, while the results, provided by the Chap. 3, shows the applications and the
potentialities of the developed approaches. Notice that the division of the different topic
is related to the exposition, while the design procedures are developed in an integrated
tool that reflects the multidisciplinarity of the problem.
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The literature analysis has also shown that the passive distributed control has been
employed by aeronautical applications but it has not extensively been studied in wind
energy. Considering the wind turbine, the design drivers are different than the aeronau-
tical ones. Furthermore different design approaches can be exploited, making passive
distributed load alleviation interesting with a view to the CoE reduction. This project
aims at exploring the potentialities of a passive flap, in the frame of blade aero-structural
design. Obviously the maximization of the performance is ensured only by a global ap-
proach that unify the standard blade configuration with this appended device. This
approach will be pursued in the future if the passive flap will prove to be a interesting
solution.

Since the appended device is passive, the aero-elastic characteristics are fundamental
to obtain an effective operation. The tuning process of the passive flap provides further
flexibility to the analyst in term of design parameters and it can be considered as an
extension of the aero-structural design of wind turbine. In this thesis simplified models
and analysis are developed, aiming at a full comprehension of the passive flap system.

A hybrid model is considered at first, merging the classical typical section theory
with the input data provided by a comprehensive wind turbine simulation environment.
This model allows to tune the passive flap, to assess the system stability and the load re-
duction capabilities. The interaction with standard wind turbine behavior is investigated
by another reduce order model that considers the entire rotor, allowing the estimation
of the interference between the controller and the passive device. These models are
successfully applied to explore the potentialities of this concept, as reported in Chap. 4.
Notice that the current analysis aims at highlighting the pros and cons of such devices
in a simplified framework. For this reason the provided results are preliminary and they
will be validated by a general simulation environment.

1.4 Technical Notes

The current project is based on data of realistic wind turbines provided by collabora-
tions with industries and research centers. When these data are covered by industrial
secrecy, they are provided in non-dimensional form. For the same reason, only a brief
description of the wind turbines models are reported, citing the source when the data
are public available.

The cited code MSC.Nastran is a trademark of MSC.Software Corporation, Hyper-
mesh is a licensed product of Altair Engineering, Inc.. Matlab is a licensed software
of The MathWorks Inc.. The software TurbSim is a open source code distributed by
National Renewable Energy Laboratory (NREL). Cp-Lambda is a licensed product of
the Dipartimento di Scienze e Tecnologie Aerospaziali of Politecnico di Milano.
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CHAPTER2
Optimization Procedures

In the current chapter the development of the optimization procedures oriented to wind
turbine design is reported. Last years activities have led to the development and im-
provement of the tool Cp-Max (Code for performance Maximization). Cp-Max allows
the multidisciplinary design optimization of wind turbines using high-fidelity models
and different figures of merit. The multidisciplinary approach is due to the intrinsic na-
ture of the problem that involves aerodynamics, structure and control laws in a unique
coupled system, while the different merit figures are related to the considered design,
as will emerge clearly during the chapter. The research project aims at a holistic proce-
dure, able to design the overall machine in a monolithic approach. This is obviously the
final goal pursued by wind turbine design and it is the only way to achieve the minimum
CoE configuration. In this thesis the attention is focused on the wind turbine compo-
nents that most affect the CoE of a classical HAWT layout: the rotor blades and the
tower. The contribution of these elements to the initial investment is fundamental. Fur-
thermore, other components, for example the hub, the drive train and the foundations,
are designed by considering the boundary conditions imposed by the blades and the
tower. This consideration shows that a good design of the rotor blades and the tower
influences positively the overall structural design of the wind turbine. Moreover the
aerodynamic performance is mainly related to the blade characteristics, affecting the
energy harvested during the operative life. This parameter is really important because
it influences considerably the CoE through the AEP value. This means that the aerody-
namic and the structural design of the rotor blades and tower are crucial to maximize
the performance of overall wind turbine, justifying the adopted approach.

The implemented methods exploit a parametric aeroservoelastic model that allows a
realistic simulation of the operative conditions. Since the same simulation environment
is adopted by the different optimization techniques, a description of the modeling ap-
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Chapter 2. Optimization Procedures

proach is provided at first in Sect. 2.1. State of the art modeling techniques are reported,
focusing on the details that characterize the wind turbine simulation.

Among the different procedures, the mono-disciplinary design is considered at first.
The current project starts from the original aerodynamic and structural optimization
capabilities of Cp-max, that refer to the single blade only. The original version of
Cp-max is entirely reviewed, leading to the current edition reported in this chapter,
where the Cp-max features are shown to provide a global overview of the design tool.

The attention is focused on the aerodynamic design in Sect. 2.2. The aerodynamic
properties of the blade are optimized to maximize the AEP, while the structural param-
eters are constant. At the beginning a global description of the approach is reported,
then the algorithmic form of the method shows the details of the implementation. After
that, some details about the model parametrization are explained, describing the selec-
tion of the optimization variables. Finally the cost function calculation is considered,
giving some details regarding the evaluation of the aerodynamic performance and the
regulation policy of the wind turbine.

Section 2.3 is about the structural optimization of the rotor blades and tower. The
method minimizes the CoE of the wind turbine, keeping constant the aerodynamic pa-
rameters. In this case the AEP can be considered constant too, so the optimization
directly affects the Initial Capital Cost, a single parameter that measures the optimality
of the blade and tower structural design. The section is organized as the description of
the aerodynamic optimization. A general overview of the method and the algorithmic
form show how the design is performed. Then, the structural parametrization of the
model describes the layouts that can be optimized. After that, a description of the CoE
model is considered. Although in this case the AEP is constant, a general overview of
the CoE model is provided because all the features of the same model will be exploited
to define the merit figure of the aero-structural optimization procedures. After the merit
figure characterization, a brief description of the automatic tuning of the wind turbine
controller is reported. The process is based on the aerodynamic performance and the
regulation policy defined in the Sect. 2.2. Notice that the controller is essential to eval-
uate the DLC, boundary conditions of the structural design, so a robust procedure to
update the control laws in conjunction with the aeroelastic model should be provided.
Finally, since the structural design procedure is developed on different modeling lev-
els, the interaction between these levels is reported. Notice that the current section is
focused on the coarse-level, while the refinement levels will be reported separately in
Sect. 2.5–2.6.

After the description of the mono-disciplinary optimization of the aerodynamic and
structural properties, the aero-structural design is considered. The procedures, reported
in Sect. 2.4, merge the aerodynamic and the structural optimization variables, min-
imizing the CoE value. At the beginning a practical example shows the limits of
mono-disciplinary optimizations, highlighting the restrictions of a sequential design
that separates the aerodynamics and structure. After that, the attention is fixed on
the developed aero-structural procedures. Since different approximations and hypothe-
ses can be set, various algorithms are developed. The robust Pre-Assumed Aerody-
namic Shape (PAAS) approach is presented at first. The External Aerodynamic/Internal
Structure (EAIS) approach is then reported. Finally the Monolithic with Load Updat-
ing (MLU) approach is shown. Each formulation of the algorithms entails different
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2.1. Wind Turbine Aeroelastic Modeling

computational cost and requires various skills of the blade designer. These differences
are emphasized by the description of each method and they are clarified by the analyzed
test case in Sect.3.4.

At the end of structural or aero-structural optimization, a refinement analysis can be
applied to the optimal configuration obtained by the coarse-level design. The refine-
ment analysis allows to introduce small corrections to the optimization loop, including
the effects that are not modeled at the coarse-level. Essentially, the refinement analysis
implies the generation of a three-Dimensional (3D) Finite Element Model (FEM) that
encompasses the entire blade or zooms on critical regions. The creation of the 3D FEM
of the overall blade is reported in Sect. 2.5, while the detailed analysis is considered in
Sect. 2.6. The fine-level model is generated by a similar procedure in both cases, so
the structure of these sections can be summarized as follow. After some general con-
sideration about the modeling aspects, the CAD geometry is generated by the model
parametrization provided by the coarse-level. Then the FEM is created, considering
the CAD geometry. Finally all the requested analyses can be computed, providing the
required measurements to the closure of the multi-level optimization loop.

2.1 Wind Turbine Aeroelastic Modeling

Optimization techniques of complex aero-servo-elastic system, such as wind turbines,
are strictly related to the capability of parametrizing a high fidelity model in an omni-
comprehensive simulation environment. A general description of modeling techniques
is here reported to better understand the following sections. The interested readers can
find further details in [14], [52] and [53]. On the other hand, the choice of the opti-
mization variables and the model parametrization will be considered consistently with
the corresponding optimization technique.

The core of the wind turbine simulator is Cp-Lambda (Code for Performance, Loads,
Aero-Elasticity by Multi-Body Dynamic Analysis [6]). Originally developed for rotor-
craft applications, the software has been validated through numerous comparisons with
other industrial simulation software, wind tunnel experimental results and field mea-
surements.
Cp-Lambda is a MultiBody (MB) aero-servo-elastic simulator software able to de-

scribe general topology systems. For this purpose a broad library of elements is pro-
vided to the user, including rigid bodies, nonlinear flexible elements, joints, actuators
models and aerodynamic models. The constitutive components are described by Carte-
sian coordinates, large displacements and three dimensional rotation are correctly mod-
eled by referring all the degrees of freedom to a unique inertial frame.

General models of joints are available, furthermore stiffness and damping properties
can be provided to each joint as nonlinear lumped parameters. The constraint equations
due to the joints are enforced by scaled Lagrange multipliers [54].

Rotor blades and tower are usually described by nonlinear geometrical exact shear
and torsion deformable beam models [16]. Different features are allowed, including a
general description of cross sectional properties, generic 3D shape and finite motion
simulation. Arbitrary beam geometry can be considered as well by curved and twisted
beam axis. Flexible components are discretized in space by finite element method,
leading to a system of differential algebraic equations in time. Time integration is
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Chapter 2. Optimization Procedures

performed by an unconditionally stable scheme that enables to include high frequency
dissipation [55].

An example of topological description of multibody model is reported in Fig. 2.1.
Rotor blades, tower, flexible shaft and nacelle are modeled by beams. The inertial
properties of the rotor hub, generator and nacelle are included by rigid bodies. Pitch,
torque and yaw actuators are also provided to ensure the wind turbine regulation. The
foundations are modeled by lumped springs and damper associated to revolute joints.
Obviously a system with a generic topology can be modeled, exploiting the high gen-
erality of the MB techniques.

Tower 

Blade 

Pitch actuator 

Yaw 
actuator 

Hub Inertia 

Elastic 
Foundation 

Beam 
Rigid body 
Actuator 
Revolute joint 
Prismatic joint 
Boundary condition 

Figure 2.1: Topological representation of multibody model of the wind turbine

The aerodynamic properties are defined by lifting lines based on sectional blade
aerodynamic coefficients given in tabular form. Root and blade tip loss models, dy-
namic corrections and dynamic stall model can be taken into account. Aerodynamic
loads are modeled by Blade-Element Momentum (BEM) model, based on anular stream
tube theory with wake swirl [56]. Dynamic inflow models are also available when
model fidelity must be increased [57] [58]. Rotor aerodynamic model is reported in
Fig. 2.2, showing the most important properties of the aerodynamic modeling. No-
tice that the blade lifting lines are not coincident with the beams axes, increasing the
model generality. The aerodynamic properties vary along the blade span and they can
be tabulated taking into account different Reynolds numbers.

The wind field is computed by external tools: deterministic gusts are obtained by in-
house routines, while turbulent time histories are supplied by the open source software
TurbSim [59]. The frozen turbulence hypothesis is applied, allowing the evaluation
of the wind field on a three-dimensional grid before the simulation starts. During the
simulation, the motion of the grid towards the wind turbine is imposed. The wind field
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2.1. Wind Turbine Aeroelastic Modeling

Figure 2.2: Representation of rotor aerodynamic model of the wind turbine

is spatially interpolated at each time step on each airstation, i.e. point of the lifting
line where the aerodynamic loads are evaluated. Deterministic effects, such as wind
shear and tower shadow, can be included too as specified by [50] and [51]. All the
aerodynamic effects, that define the relative wind speed on each air station, are shown
in Fig. 2.2. The resulting velocity takes into account these contributions but also the
blade motion to perform a fully coupled aeroelastic analysis. When the aerodynamic
loads are evaluated on the lifting lines, they are moved to the corresponding beam axis
by a rigid interface.

In order to ensure regulation over the entire operative range, pitch-torque control
strategies are provided by external dynamic libraries. This configuration is flexible and
modular, once the interface between the model and the control system has been stan-
dardized. Supervisory unit can be included to manage the machine behavior at some
specific events, such as start up and shut down in standard and emergency conditions.

All operative situations prescribed by international standard can be simulated, [50]
[51]. Various analysis types are considered: static, dynamic and eigenvalues analysis
are computed depending on the quantities required by each optimization techniques.
Automatic procedures post-process all the results, defining the generalized load en-
velope. This envelope takes into account the sectional envelopes, that consider the
maximum and minimum values of the internal forces on each blade section. The time
histories obtained by DLC 1.2, [50] [51], useful to estimate the fatigue damage, as well
as the minimum blade-tower clearance loads are also included into the generalized load
envelope. This data structure is essential to structural and aero-structural optimization
and it deserves special attention during the development of the design techniques as
will be shown hereinafter.

All the optimization approaches developed by the current project involves the aeroe-
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Chapter 2. Optimization Procedures

lastic modeling techniques herein reported. In the next sections Cp-Lambda features
will be exploited and further details about the modeling approach will be given, de-
pending on the considered optimization procedure.

2.2 Aerodynamic Optimization of Rotor Blades

The aerodynamic optimization of the rotor blades is taken into account in the current
section. The considered approach is well established among the scientific community,
however a brief description is here reported to better understand the development of the
other procedures that involve the aerodynamic design of the wind turbine.

A global overview of the algorithm is reported at first in Sect. 2.2.1. After that,
the algorithmic form of the procedure is reported in Sect. 2.2.2, even if the method is
quite simple. This description is reported for completeness, introducing the nomen-
clature and the conventions applied to describe the other optimization method. The
aerodynamic parametrization is described in Sect. 2.2.3 and finally the cost function
evaluation is reported in Sect. 2.2.4.

2.2.1 General overview of the optimization method

The pure aerodynamic optimization of the wind turbine rotor consists of identifying, for
a given set of airfoils, the optimal chord and twist distributions to achieve the maximum
AEP. Obviously this approach could be extended by considering the airfoil shape as
optimization variable. The resulting approach is usually called free-form optimization
and it allows to design family of airfoils oriented to specific wind turbine. Even if this
approach would be more general, it is chosen to postpone it to a further project phase
to limit the problem complexity, especially in the aero-structural approach.

The optimization procedure relies on a parametrization of the aerodynamic proper-
ties of the blade by perturbation functions. This choice allows to limits the number of
optimization variables and the resulting computational time.

The AEP is considered as merit figure to investigate the entire power production
range. The AEP evaluation is based on a Cp-Lambda multibody model of the wind
turbine. During this process, it is important to consider the overall wind turbine to take
into account the all the possible couplings during the performance evaluation.

The design requirements are expressed by a set of nonlinear constraints that is in-
cluded in the optimization problem. Gradient based optimization techniques are ap-
plied, ensuring the best performance through an efficient inclusion of the constraints
[60].

Although gradient base techniques are applied, the local minima are not a concern
for several reasons. First of all, the initial guess provided to the optimizer is a credi-
ble configuration, not too far from the optimal one. This initial layout can be obtained
by analogy or by a scaling procedure from an existing HAWT. Various case studies are
available in literature, so this kind of information is easy to find. Furthermore, no severe
transformation of the conventional configuration is expected, when a classical HAWT
is considered, so the optimal solution is supposed to be next to a good initial guess. Fi-
nally the solution space is considered smooth, especially near to the optimum, ensuring
good convergence properties. This is a reasonable assumption due to the technologi-
cal constraints, that impose a regular blade shape, and due to the operative conditions
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2.2. Aerodynamic Optimization of Rotor Blades

of the blade airfoils, that are usually characterized by a high aerodynamic efficiency
and by attached flow conditions. Notice that the smoothness of the merit function is
mandatory when gradient base optimization methods are applied, so these considera-
tions legitimate also the approach here reported.

2.2.2 Optimization algorithm

The optimization methodology has been developed in detail in [14], however a sum-
mary will be here reported. The algorithm can be expressed as follows:

Function (p∗a, P
∗
y) = MaxAEP(pa, ps,D) : (2.1a)

P∗y = max
pa
AEP(pa, ps,D) (and p∗a = arg max

pa
AEP), (2.1b)

s.t.: ga(pa) ≤ 0, (2.1c)
vtip ≤ vtipmax

(2.1d)

Here and in the following, functions are indicated with the notation

(O) = FunctionName(I), (2.2)

where I are the input variables, while O the output ones.
In equation 2.1, pa and ps are the aerodynamic and structural variables of the opti-

mization problem. pa is the union of pa,t and pa,c, which are the vectors of the shape
functions that modify twist and chord distributions respectively.

D is a field containing a list of given data:

D = {Pr,Vin,Vout,R,H, AF,C, vtipmax , ...}. (2.3)

The list includes, among others, the rated power Pr, the cut-in and cut-out wind ve-
locities Vin and Vout, the rotor radius R, the tower height H, the airfoil types used along
the span AF, the wind turbine class C, the maximum tip speed vtipmax . The maximum
AEP, denoted P∗y, is obtained at the corresponding p∗a. Finally, ga represents a set of
linear and nonlinear constraints applied to pa. The set is flexible and can be tailored
to specific needs, but it generally includes values for maximum chord, upper bound for
the first and/or second derivatives of chord and twist distributions, a tapering parameter
and minimum or maximum rotor solidity. This set is useful to express the technological
constraints, related to chord and twist variability, but also transportability requirements
can be included, for example due to the maximum chord value if an onshore wind tur-
bine is considered. Furthermore the equations (2.1c) can be exploited to parametrize the
optimal aerodynamic result by some macro-parameters useful to explore the solution
domain as it will be shown by Sect. 2.4.2.

The optimization routine MaxAEP is implemented in Matlab [61]. The core of the
code is the gradient-based optimization function fmincon, which uses a Sequential
Quadratic Programming (SQP) algorithm.
MaxAEP has proved good robustness and convergence is generally achieved in few

iterations. The computational cost of the aerodynamic optimization routine is limited
compared to the other optimization processes later described.
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Chapter 2. Optimization Procedures

2.2.3 Model Parametrization

The aerodynamic properties of the MB model are parametrized by considering the
chord and the twist span-wise distributions. These measurements are related to the
blade lifting line that provide the definition of the aerodynamic properties of the MB
model. The geometry of each lifting line is defined by a Non-Uniform Rational B-
Spline (NURBS) curve, so maximum flexibility is ensured, allowing the creation of
arbitrary three-dimensional curved and twisted lines. Span-wise varying data are as-
sociated to each lifting line, allowing the exact reproduction of the local chord length,
chord-wise position of the aerodynamic center and the other characteristics of the air-
foil.

Since only chord and twist span-wise distributions are modified by the parametriza-
tion, the other data required to express the aerodynamic characteristics of the blade are
kept constant. As reported above, the airfoils type is fixed for sake of simplicity, but
also the airfoils span-wise position is kept constant. Since the airfoil types turns out
to be important in the blade design, it is possible to include the choice of the airfoils,
performing trend studies with different airfoil groups. The airfoil family, or the com-
bination of airfoil type that ensures the best performance, can be selected. In contrast
with the airfoils shape, the airfoils span-wise position is a minor parameter, as shown
by in-house trend studies, and it can be neglected without affecting the optimality of
the result.

The current parametrization aims at a good description of the blade properties limit-
ing the number of the degrees of freedom. Multiplicative and additive shape functions
are considered to deform the original baseline distributions. The twist θ(η) and chord
c(η) distributions are expressed as:

θ(η) = sθ(η) + θbl(η) (2.4)
c(η) = sc(η)cbl(η) (2.5)

where η is a nondimensional span-wise coordinate, that assume zero value at blade root
and unitary value at blade tip. θbl(η) and cbl(η) are the baseline distributions, provided
as initial guess. The deforming functions sθ(η) and sc(η) are expressed as:

sθ(η) = nθ(η)pa,t (2.6)
sc(η) = nc(η)pa,c (2.7)

where nθ(η) and nc(η) are the shape functions and pa,t and pa,c are the optimization
parameters pa =

[
pa,t, pa,c

]
. A necessary smoothness is achieve by the use of cubic

splines for the shape functions nθ(η) and nc(η).
Since the parametrization relies on deformation functions, a multiplicative approach

can be used only for chord because it is ensured that this distribution always assumes
nonzero values. On the other hand, this condition is not valid for the twist, so an
additive deformation function gives the variability all along the blade span.

Obviously the unknown distributions can be directly described by assumed func-
tion, as Bézier curve, with minor modifications. However, in general, a larger number
of degrees of freedom is required by this approach than the number requested by the
deformation shapes technique.
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2.2. Aerodynamic Optimization of Rotor Blades

2.2.4 Cost Function

The cost function AEP evaluates the AEP of the wind turbine by the following steps.
Firstly, the lifting lines describing the aerodynamic properties of blades of Cp-Lambda
model are updated, based on the given pa from the baseline configuration. Then the
aerodynamic performance, in terms of power coefficient CP, are evaluated, varying the
tip speed ratio λ and pitch angle β. Considering the aerodynamic performance, it is
possible to evaluate the regulation policy. This strategy defines the reference condi-
tions of the wind turbine along the operative range, according to [62, 63]. The whole
process to compute the regulation trajectory just described is doubled and it is first per-
formed on a coarse λ-β grid mesh and then on a more refined grid. This allows a more
accurate computation of the states of the machine at limited computational costs. From
the regulation trajectory, it is then possible to compute the power curve of the current
configuration, weight it with the Weibull distribution for the prescribed wind turbine
class [50, 51] and finally compute the AEP as:

AEP = T
∫ Vout

Vin

P(V)pWeibull(V)dV (2.8)

where T is the number of hours in one year, Vin and Vout are cut-in and cut-out wind
speed, P is the power and pWeibull is the probability density function of the wind.

To better understand the evaluation of the AEP, further information is provided in
the next paragraphs, focusing on the evaluation of the aerodynamic coefficients and the
regulation policy.

Evaluation of Aerodynamic Performance

The wind turbine aerodynamic coefficients define the global aerodynamic performance
of the rotor. Various techniques are available to estimate the power coefficient in term of
tip speed ratio λ and pitch angle β. The simplest approach deals with an ideal rigid rotor
in axial flow condition, neglecting the aeroelastic effects and the interactions with the
other wind turbine elements. However this approach introduces a lot of approximations
that cause an overestimation of the performance.

Basically, a lot of effects can downgrade the characteristics of the ideal rigid model.
A first element is the wind field that is not axially oriented and it is not homogeneous
due to the presence of the wind shear. Furthermore the elastic deformation of the wind
turbine components can modify the configuration, altering the working conditions. For
example the bending of the tower can alter the nacelle uptilt angle, modifying the align-
ment of the rotor axis toward the wind direction. Other effects are related to the defor-
mation of the blades that influences the force distribution on the overall rotor. For these
reasons, a more advance model should be used than the ideal rigid one.

In the current project the evaluation of the CP(λ, β) surface is performed by an aeroe-
lastic Cp-Lambda model of the entire wind turbine. Static simulations are run to evalu-
ate the aerodynamic performance of the machine for a two-dimensional grid of differ-
ent states, described by different values of tip speed ratio λ and pitch angle β. These
simulations take into account the aero-elastic effects of the flexible bodies of the MB
model and include the computation of aerodynamic, inertial, gravity and also centrifu-
gal loads. These simulations represent snap shots of the wind turbine configuration at a
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certain operative condition. The aerodynamic performance is then evaluated by extract-
ing the internal forces acting on the hub shaft, and particularly the torsional moment.
If this value is nondimensionalized, it is possible to draw the power coefficient CP of
the wind turbine toward λ and β and from these curves, the regulation trajectory can be
computed as reported by the next section.

Evaluation of the regulation policy

The regulation trajectory is accurate and includes the definition of regions II, II1
2 and

III to respect a potential constraint on maximum tip speed [62]. It may here be useful
to point out that region II 1

2 is function of the rated rotational speed, which is in turn
dependent on the solidity of the rotor. Therefore, during the different iterations of the
aerodynamic optimization loop, region II 1

2 may become a requirement or not based on
the variations of pa.

The region II ranges from the cut-in wind speed to the appearance of the region II 1
2 ,

due to the vtip constraint, or to the achievement of the rated power, where the region III
starts. In region II, the wind turbine operates at maximum value of CP, obtained by the
solution of the following optimization problem:

CII
P = max

λ,β
CP(λ, β) (2.9)

λII , βII = arg max
λ,β

CP(λ, β) (2.10)

where CII
P is the maximum value of the power coefficient and λII and βII are the associ-

ated tip speed ratio and pitch angle values, constant with respect to the wind speed.
If the constraint equation (2.1d) is active, the region II 1

2 divides the region II and the
region III. This is a transition zone where the rotor speed is imposed to the maximum
allowable value Ωmax = vtipmax

/R until the power rated is achieved. The power coefficient
is obtained by the following optimization problem, solved for each wind speed:

∀V ∈
[
VII 1

2
,Vr

]
CII 1

2
P = max

β
CP (λ (V) , β) (2.11)

∀V ∈
[
VII 1

2
,Vr

]
βII 1

2 = arg max
β

CP (λ (V) , β) (2.12)

In this case the pitch varies along the wind speed, maximizing the extracted power and
keeping constant the rotor angular velocity Ωmax. The subscript r identifies the value of
the variables when the rated power is attained.

When the rated power Pr is obtained, the region III starts. The regulation sets a
power value equal to Pr towards the wind speed, while the power coefficient is varied
as:

CP = CPr

(
λ

λr

)3

(2.13)

where λ is a function of the wind speed: λ = ΩR/V , with Ω = vtipmax
/R if constraint

(2.1d) is active, or Ω = Ωr otherwise. The region III ends at the cut out wind speed or
at a wind speed where a down-rated is applied. This last case is not here considered for
simplicity.
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Although the current section is focused mainly on the evaluation of the AEP, the reg-
ulation policy is fundamental to assess also the reference control input to trim the wind
turbine. Considering the dynamic simulations, the control input provided by the con-
troller is composed by two parts. The first one is contribution related to the regulation
policy that provides the reference conditions. The second one aims at the annulment
of the external noise and it is usually related to the gap between the current conditions
and the trimmed ones. The tuning of the control system will be briefly considered in
Sect. 2.3.5, where the reference conditions are computed by a reduce order model and
the automatic evaluation of the gains of a specific control law is reported.

2.3 Structural Optimization of Rotor Blades and Tower

The rotor blade and tower structural design is investigated by the current section. Since
the methods are not generally known, a self-contained explanation is reported, high-
lighting all the characteristics of the approach. Furthermore, the subject of this section
is essential to understand the development of the aero-structural design algorithms, re-
ported in Sect. 2.4, where the aerodynamic and the structural design are unified by a
monolithic approach.

The structural design procedure is formulated on multiple modeling layers. In the
current section, a coarse aeroelastic level is considered. This level relies on numerical
efficient models, allowing the application of optimization techniques. At the end of
optimization process, a refinement can be applied by a fine modeling level. This level
will be reported separately in Sect. 2.5–2.6 because it is not actually an optimization
procedure, but it is a useful tool available to the analist.

The exposition is coherent to the description of the aerodynamic optimization of
the rotor blades. At the beginning a general overview of the method is reported in
Sect. 2.3.1, then the algorithmic form is highlight in Sect. 2.3.2, showing the style of
the approach. The structural model parametrization is reported in Sect. 2.3.3, while
the cost model is highlighted in Sect. 2.3.4. Since the tuning of the control system is
mandatory to evaluate the DLC during structural optimization, Section 2.3.5 focuses
the attention on this procedure. Finally the connection between coarse and fine-level is
provided by Sect. 2.3.6.

2.3.1 General overview of the optimization method

The structural optimization procedure aims at obtaining the lightest structure that satis-
fies a set of design requirements, fixing the aerodynamic characteristics, i.e. the external
shape of each component and the wind turbine configuration. This procedure can be
applied to the rotor blades, the most challenging components at the core of the design
process. Obviously, the method can be extended to other structural elements, for ex-
ample an integrated design of the rotor blades and the tower structure is here reported,
completing the discussion of [53]. The structure of the algorithm that pertains only
the rotor blades can be easily inferred, excluding from the procedure all the parameters
related to the tower.

The algorithm is developed on multiple layers. A coarse aeroelastic level, or “Coarse”
level in Fig. 2.3, based on quasi-3D efficient models is applied during the load estima-
tion and the optimization phase, while 3D finite element models are used to refine the
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coarse solution in a fine-level, or “Fine” level in Fig. 2.3. The connection between the
two levels is performed iteratively, as it will emerge from the following explanation. A
parametrized model for blade and tower structure is defined by optimization variables
that determine structural properties at a finite number of control stations. The model
characteristics between these control stations are obtained by interpolation. The blade
optimization variables are the thickness distributions of the constitutive elements along
blade span, i.e. external shell, spar caps, shear webs and different reinforcements. A
classical tubular solution is considered for the tower: diameter and thickness distribu-
tion along the tower height parametrize this component.

Figure 2.3: Multi-level structural blade-tower optimization for given aerodynamic shape

Blade section properties are computed by finite element cross sectional analysis by
the software ANBA [15]. The discretization is performed by orthotropic equivalent pan-
els. The code computes the fully populated stiffness matrix, accounting for all possible
coupling due to the use of composite materials. Moreover, multiplicative coefficients
that allow the evaluation of the stress and strain distributions on the blade sections are
evaluated. Due to the basic geometry of the tower, the properties and the stress distribu-
tions are obtained by classical analytical theory of beam sections. Structural properties
are included in the Cp-Lambda model, which allows high fidelity simulations as re-
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ported in Sect. 2.1.
All Dynamic Load Cases (DLC) prescribed by international standards, [50] or [51],

are computed by the simulation environment. The quantities necessary for sizing are
obtained automatically by post-processing routines. Ultimate stress and strain distribu-
tions are evaluated from the load envelope by ANBA on each designed section. Rainflow
counting algorithm and damage accumulation rules estimate the fatigue life from stress
time histories. It is possible to prevent resonant conditions by placing modal charac-
teristics of the system. The clearance between blade tip and tower is also evaluated,
considering machine configuration and blade tip deflection. All these quantities and
manufacturing requirements are expressed as inequality constraints enforced during
the optimization procedure.

The CoE model is considered as merit figure, allowing the correct scaling of het-
erogeneous parameters that define the wind turbine [64]. The cost model links the
weight to the cost of the blades and tower by statistical coefficients, so a light design
turns out to be also cheap. Blade mass is computed considering the structural masses
by ANBA sectional analysis and different type of nonstructural masses: adhesive, resin
uptake, bonding plies, lightning protection system. Also core thickness distribution is
estimated by analytical formula as reported in [65] and it is included in the nonstruc-
tural mass evaluation. Tower mass is computed summing the contributions due to the
external tubular, the flanges that connect different sections and nonstructural masses
distributed along tower height. Also the AEP affects the CoE, representing the return
obtained by the wind turbine installation. The AEP value is estimated by CpLambda
from the aerodynamic characteristic of the rotor and the wind turbine configuration as
reported in Sect. 2.2.4.

Sequential Quadratic Programming (SQP) techniques are applied to optimize blade
and tower structure. During the optimization, the generalized load envelope obtained
from DLC is kept constant to reduce computational time and to increase problem regu-
larity. Smoothness of the merit function and constraint equations is a strict requirement
when gradient base algorithms are applied. As reported previously, when the aerody-
namic optimization is considered, Sect. 2.2, the optimization problem is expected to
be smooth in the neighborhood of the optimal solution. This assumption is based on
the hypothesis that the optimal blade aerodynamic properties are expected to be regular
due to manufacturing constraints. Furthermore in optimal operative condition the aero-
dynamic loads exhibit a regular behavior with regard to the angle of attack, because the
angle of attack is limited and the airfoils are in an operative condition far from stall. The
smoothness of the input data and the loads, that characterize the optimal configuration,
allow to infer the regularity of the aerodynamic design.

Some problems may arise in the structural optimization, where a non-smooth behav-
ior can be induced by the load envelope evaluation. The sectional load envelope collects
maximum and minimum loads conditions acting on each section and it is useful to ex-
press requirements on the ultimate stress and strains. The selection of the most severe
conditions is carried out for each load component by applying max and min functions to
the load time histories. If the wind turbine model is modified, there is no guarantee that
the dimensioning conditions remain identical to the ones of the original model, involv-
ing the same time instant and DLC type. A swap into load ranking between DLC type
would lead to a discontinuos behavior of the constraint equations, increasing the level
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of numerical noise when gradients are evaluated by finite differences, and downgrading
the algorithm performance.

The hypothesis of constant load envelope solves the problem of discontinuities in
this case but it forces to recover the load variations by an iterative procedure. When
an optimal solution is found by SQP algorithm, the wind turbine parametric model is
updated and loads are evaluated. A new step of the iterative process is so performed
estimating a new optimal configuration from SQP results at the previous iteration and
boundary conditions defined by the new load envelope. Usually, the convergence is
achieved after few steps, showing a good behavior of the algorithm in different case
studies.

The coarse aeroelastic solution is improved by the fine-level reported in Fig. 2.3.
At the moment, the refinement analysis can be applied to the blade structure only, but
the extension to the tower structure can be implemented directly. A three dimensional
CAD blade model is automatically generated, considering the constitutive elements.
The CAD model is meshed and it allows to repeat the verifications performed at coarse
aeroelastic level. If some differences emerge, the 3D FEM results are used to correct
the constraints applied during the Coarse aeroelastic optimization. Corrections are usu-
ally identified at the beginning or at the end of blade structural components and where
steep chord modifications are reported, i.e. in blade root region. 3D FEM allows also
the verification of buckling requirements and it highlights if small corrections of the
estimated core thickness are necessary. This process refines the values of nonstructural
mass distribution and the blade global mass measure, directly connected to CoE esti-
mation. In the current version of Cp-Max the possibility of performing a detailed fully
3D finite element structural analysis is included. The creation of a detailed model is
essential to increase the resolution of the analysis, allowing the sizing of structural de-
tails that, despite their limited extension, directly affect the global blade configuration.
As example, Figure 2.3 considers the blade root bolted joint design that defines the
thickness of blade laminate in the root region, affecting blade total mass significantly
due to large laminate thickness required to embed the bolts. The connection between
the fine-level and the coarse-level is created by scaling the constraints and by updating
the merit figure, as reported in Sect. 2.3.6.

2.3.2 Optimization algorithm

The combined algorithm for optimizing the blade-tower structure is shown by the block
diagram of Fig. 2.4. The aerodynamic shape is provided by the parameters pa, and it is
fixed during the optimization. The DLC estimation and the structural optimization are
performed iteratively, as shown by the diagram. The DLC are estimated at first, then
the optimization problem is solved, providing a new structural configuration. The DLC
can be updated with the new layout, giving new boundary conditions to the optimization
problem and so on. When the procedure converges, the optimal structural parameters
ps are provided.

The minimization of the blade-tower cost can be precisely posed in this algorithmic

28



i
i

“thesis” — 2014/11/25 — 14:03 — page 29 — #43 i
i

i
i

i
i

2.3. Structural Optimization of Rotor Blades and Tower

              

Structural Optimization 

min
𝒑𝑠

𝐶𝑂𝐸 

subject to constraints 

DLCs update Aero-shape (𝒑𝒂) Design (𝒑𝒔) 

Figure 2.4: Block diagram of the structural optimization

form:

Function (p∗s,CoE∗) = MinBladeTowerCost(pa, ps,D,Γs) : (2.14a)
(E) = LoadEnvelope(pa, ps,D), (2.14b)
do (2.14c)

(ps1, ps2) = ps, (2.14d)
(p∗s1,CoE∗) = MinCostBladeTowerFrozenLoads(pa, ps1,D, E,Γs), (2.14e)
(M) = 3DCADAndFEMeshGeneration(pa, p∗s1 ∪ ps2, E), (2.14f)
(p∗s2,w

∗
2,Γ

′
s) = 3DFEAnalysis(M, ps2,D, E,Γs), (2.14g)

p∗s = p∗s1 ∪ p∗s2, (2.14h)
(E′) = LoadEnvelope(pa, p∗s,D), (2.14i)

∆ps1 =
∥∥∥p∗s1 − ps1

∥∥∥ , ∆CoE = ‖CoE∗ −CoE‖ , (2.14j)

ps = p∗s, Γs = Γ′s, (2.14k)
while (∆ps1 ≥ tolps1 and ∆CoE ≥ tolCoE). (2.14l)

The inputs of function MinCostBladeTowerFrozenLoads are the known parame-
ters pa describing the aerodynamic shape of the blade, the initial structural parameters
ps, the data structure D analogous to (2.3), the load envelope E and a list of parameters
Γs used to impose the design requirements, defined as

Γs =
(
σadm, εadm, δtipadm , [ωL,ωU], ...

)
(2.15)

where σadm and εadm are the admissible values for ultimate stress and strain, δtipadm is
the allowable blade-tower clearence, [ωL,ωU] are the bounds for modal frequencies
placement and so on.

The outputs of the function are optimum values for the parameters p∗s that produce
minimum Cost of Energy CoE∗. The primary structural parameters ps1 are directly
included into optimization procedure, while the secondary structural parameters ps2,
for example blade core distribution, are determined during the refinement cycle (2.14f,
2.14g).

The coarse-level constrained optimization (2.14e), which is solved using the SQP
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algorithm, takes the form:

Function (p∗s,CoE∗) = MinCostBladeTowerFrozenLoads(pa, ps,D, E,Γs) :

(2.16a)
p∗s = min

ps
CoE(ps,D) (and CoE∗ = arg min

ps
CoE), (2.16b)

s.t.: gs(ps,b, ps,t) ≤ 0, (2.16c)
ωb(ps,b,D) ∈ [ωL,ωU], (2.16d)
σb(ps,b, E,D) ≤ σadm, (2.16e)
εb(ps,b, E,D) ≤ εadm, (2.16f)
db(ps,b, E,D) ≤ 1, (2.16g)
δtipmax

(ps,b, ps,t, E,D) ≤ δtipadm
(2.16h)

ωt(ps,t,D) ∈ [ωL,ωU], (2.16i)
σt(ps,t, E,D) ≤ σadm, (2.16j)
dt(ps,t, E,D) ≤ 1. (2.16k)

The structural variables p1s are divided into the variables pertaining the blade struc-
ture and the variables that describe the tower and each group is identified by the sub-
script b and t respectively. The same notation is applied to the set of design require-
ments expressed by inequalities (2.16c – 2.16k), among which different constraints can
be identify:

• (2.16c): requirements applied during constructive process. For example limits
on the tower cone angle or thickness variations in the same tower sectors can
be imposed. Considering the blade, span-wise ply tapering rates in lamination
sequences can be limited, due to manufacturing considerations.

• (2.16d, 2.16i): resonant conditions are avoided placing significant natural fre-
quencies within a desired interval [ωL, ωU]. This could be a requirement for the
first flap-wise blade eigenfrequency to lie above the three-per-rev frequency at the
rated rotor speed, or a requirement for a suitable gap between two consecutive
blade frequencies. If the tower is considered, the first fore-aft and side-side bend-
ing modes could be located above one-per-rev frequency at the rated rotor speed.
Usually the other per-rev frequencies do not concern the tower design since the
gap with the lower eigenfrequencies of the tower is significant.

• (2.16e,2.16f, 2.16j): sufficient structural strength is obtained for the blade impos-
ing bounds on stress and strain components σ and ε, respectively, at a selected
number of points on cross sections of interest, according to [50, 51]. The consid-
ered components on each blade section are the longitudinal, the transversal and
the shear stresses or strains. Von Mises stress is considered for the tower instead,
as suggested in [66]. The stress and strain measurements depends on the optimiza-
tion parameters ps, the input data D and the generalized load envelope E. Safety
factors on material and on loads are included consistently with [50, 51].
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• (2.16g, 2.16k): bounds on fatigue induced damage when DLC 1.2 turbulent wind
field is applied [50]. At the beginning the fatigue analysis is performed on overall
verification points on each blade section. Then the most critical points are selected
by a user defined tolerance to limit the computational cost during the optimization.
On each verification point the fatigue damage dσr due to single stress component
is computed according to [51]:

dσr =
∑
i, j,k

FVk

n
(
σmi , σa j ,Vk

)
N

(
σmi , σa j , σadm, γ

) (2.17)

where FVk is given by the ratio between the time spent by the wind turbine during
the entire operative life at wind speed Vk and the simulated time. n

(
σmi , σa j ,Vk

)
is

the number of cycles obtained by the rain-flow counting algorithm at mean stress
σmi , amplitude stress σa j and wind speed Vk. The admissible number of cycles
is N

(
σmi , σa j , σadm, γ

)
, corrected by the safety factor γ, [51]. From the value of

dσr of each stress component, a multi-axial damage index is defined in agreement
with [67, 68]:

db = d2/m
σ1

+ d2/m
σ1
− (dσ1dσ2)

1/m + d2/m
σ6
, (2.18)

where m is the inverse slope of the Wöhler curve and the longitudinal, transverse
and shear stress components are identified by indices 1, 2 and 6. For the tower the
fatigue constraint implies the computation of the dt index as stated by [69]:

dt =

(
γF f ∆σE,2

∆σc/γM f

)3

+

(
γF f ∆τE,2

∆τc/γM f

)5

(2.19)

where ∆σc and ∆τc are reference values of fatigue strength, ∆σE,2 and ∆τE,2 are
equivalent constant amplitude stress ranges related to 2 million cycles and γF f

and γM f are safety factors. The damage indices for all verification points are
stacked in vectors, db and dt and are all bounded to unity. Also for the fatigue
the dependency on the ps, D and E is highlighted. It should be remembered that
the generalized load envelope E includes also the DLC 1.2 turbulent conditions,
essential to evaluate db and dt.

• (2.16h): ensures the blade-tower clearance during operative life. Before perform-
ing the blade structural optimization, the load condition, that generate the min-
imum clearance, is identified among the DLC. Considering this snapshot, the
equivalent static load approach is applied to evaluate a static load distribution
useful to evaluate the minimum clearance requirement. This distributed load gen-
erates a displacement of the blade axis equal to the measured one, when it is
applied together with the inertial and gravitational load of the minimum clearance
condition. This procedure can be useful employed in optimization of mechanical
systems to reduce the computational cost, performing static analyses instead of
dynamic analyses [70, 71]. In this project the equivalent static loads are evalu-
ated as follow. The span-wise loads l(η) are expressed as product between shape
functions nl(η) and nodal values l. The optimal nodal values l∗ are computed
minimizing the difference between the internal forces ŝ, of the equivalent static
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problem, and the internal forces s, measured during the dynamic analysis. Solv-
ing the optimization problem, it is imposed that the beam axis displacement δ̂ of
the equivalent static problem is similar to the measured displacement δ by a user
define tolerance ε. The optimization problem can be stated as:

l∗ = arg min
l

N∑
j=1

∥∥∥ŝ j(l) − s j
∥∥∥

‖s j‖
, (2.20)

s.t.

∥∥∥δ̂ j(l) − δ j
∥∥∥

‖δ j‖
≤ ε, j = 1 . . .N (2.21)

where j identifies the sections at different blade span location and N is the to-
tal number of blade sections. The equivalent static loads are included into the
generalized load envelope E, as suggested by the arguments of δtipmax

. At each
modification of the structural model, a static analysis is performed applying the
equivalent static loads together with the inertial and gravitational loads due to the
rotor angular velocity and azimuthal position of the maximum tip displacement
condition. During δtipmax

estimation, the inertial and gravitational loads are up-
dated taking into account the mass variation of the blade.

At the end of coarse structural optimization, a refinement analysis can be applied.
This analysis starts with the generation of refined three-Dimensional (3D) Finite El-
ement Model (FEM) as reported by the function (2.14f) that returns the model M as
output. A complete description of the creation of 3D FEM is reported in Sect. 2.5–2.6,
explaining the procedure of 3DCADAndFEMeshGeneration. The refinement analysis
is represented by (2.14g) and it can be stated in the following algorithmic form:

Function (p∗s2,w
∗
2,Γ

′
s) = 3DFEAnalysis(M, ps2,D, E,Γs) : (2.22a)

(p∗s2,w
∗
2) = MinSecondaryWeight(M,D, E), (2.22b)

Γ′s = ConstraintVerificationAndUpdate(M,D, E,Γs), (2.22c)

and comprises of two main steps.
The first, (2.22b), concerns the design of secondary structural parameters, in this

case represented by the skin core thickness with respect to local buckling. A buckling
free-configuration is obtained, refining core thickness distribution along the blade span.
This problem yields the optimal values of the secondary variables p∗s2, as well as an
improved estimate for the blade mass w∗ = w∗1 + w∗2, so the CoE∗ measurement. The
buckling analysis in itself can be formulated as the following constrained optimization:

Function (p∗s2,w
∗
2) = MinSecondaryWeight(M,D, E) : (2.23a)

p∗s2 = min
ps2

W2(M,D) (and w∗2 = arg min
ps2

W2), (2.23b)

s.t.: λ(M,D, E) ≥ 1, (2.23c)

where λ are the eigenvalues of the linearized buckling problem associated with the
loading conditions stored in the generalized envelope E. Further details on the solution
of this problem are given in Sect. 2.5.4, where the method applied to estimate the core
distribution at coarse-level is also reported.
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2.3. Structural Optimization of Rotor Blades and Tower

The second step, (2.22c), implies the evaluation of the all design verifications in-
cluded in the coarse optimization procedure. If some violations are identified, the con-
straint equations bounds are updated by the generation of the vector Γ′s, as reported in
Sect.2.3.6. The 3D FEM verifies the following design requirements:

• verification of the eigenfrequency related to the coarse-level inequalities (2.16d,
2.16i);

• limits on stress and strain components, connected to the coarse-level requirements
(2.16e, 2.16f, 2.16j);

• fatigue damage index, related to the coarse-level level verification (2.16g, 2.16k);

• minimum blade-tower clearance, associated to the coarse-level requirement (2.16h).

Resolution of 3D FEM might not be sufficient and further examinations might be
required in highly critical regions of the blade. Some examples of these regions are
the blade root bolted joint, the trailing edge and the shear webs start. Increasing the
resolution is possible by fully three dimensional detailed finite element analysis, as
briefly reported in Sect. 2.6. The results of these analyses can be included in the coarse-
level by the same procedure described for the 3D FEM of the entire blade.

2.3.3 Model Parametrization

The structural parametrization provides a description of the geometry and the definition
of the structural properties of the materials. Considering the blade the following data
must be provided:

• the airfoils type and span-wise position along the blade axis. This information is
complemented by the definition of the three-dimensional shape of the lifting line
and by the distributions of chord and twist along the blade span.

• a description of the internal geometry of the blade section. The chord-wise and
span-wise position of the structural components, such as spar caps, shear webs
and internal reinforcements, must be defined. Three different sectional layouts
are reported in Fig. 2.5, where distinct configurations of the spar caps and the
shear webs are shown. Furthermore, the orientation of the shear webs must be
defined. Usually straight shear webs, orthogonal to the line of the maximum chord
section, are preferred, but also twisted webs can be created, orthogonal to the
local sectional chord. Each section is modeled by equivalent panels provided by
the cross-sectional analysis software [15], so parameters that manage the mesh
density are provided too. The mesh density is related to the estimation of the
structural properties and it defines the number of points where the evaluation of
the stress and strain on each section is performed.

• the lamination sequence of each component and the necessary material properties.
Also nonstructural mass is considered, including contributions per-unit of span
and per-unit of surface.

The geometry and the material properties must be provided also for the tower. Con-
sidering a classical steel tubular tower, the diameter and the thickness of the tubular
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(a) Four cell with single capping (b) Four cell box type section

(c) Four cells with double spar caps and three shear webs

Figure 2.5: Rotor blade cross section layouts

shell describe the geometry of the structure. The tower structure is defined as a finite
number of sectors due to portability considerations. The inertial properties of the con-
nection flanges between tower sectors can be provided as input data. Nonstructural
mass is expressed as function of the span coordinate, while the material is linear and
isotropic.

The optimization parameters pertaining the blade ps,b are the thickness of the ex-
ternal shell, spar caps, shear webs and reinforcements at a finite number of span-wise
locations, while the values among these sections are recovered by linear interpolation.
The chord-wise position of the shear webs and the chord-wise extension of the spar
caps can be optimized too. These properties are parametrized by varying the coordi-
nates that express the chord-wise position of the shear webs and the extension of the
spar caps at span boundaries of these structural components. The global configuration
is retrieved by linear interpolation of the values at the boundaries. The span-wise ex-
tension of the structural components is fixed and it can be investigated by parametric
studies. Although this approach leads to a partial optimization of the blade geome-
try because it allows the description of a precise structural configuration, it has been
successfully applied to design a wind turbine aeroelastic model for wind tunnel appli-
cations [14]. Furthermore, the regular description of the structural components meets
the manufacturing requirements that affect the blade geometry, limiting the production
cost. Although this feature is available, it has not been used in the current project to
simplify the approach. On the other hand, the most general formulation of topology
optimization can not be considered by the current implementation. Considering the
topology optimization, the most complicated aspects are the multiple load conditions
and numerous design requirements that increase the problem complexity.

The parameters ps,t related to the tower are the diameter and the thickness values of
the steel shell at a finite number of tower sections, also in this case this discrete values
are linearly interpolated along the entire height.

Manufacturing constraints can be expressed by geometric conditions between the
elements of ps, included during the optimization by (2.16c). By these constraints, for
example, the thickness of a tower sector can be imposed constant, or the same thickness
distribution can be set on the lower and upper spar caps.
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2.3. Structural Optimization of Rotor Blades and Tower

Starting from the structural parametrization, two different analyses are performed.
The structural and inertial characteristics of the MB model must be evaluated at first,
to allow Cp-Lambda analyses. After computing the generalized load envelope E using
the MB analyses, all the measurements to evaluate the design requirements must be
recovered. Considering the tower, both analyses are performed by analytical approach
due to the simple structural layout. If the blade is examined, cross-sectional analysis of
the software ANBA is performed. ANBA evaluates the sectional properties of the blades,
giving the fully coupled stiffness matrix and the inertial blade properties. Also global
sectional properties such as centroid location, shear center position and principal axes
orientation are obtained. Furthermore, the software provides the recovery relations
between the internal forces, computed by the DLC evaluation, and the stress and strain
distribution on each blade section. By this procedure, it is possible to evaluate the
constraints on ultimate loads and fatigue damage for both components.

2.3.4 Cost Function

A cost of energy model is considered as merit figure, providing various advantages than
a cost function based on physical measurement. First, the CoE model merges in a sin-
gle measurement all the parameters that define the wind turbine. Standard optimization
techniques can be applied, avoiding the use of the multi-objective design. Furthermore,
it allows to investigate the optimal design of the overall configuration of the wind tur-
bine, aiming at a holistic design where all the wind turbine parameters are designed by
a monolithic procedure.

Second, it gives a general indication about the optimality of the design. This index
allows to compare also different layouts, providing information that could be difficult
to find looking at technical data.

The cost model developed by National Renewable Energy Laboratory (NREL) is
chosen as merit figure [64]. The Cost of Energy (CoE) can be expressed by the follow-
ing equation:

CoE =
FCR ICC(p)

AEP(p)
+ AOE(p) (2.24)

where:

• the Fixed Charge Rate (FCR) is the amount of monetary unit per year of initial
capital cost needed to cover the capital cost and other fixed charges.

• the Initial Capital Cost (ICC) is the sum of cost of the wind turbine and the balance
of station cost. This item includes the contributions of the rotor, drive train, na-
celle, tower, control system, and balance of station. Further elements are included
if an offshore wind turbine is considered.

• AEP is the annual energy production

• AOE are the Annual Operating Expenses

AOE = LLC +
O&M LCR

AEP(p)
(2.25)

with
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– the Land Lease Cost (LLC), that takes into account the lease cost payed for
the turbine installation

– the Operation and Maintenance cost (O&M), that considers the scheduled
and unscheduled maintenance, but also the labor, the administration and the
supplies related to the maintenance

– the Levelized Replacement Cost (LRC), that splits the cost of major replace-
ments over the operational life of the wind turbine

finally p are the design parameters.
When the structural optimization is considered, the cost model weights the blades

structural parameters and the tower structural parameters to obtain the best trade-off

between the layout of the two structures. The design affects only the ICC, where the
cost of the two components is included. The blades and the tower costs are obtained by
scaling the mass of each component by statistical regressions.

Notice that there is a strong coupling in the CoE model between the aerodynamic
design, that affects the AEP, and the structural design, that influences the ICC. For ex-
ample, fixing all the aerodynamic parameters, except the blade chord, it is possible to
increase the aerodynamic efficiency reducing the blade solidity. However, if the airfoils
type and their positions along the blade span are fixed, the blade relative thickness is
fixed. Therefore a chord reduction causes a decrease of the blade thickness, a diminu-
tion of the structural efficiency and an increase of the blade mass/cost to satisfy the
design requirements. On the other hand, if the solidity augments, the blade thickness
increases, but the advantages in term of structural efficiency could be limited by the
buckling requirement. Indeed, the growth of the solidity implies large external shell
panels that can be subjected to buckling. The coupling between the aerodynamics and
the structure is only outlined here, but it will emerge clearly when the aero-structural
optimization results will be considered in Sect.3.4, where further considerations will be
reported.

2.3.5 Tuning of Control System

The structural design is based on the DLC evaluation by Cp-Lambda analyses, so an ex-
ternal control law must be provided to regulate the MB model. The external controller
has to satisfy various requirements. The first one is the fulfillment of the reference
conditions imposed by the regulation policy. This requirement is the most important
one because it is related to the power production and to the AEP accordingly. Other
requirements, such as load alleviation or increasing of the structural damping, can be
considered. Furthermore, if the controller is included into an optimization procedure,
an automatic tuning method should be provided to update the controller at each model
instantiation. This procedure should be robust, giving satisfactory performance without
user intervention. For simplicity, it is more advisable that a single controller is used
all along the operative range from the cut-in to the cut-out wind speed. Obviously, if
a sufficiently robust controller is provided as initial guess, a sub-optimal design can
be accomplished without considering the control laws updating. Both approaches are
applied in the current project, depending on the provided initial data and other design
considerations as will emerge during the analysis of the results in Sect. 3.
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If the control laws are updated at each DLC evaluation, a collective-pitch wind
scheduled Linear Quadratic Regulator (LQR) is considered [62]. This choice is based
on the internal know-how of the POLI-Wind research group and it is a good trade-off

between completeness and simplicity of the approach. The LQR is a model based con-
troller, directly tuned on a reduced order model that is available at each machine instan-
tiation. For this reason, the controller can be updated automatically when the wind tur-
bine model is modified. Furthermore, the LQR is a Multi-Input Multi-Output (MIMO)
controller that is able to provide the regulation all along the operative range. Looking
at the different operative regions,

• a variable torque–constant pitch strategy characterizes the region II;

• a variable torque–variable pitch logic is applied in region region II1
2 ;

• a constant torque–variable pitch regulation interests the region III.

The full-state LQR is tuned considering the linearization at each operative condi-
tion of a nonlinear reduced order model. The nonlinear model includes tower fore-aft
motion, actuators dynamic and drive train shaft dynamic and it is represented by the
following equations:

MT d̈ + CT ḋ + KT d − Fa

(
Ω, βe,Vw − ḋ,V

)
= 0 (2.26)

(JLS S + JHS S ) Ω̇ + Tl (Ω) − Ta

(
Ω, βe,Vw − ḋ,V

)
= 0 (2.27)

β̈e + 2ξωβ̇e + ω2 (βe − βc) = 0 (2.28)

Ṫele +
1
τ

(
Tele − Telc

)
= 0 (2.29)

The first equation represents the tower dynamic where d is the fore-aft motion of the
tower top and Fa is the aerodynamic longitudinal force. The MT , CT and KT are modal
mass, damping and stiffness of the tower obtained by a modal reduction of a finite
element model of the tower structure. The second equation expresses the drive train
dynamic: Ω is the rotor angular velocity, Tl is the torque due to mechanical loss and
Ta is the aerodynamic torque. JLS S and JHS S are the contributions to the overall ro-
tor inertia relative to the low speed shaft and to the high speed shaft. Tele and βe are
the electrical torque and the collective-pitch obtained by the last two equations that
express the dynamic behavior of the actuators, filtering the required input torque Telc
and collective-pitch βc. Vw is the instantaneous wind speed, that accounts the turbulent
fluctuations, while V is the mean hub wind speed. A picture of the model is reported in
Fig. 2.6, while further details are available in [62].

The aerodynamic torque Ta and the aerodynamic force Fa are computed as:

Ta =
1
2
ρAR

CP (λ, βe,V)
λ

(
Vw − ḋ

)2
(2.30)

Fa =
1
2
ρACF (λ, βe,V)

(
Vw − ḋ

)2
(2.31)

where ρ is the air density, A is the rotor area, R is the rotor radius and λ is the tip speed
ratio. The aerodynamic coefficients CP and CF are known by look up tables and they
are obtained by static Cp-Lambda analysis as reported in Sect. 2.2.4. Since CP and CF
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Figure 2.6: Reduced order model to tune LQR control law

are evaluated by a complete aero-servo-elastic model, they represent the detailed wind
turbine model at a reduce computational cost.

The LQR tracks the reference states obtained by the definition of the regulation pol-
icy reported in Sect. 2.2.4. The control gains and the reference states are computed all
along the operative range and they are scheduled by hub-height wind value. This value
is obtained by filtering the measurement of an on-board anemometer, or by applying
an observer as reported in [72]. Also other parameters, which are required by full-state
feedback LQR, can be estimate by state observers. This approach has been developed
and successfully validated on multiple test cases [72]. However to limit the complexity,
the observers are not included in the current design procedure. The measurements are
obtained by dummy sensors that will be replaced by the observed outputs on the real
wind turbine. Since the observers have proved a robust behavior, this simplification
does not affect the generality of the results.

2.3.6 Closure of Multi-level Optimization Loop

The connection between the optimization layers is performed by an updating procedure
of the design requirements at coarse-level, considering the results provided by the fine-
level. The basic idea is that the results of the two levels differ slightly, so scaling the
constraints is a heuristic way to include at coarse-level the 3D effects that only a com-
plete finite model can capture. Notice that the design requirements are always evaluated
at the fine-level by considering the original admissible values, i.e. the initial values of
Γs. The constraints scaling procedure is a method to include the three dimensional ef-
fects in the cross sectional analysis and beam model. Since these effects are naturally
included in the 3D FEM, no correction must be applied.

If the verification of the constraint equations on the fine-level model performed
in (2.22c) reveals that some design inequalities are not satisfied, the constraints are
modified proportionally to the violation amount. Assume that a condition for max-
imum stress σmax,2D is satisfied at a given section σmax,2D < σadm at the end of the
ith coarse-level optimization, but it is violated when the fine-level 3D analysis is per-
formed, i.e. σmax,3D > σadm. Then the admissible stress for the (i + 1)th iteration is
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modified as
σ(i+1)

adm = sσ σ
(i)
adm, (2.32)

where sσ = σmax,2D/σmax,3D. This way, a more stringent constraint condition is im-
posed at the next coarse-level iteration. It may be expected that the stress ratio between
the quasi-3D and the 3D analyses is almost constant for moderate variations of the
structural element sizes. Therefore, the present approach may be used for refining the
coarse-level analysis according to the results from the fine-level solution. The other
constraint parameters Γs are handled in a similar way, so that the full set of constraint
limits may be updated as

Γ′s = SΓs, (2.33)

where S is a diagonal matrix containing the constraint limit modification factors s(·) for
each of the constraint conditions.

2.4 Aero-structural Optimization of Rotor Blades

Better aero-structural configuration of rotor blades can be achieved if aerodynamics
and structural properties are considered by a unified design process. The aero-structural
optimization allows to define the best compromise, weighing different factors to obtain
the best performance in terms of merit figure. In Sect. 2.4.1, a sequential application
of the aerodynamic and structural design shows the limits of the mono-disciplinary
optimization and it highlights the importance of developing coupled aero-structural
design techniques. In the other sections, different aero-structural optimization algo-
rithms are developed based on various simplifications due to the complexity of the
problem. The Pre-Assumed Aerodynamic Shape (PAAS) approach is presented at first
in Sect. 2.4.2, the External Aerodynamic/Internal Structure (EAIS) approach is then
reported in Sect. 2.4.3, while the Monolithic with Load Updating (MLU) approach is
finally shown in Sect. 2.4.4. The algorithmic formulation and a general description will
be reported for each method.

2.4.1 Limits of direct application of aerodynamic and structural optimization
techniques

Given the aerodynamic and structural optimization algorithms described in Sects. 2.2
and 2.3 respectively, the simplest possible approach to an aero-structural optimization
of the rotor would consist of stacking in sequence the aerodynamic optimization and
the structural optimization. However, this method may produce sub-optimal design
solutions and this section aims at highlighting the limits of this approach by means of
a simple example.

The pure aerodynamic optimization has firstly the crucial limit that the blades stiff-
ness is not updated from one iteration to the other. This implies that the aeroelastic
effects due to the finite stiffness of the rotor cannot be properly taken into account lead-
ing to a fictitious behavior of the wind turbine and therefore to an erroneous estimation
of the power performance. The estimation of the AEP can then only be considered as
an estimate. Moreover, an even more critical aspect of applying separately the aerody-
namic and the structural optimization techniques lies in the fact that the optimization is
likely to degenerate if the structural efficiency is not considered during the aerodynamic
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optimization. Given a set of frozen structural parameters ps, the optimization function
MaxAEP expressed in Eq. 2.1 tends indeed to favor low values for rotor solidity achiev-
ing higher Cp at higher λ. The optimal aerodynamic performance is found at the best
trade-off point between a higher Cp and a larger region II 1

2 . This can be well visualized
in Fig. 2.7a, where the aerodynamic optimization was run using as starting point the
DTU 10MW RWT wind turbine, which is presented and discussed in Sect. 3.2.1. The
aerodynamic optimization was run with 4 optimization variables for chord length pa,c

and 4 for twist angle pa,t, at non-dimensional blade span η equal to 0.2, 0.4, 0.6 and 0.8
respectively. Outside this range, pa,c and pa,t were not allowed to vary. The maximum
allowable chord was kept constant and equal to 6.26 m. The aerodynamic optimum,
referred as “Aero Optimum” in Fig. 2.7, has a significant lower rotor solidity. Minor
modifications are instead imposed to the twist distribution.

However, given the frozen set of airfoil AF, a low chord distribution also implies
a low thickness distribution. This means that very thick structural elements become
required in order to achieve the design bending stiffness of the blades, see Fig. 2.7b.
Therefore, the final design of this simple optimization approach results in a design with
very high values of AEP but also a dramatically high mass distribution. The evaluation
of the CoE would highlight the sub-optimality of the solution of this approach for the
aero-structural optimization.
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Figure 2.7: Results from uncontrained aerodynamic optimization followed by structural optimization

The degeneration of the problem can be prevented by iterating few times between
the aerodynamic and the structural loops and by using an a posteriori addition of con-
straints on maximum chord and minimum solidity. It is clear however that more rigor-
ous methods are needed, where the optimization algorithm can automatically handle all
the couplings between pa and ps and incorporate all the linear and nonlinear constraints
g in the formulation.

2.4.2 Pre-Assumed Aerodynamic Shape approach

Conceptually, the easiest aero-structural approach consists of generating a parametric
family of aerodynamic shapes, running the subsequent structural optimization routines
and finally evaluating the CoE produced by each design. A response surface can be
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evaluated on the outputs of the structural design, establishing a connection between
the CoE values and the user-defined aerodynamic parametrization. The aerodynamic
configuration with the minimum CoE can be identified on the response surface. Consid-
ering the minimum CoE aerodynamic layout, the structural optimization provides the
structural design of the aero-structural configuration. The block diagram of the PAAS
approach is reported in Fig. 2.8, showing a similar framework to the one reported in
Fig. 2.4. This analogy originates from the definition of the PAAS method, that involves
the sequential application of the aerodynamic and structural optimization.

              

Structural Optimization 

min
𝒑𝑠

𝐶𝑂𝐸 

subject to constraints 

DLCs update 
Assumed  

aero-shapes (𝒑𝒂) 
Designs (𝒑𝒂) 

Optimization 

min
𝒑𝑎

𝐶𝑂𝐸 

Figure 2.8: Block diagram of the PAAS optimization

The approach here reported is similar to a previous study developed in [14], with
few key differences. In [14], a small family of aerodynamic shapes was generated by
an iterative loop between AEP maximization and blade tapering τ constraint update.
For each result of the aerodynamic loop, a structural optimization was run and the
ratio AEP to blade mass was evaluated. In this work a different approach is followed.
Firstly, the merit figure is now the CoE. Secondly, a family of aerodynamic shapes, here
described by subscript index i, is created as a function of rotor solidity σ and maximum
chord cmax. The new goal is to better sample the space of aerodynamic solutions and to
identify more accurately the aero-structural optimum. The algorithm can be described
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thanks to the following formalism:

Function (p∗a, p∗s,CoE∗) = PAASOptimization(pa, ps,D,Γs) : (2.34a)
for i = 1 : n (2.34b)

(p∗ai
, P∗yi

) = MaxAEP(pa, ps,D), (2.34c)

s.t.: ga(pa) ≤ 0, (2.34d)
σ ≥ σi, (2.34e)
c ≤ cmaxi . (2.34f)

(p∗si
,CoE∗i ) = MinBladeCost(p∗ai

, ps,D,Γs), (2.34g)
s.t.: gs(ps) ≤ 0, (2.34h)

ω(ps,D) ∈ [ωL,ωU], (2.34i)
σ(ps, E,D) ≤ σadm, (2.34j)
ε(ps, E,D) ≤ εadm, (2.34k)
d(ps, E,D) ≤ 1, (2.34l)
δtipmax

(ps, E,D) ≤ δtipadm
. (2.34m)

end (2.34n)
(CoE∗, σ∗, c∗max) = minCoE(CoE,σ, cmax), (2.34o)
(p∗a, P

∗
y) = MaxAEP(pa, ps,D) with σ = σ∗, c = c∗max; (2.34p)

(p∗s,CoE∗) = MinBladeCost(p∗a, ps,D,Γs). (2.34q)

The iterative loop stacks in sequence the generation of n optimal aerodynamic shapes,
produced by equation (2.34c), for a given set of constraints ga, described by equation
(2.34d), as a function of minimum solidity and maximum chord, described by equa-
tions (2.34e) and (2.34f) respectively. The function (2.34g) performs the blade mass
minimization for each given set of aerodynamic parameters p∗ai

and it is just a simpli-
fied version of the function MinBladeTowerCost described in equations (2.14). This
is represented in equations (2.35) where only the blade structure characterized by ps,b

is optimized, while the tower parameters ps,t are kept constant. This can be formally
expressed as:

Function (p∗s,CoE∗) = MinBladeCost(pa, ps,D,Γs) : (2.35a)
(ps,b, ps,t) = ps, (2.35b)
(p∗s,b, ps,t,CoE∗) = MinBladeTowerCost(pa, ps,b, ps,t,D,Γs) (2.35c)
p∗s = p∗s,b ∪ ps,t. (2.35d)

The structural optimization function (2.34g) is subjected to several constraint func-
tions (2.34h) - (2.34m). The optimization loop iterates for a set number of solidities and
maximum chords until the field of solution is satisfactorily explored. The minimum
CoE∗ and the related values of σ∗ and c∗max are identified by a response surface method
applied by the function (2.34o). The inputs of minCoE are the vectors CoE, σ, cmax,
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in which the i-values of the blade population given by the for-loop are stacked, while
the outputs are the optimal values for these parameters. The optimal aero-structural
configuration is obtained by the sequential application of the functions MaxAEP and
MinBladeCost, sampling the blade population in correspondence to σ = σ∗ and
cmax = c∗max, as shown by Eq. (2.34p) – (2.34q).

Under the assumption that the family of aerodynamic shapes is representative of the
field of solutions, this method offers the capability of catching the global trend of CoE
and it is fast and robust. Unfortunately, this method heavily relies on the analyst’s skills.
The blade designer must indeed be able to forecast the main drivers among the several
aerodynamic parameters. The identification of the CoE global minimum crucially de-
pends on the selection of these parameters and their couplings. Finally, to this day the
process is not fully automated and requires the manual creation of the family of blades
and the subsequent running of the structural optimization loops. In conclusion, the
PAAS approach just described can be considered a very useful initial tool to describe
the field of solutions. The rapidity and robustness of this approach allow a rough initial
description of the field of solutions and this aero-structural optimization tool can act as
a very useful benchmark for the other approaches described in Sects. 2.4.3 and 2.4.4.
However, following the common trend of reducing the responsibilities and the working
time of the human operator, the need for more accurate and automatized methods is
evident.

2.4.3 External Aerodynamic/Internal Structure approach

To effectively tackle the challenge of obtaining a true aero-structural optimization, a
new approach was developed. This approach, hereby referred by the acronym EAIS,
somehow resembles the conceptual algorithm discussed for the PAAS approach de-
scribed in Sect. 2.4.2, but it also includes some crucial differences. Mainly, the choice
of the aerodynamic parameters pa is not left in the hands of an experienced blade de-
signer, but it is now automatically handled by an external optimization routine. This
aerodynamic optimization loop has in its cost function the sequence of blade mass
minimization, AEP computation and finally CoE evaluation. In this algorithm, the
CoE becomes the effective merit figure to be minimized and this heavily influences the
behavior of the optimization process. The approach is shown by the block diagram
reported in Fig. 2.9, the external aerodynamic and the internal structural optimization
loops are clearly visible.

              

Structural Optimization 

min
𝒑𝑠

𝐶𝑂𝐸 

subject to constraints 

DLCs update Aero-shape (𝒑𝒂) Design (𝒑𝒂) 

Optimization 

min
𝒑𝑎

𝐶𝑂𝐸 

Figure 2.9: Block diagram of the EAIS optimization

The structure of the algorithm is described in the equations (2.36a) - (2.36p) using
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the same formalism already found in the previous sections:

Function (p∗a,c, p∗a,t, p∗s,CoE∗) = EAISOptimization(pa, ps,D,Γs) : (2.36a)
(ps,CoE) = MinBladeCost(pa, ps,D,Γs), (2.36b)
s.t.: gs(ps) ≤ 0, (2.36c)

ω(ps,D) ∈ [ωL,ωU], (2.36d)
σ(ps, E,D) ≤ σadm, (2.36e)
ε(ps, E,D) ≤ εadm, (2.36f)
d(ps, E,D) ≤ 1, (2.36g)
δtipmax

(ps, E,D) ≤ δtipadm
. (2.36h)

(pa,c, pa,t) = pa, (2.36i)
do (2.36j)

(p∗a,c) = ChordGuess(pa,c,CoE), (2.36k)
s.t.: ga(pa,c) ≤ 0. (2.36l)
(p∗a,t, p∗s,CoE∗) = EAISCostFunction(p∗a,c, pa,t, ps,D,Γs), (2.36m)

∆pa,c =
∥∥∥p∗a,c − pa,c

∥∥∥ , ∆CoE = ‖CoE∗ −CoE‖ (2.36n)

pa,c = p∗a,c, CoE = CoE∗, (2.36o)
while (∆pa,c ≥ tolpa,c and ∆CoE ≥ tolCoE). (2.36p)

The optimization process starts with a first evaluation of the CoE expressed by equa-
tion (2.36b), by means of a structural optimization for the given initial aerodynamic
parameters pa. Then, chord and twist optimization variables pa,c and pa,t are differen-
tiated, see equation (2.36i), to be handled separately. This is necessary because of the
very small sensitivity of the CoE in respect to the twist distribution. Therefore, it is
decided that the external aerodynamic optimization loop only manages pa,c. The true
optimization loop enclosed between (2.36j) and (2.36p) first includes the optimization
algorithm here represented by function ChordGuess in equation (2.36k). This opti-
mization algorithm is currently be run thanks to the function patternsearch of the
Matlab Global Optimization Toolbox [61]. patternsearch offers a robust tool for
the nonlinear constrained optimization process without requiring continuity and differ-
entiability of cost functions. This is an important feature that allows to explore the
solution space relaxing the continuity and linearity assumptions assumed in the prob-
lem. ChordGuess handles pa,c based on the CoE output produced by the cost function
EAISCostFunction represented in equation (2.36m) and further elaborated in the list
of equations (2.37). The variations imposed to pa,c are again constrained by a set of
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nonlinear constraints as indicated by (2.36l).

Function (p∗a,t, p∗s,CoE∗) = EAISCostFunction(p∗a,c, pa,t, ps,D,Γs) : (2.37a)
(p∗a,t) = TwistOptMaxCp(p∗a,c, pa,t, ps,D), (2.37b)
s.t.: ga(pa,t) ≤ 0. (2.37c)
p∗a = p∗a,c ∪ p∗a,t, (2.37d)
(p∗s,CoE∗) = MinBladeCost(p∗a, ps,D,Γs), (2.37e)
s.t.: gs(ps) ≤ 0, (2.37f)

ω(ps,D) ∈ [ωL,ωU], (2.37g)
σ(ps, E,D) ≤ σadm, (2.37h)
ε(ps, E,D) ≤ εadm, (2.37i)
d(ps, E,D) ≤ 1, (2.37j)
δtipmax

(ps, E,D) ≤ δtipadm
. (2.37k)

As anticipated previously, in the EAIS optimization approach the design of the twist
distribution becomes a nested and isolated problem that runs before the aeroelastic
simulations and the structural optimization loop. This is described by the function
TwistOptMaxCp in equation (2.37b), where an optimization process is run for the twist
optimization to achieve the highest Cp in region II for the current wind turbine config-
uration described by p∗a,c, pa,t, ps and D. The twist optimization is again constrained by
the set of nonlinear constraints ga expressed in equation (2.37c). For each distribution
of chord and twist corresponding to p∗a,c and p∗a,t a structural optimization is then run
to minimize blade mass, to compute the AEP and finally to evaluate the current value
for the merit figure CoE∗, see equation (2.37e). The function MinBladeCost, already
discussed in (2.35), is subjected to the common set of structural constraints.

Compared to the PAAS approach, the EAIS optimization tool offers a fully auto-
mated procedure that can explore the space of solutions more effectively and more
accurately. Moreover, it does not rely on any a priori choice of the aerodynamic pa-
rameters pa and the optimization algorithm can impose variations to the chord based on
the downstream variations of the CoE. The main drawback of this tool compared to the
PAAS approach is the higher computational cost.

2.4.4 Monolithic with Load Updating approach

The MLU approach merges aerodynamic and structural design of rotor blades in a sin-
gle optimization problem. Differently from the previous PAAS and EAIS approaches,
in this method the structural ps and the aerodynamic pa parameters are handled together
by the same optimization routine. Conceptually, the suggested approach is therefore an
extension of what reported in Sect. 2.3, where the structural optimization algorithm
(2.14) is developed. However, a key difference exists between this approach and the
structural optimization method: when the aerodynamic configuration is modified, the
loads variations are no longer negligible and a technique to estimate loads dependence
on aerodynamic variables must be developed. The block diagram of the monolithic pro-
cedure is reported in Fig. 2.10, where the aero-structural optimization is represented by
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a single block. This block includes the monolithic design procedure with the updating
of the load envelope. The reference value of the load envelope is obtained by aeroser-
voelastic Cp-Lambda analyses in the “DLCs update” block. An iterative approach cor-
rects the reference load envelope, leading to a convergent method if the loads updating
procedure provides a good approximation of the DCL evaluation.

              

Aero-Structural 
Optimization 

min
𝒑𝑎𝒑𝑠

𝐶𝑂𝐸 

subject to constraints 

DLCs update 

Figure 2.10: Block diagram of the MLU optimization

The algorithmic form of the optimization procedure is listed by Eq. (2.38):

Function (p∗a, p∗s,CoE∗) = MLUOptimization(pa, ps,D,Γs) : (2.38a)
(E) = LoadEnvelope(pa, ps,D), (2.38b)
do (2.38c)

(ps1, ps2) = ps, (2.38d)
(p∗a, p∗s1,CoE∗) = MinCostMLUApproach(pa, ps1,D, E,Γs), (2.38e)
(M) = 3DCADAndFEMeshGeneration(p∗a, p∗s1 ∪ ps2, E), (2.38f)
(p∗s2,w

∗
2,Γ

′
s) = 3DFEAnalysis(M, ps2,D, E,Γs), (2.38g)

p∗s = p∗s1 ∪ p∗s2, (2.38h)
(E′) = LoadEnvelope(p∗a, p∗s,D), (2.38i)

∆pa =
∥∥∥p∗a − pa

∥∥∥ , ∆ps1 =
∥∥∥p∗s1 − ps1

∥∥∥ , ∆CoE = ‖CoE∗ −CoE‖ , (2.38j)

pa = p∗a, ps = p∗s, Γs = Γ′s, (2.38k)
while (∆pa ≥ tolpa and ∆ps1 ≥ tolps1 and ∆CoE ≥ tolCoE). (2.38l)

In algorithm (2.38) the aerodynamic variables pa are part of the optimization pro-
cedure as the structural variables ps. In vector pa the shape functions pa,c and pa,t that
modify the chord and twist distribution respectively are included, while ps is the vector
containing the structural thicknesses. The outputs of the function are the optimal val-
ues concerning aerodynamics p∗a, structure p∗s and minimum cost of energy CoE∗. Also
in this case a multi-level approach is applied, including 3D FEM refinement, but for
sake of simplicity the attention is focused on coarse-level optimization of the function
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(2.38e) reported in algorithm (2.39):

Function (p∗a, p∗s,CoE∗) = MinCostMLUApproach(pa, ps,D, E0,Γs) : (2.39a)
(p∗a, p∗s) = min

pa,ps
CoE(pa, ps,D) (and CoE∗ = arg min

pa,ps
CoE), (2.39b)

s.t.: ga(pa) ≤ 0, (2.39c)
gs(ps) ≤ 0, (2.39d)
ω(ps,D) ∈ [ωL,ωU], (2.39e)
σ(ps, E,D) ≤ σadm, (2.39f)
ε(ps, E,D) ≤ εadm, (2.39g)
d(ps, E,D) ≤ 1, (2.39h)
δtipmax

(ps, E,D) ≤ δtipadm
. (2.39i)

where (p∗a,t) = TwistOptMaxCp(p∗a,c, pa,t, ps,D) (2.39j)
pa = pa,c ∪ p∗a,t (2.39k)
(E) = UpdatingLoadEnvelope(pa, E0) (2.39l)

As for the algorithm in (2.14), the large number of design requirements, expressed
by constraint equations, suggests to apply a gradient based optimization strategy to
the function MinCostMLUApproach. Since the analysis environment is complex and it
implies the interaction of multiple software, the only feasible way to estimate gradients
is by finite differences. The merit figure of MinCostMLUApproach is the CoE, while
the set of constraints is the union between constraint equations of algorithms (2.1) and
(2.16). The meaning of the design requirements is reported in Sects. 2.2 and 2.3 and it
is not repeated here. The function TwistOptMaxCp links twist variables pa,t to chord
variables pa,c as reported in Sect. 2.4.3.

The core of the MLUOptimization is expressed by equation (2.39l), which repre-
sents the procedure for updating the load envelope. The goal of equation (2.39l) is
to estimate the load variations as a consequence of perturbations of pa. Approximate
models are built to rapidly estimate the values of constraint equations and their sensi-
tivity to the optimization variables, while avoiding the re-computation of all the DLC.
At the beginning of each optimization cycle, the correct values of the loads envelope is
known from Cp-Lambda analyses, so the exact constraints values are available. These
measurements are then updated by considering the variations of vector pa. The inputs
of function UpdatingLoadEnvelope are the current aerodynamic parameters pa and
the load envelope E0, computed in a high fidelity simulation environment, while the
output is the corrected load envelope E.

Different scaling procedures are applied for the different constraints, taking into ac-
count the physics involved in each design requirement. Ultimate load constraints and
blade-tower clearance evaluation are considered at first: these requirements are en-
forced by the instantaneous internal load distributions extracted from the set of DLC
and collected into a load envelope. Aerodynamic, inertial and gravity loads are in-
cluded into the internal forces evaluated by Cp-Lambda. The assumption that only
aerodynamic loads are affected by variations of aerodynamic variables pa is applied.
This hypothesis is suggested by the aerodynamic BEM theory, which indicates that the
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distributed aerodynamic loads are linear function of the blade chord. This assumption
implies approximations, i.e. a modified chord causes a variation of the inflow angle
and therefore of the angle of attack, but it is here assumed that the variations of in-
flow angle can be neglected because of limited modification of the solidity of the rotor.
Other approximations are related to small perturbations of rotor azimuthal position and
control inputs that can be considered only if the evaluation of the DLC is repeated.
Nevertheless, a correct load envelope evaluation by Cp-Lambda analyses would lead to
a discontinuous behavior if the ranking of the load is modified as reported in Sect. 2.3.
So the selection of the most severe DLC is updated by the external iteration and the
load envelope is scaled during the gradient evaluation procedure, removing the source
of discontinuities from the SQP algorithm. Considering aerodynamic distributed forces
Fa and moments Ma in the local aerodynamic reference frame, the scaling process by
chord multiplicative gains pa,c is:

Fa = Fa + ∆Fa = Fa + ∆pa,c Fa,0

Ma = Ma + ∆Ma = Ma + ∆pa,c Ma,0.

where subscript 0 identifies the Cp-Lambda measurements pertinent to the reference
model, while ∆ is the variation from reference value. Applying linear beam theory to
updated aerodynamic loads Fa and Ma, the corrections of internal forces distributions
are obtained. Ultimate loads scaling procedure is shown in Fig. 2.11, where local vari-
ation of aerodynamic distributed loads is reported considering a local increase of the
blade chord.

Figure 2.11: Ultimate loads updating procedure: scaling of aerodynamic distributed loads

A different approach is instead required to estimate sensitivity of damage fatigue in-
dex to aerodynamic parameters. The fatigue damage depends indeed on time histories
of load conditions that explore all machine operative region, so it takes into account the
global effects of aerodynamic variables on the overall dynamic behavior of the wind
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turbine. The estimation of the damage index constraint cannot therefore be separated
from the evaluation of the dynamic response of the machine. However, the compu-
tational costs must be kept low due to the numerous evaluations of the cost function
MinCostMLUApproach. The way to overcome this is found by means of a simpli-
fied model that is integrated into the SQP optimization loop. A possible approach to
increase the computational efficiency of the model could be the application of a reduc-
tion technique, where elastic elements are approximated by an efficient base. Various
techniques of model reduction are available and some examples can be found in [73].
The authors choose a different approach that deals with the global nature of the fatigue
constraint and does not require simulation software modifications. Various tests have
proved a correct estimation of fatigue damage sensitivity to aerodynamics parameters
when simplified wind turbine multibody models are considered. The applied hypothesis
is that fatigue fluctuations are mainly due to aerodynamic loads and accelerations ap-
plied to the blade, while the interactions between the blades and the effect of the tower
are considered negligible. So it is possible to estimate the fatigue constraints sensitivity
using a simplified multibody model, that is obtained by decreasing the number of finite
elements on each blade and approximating the tower flexibility by two prismatic joints
with the associated stiffness. The simplified model allows the estimation of DLC at
each evaluation of the fatigue constraints and the approximation of the fatigue damage
index in a limited time. Since the trend is evaluated correctly by the reduced model, the
value of fatigue damage index is obtained as follow:

d = d0 + ∆dS M = d0 +
(
dS M − dS M,0

)
where subscript S M identifies the quantities estimated by the simplified model.

The whole procedure of load update is therefore based on physical simplified mod-
els and it is necessary to estimate the constraints sensitivities during the optimization
process. Since the results of the inner optimization algorithm are based on these approx-
imations, a recalibration procedure is worthiness to fill the gap with the higher-fidelity
model. For this reason a tuning enforced by Cp-Lambda full model is performed at each
macro cycle of MinCostMLUApproach to verify the real values of the constraints and
to reduce the estimation error. The trade-off between higher-fidelity and lower-fidelity
models is achieved by bounds on optimization variables and tolerances provided by the
user. The bounds on variables allow to limit the changes of the aero-structural config-
uration during the inner optimization loop based on lower-fidelity models, while the
tolerance of the inner optimization algorithm limits the drift from the reference config-
uration before loads recalibration. A good trade-off avoids over-solving the inner opti-
mization problem and exploits the lower-fidelity models potentialities. This approach
has proved fair robustness and leads to an iterative procedure that usually converges
after few steps to a stationary point. The comparison of the results produced by the
different aero-structural approaches proves the validity of the procedure for the load
update.

2.5 Refinement of Structural Configuration

The structural refinement can be applied if robust procedures to generate automatically
a reliable finite element model are provided. For a complex structure such as a wind
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turbine blade this requires several steps, which can be summarized as:

• Definition of the modeling approach that will drive the overall procedure, as re-
ported in Sect. 2.5.1.

• Parametric definition of each blade component, either in terms of its bounding
surfaces or of the laminate mid-planes, as described in Sect. 2.5.2.

• Generation of a complete FE model, described in Sect. 2.5.3, which in turn re-
quires:

– Mesh generation of the 3D blade discretization using shell elements or solid
elements, as described in Sect. 2.5.3.

– Assignment of element properties, including the laminate ply stacking se-
quences and associated thicknesses, material parameters and fiber orienta-
tions, as detailed in Sect. 2.5.3.

– Conversion of the 1D spatial beam model loading conditions into equivalent
conditions for the 3D FE model, as described in Sect. 2.5.3.

• FE analysis and post-processing of the results for the verification of the relevant
design conditions, as detailed in Sect. 2.5.4.

In this work, the CAD model generation, as well as the assignment of the associated
material properties and loading conditions, is based on the information from the coarse-
level optimizer, and it is performed in Matlab. The FE mesh generation is performed
using the batch meshing facilities of HyperMesh, where the required scripts are gen-
erated in Matlab. Finally, Matlab scripts handle the batch submission of the various
analyses performed using MSC Nastran [74], as well as their post-processing.

2.5.1 Modeling aspects

The way in which the FE modeling of wind turbine blades is conducted may have a sig-
nificant influence on the procedures used for generating the CAD geometry. The most
frequently used technique for blade modeling is based on layered shell elements [12,
22], which are commonly available in commercial FE solvers. Most implementations
provide the possibility of specifying the extent of the elements in terms of offsets from
a reference surface other than its mid-thickness. This is particularly convenient when
dealing with wind turbine blades, as the elements can be specified with respect to the
exterior surface defined by the shape of the airfoils. Since the external shape is smooth,
the generation of the necessary CAD model is not particularly complicated.

However, a possible drawback of the offset technique is that it may result in the erro-
neous prediction of the torsional behavior of the blade [75]. This problem is of partic-
ular concern since torsion affects loading through changes in the angle of attack, as for
example explicitly exploited for load mitigation in bend-twist coupled rotor blades [49].
Recent improved shell formulations circumvent this problem, as for example element
SHELL281 [76] or the pre-integrated matrix input [77] available for ANSYS.

Otherwise, one can generate a mid-thickness CAD model of the blade, as done man-
ually in [78]. The construction of the geometry using mid-thickness surfaces, illustrated
in Fig. 2.12a at left, is in general rather cumbersome, since thickness variations lead to
step changes between contiguous mid-thickness surfaces.
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(a) Mid-thickness shell elements (b) Solid elements

Figure 2.12: Two possible FEM models of rotor blades

Alternatively, solid elements can be used for building the mesh, as shown in Fig. 2.12b
at right. These are particular suitable for capturing inter-laminar stresses, for delami-
nation and debonding analysis. However, the use of solid elements may complicate the
CAD generation, since both the external and internal surfaces must be defined, which
may be cumbersome to do in the various transition zones of a blade. Furthermore, one
should pay specific attention to the accurate definition of the material property orienta-
tion [79]. While procedures for associating the correct material orientation to models
composed of shell elements are rather well established (e.g. by direct projection of a
user-defined material reference vector on the element [80]), the case of complex mod-
els composed of solid elements requires special attention as individual local coordinate
systems must be defined.

For generality, the present implementation supports all approaches mentioned above,
so that one may generate mid-thickness shells, or, alternatively, solid element meshes.
However the approach involving mid-thickness shell elements generation has proved to
be more robust and reliable than the generation of a model based on solid elements, so
it is usually select for standard applications.

2.5.2 CAD model

(a) Interpolation of airfoil data points (b) NURBS surfaces (c) Partitioning in simple sub-surfaces

Figure 2.13: Selected steps in the generation of the CAD model of a wind turbine blade

The generation of a complete CAD surface model for shell meshing is accomplished
as follows. A number of cross sections, typically of the order of one hundred, are
obtained by thickness-interpolation of the generating airfoil data points, using their
span-wise chord and twist distributions. Chordwise spline interpolations are used for
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Chapter 2. Optimization Procedures

parameterizing the airfoils from their data points, and nodes define the location of the
boundaries of the projections of the various blade elements (spar caps, shear webs, etc.)
onto the external blade surface, as illustrated in Fig. 2.13a.

For mid-thickness CAD generation, an inward projection along the local normal is
performed using the thickness information associated with each blade element. This
way, steps at the boundaries between elements with different thicknesses are generated.
The thickness data accounts for span-wise variations, as computed by the coarse-level
optimization, as well as user-defined chord-wise variations; the latter ones are used to
avoid modeling errors associated with the overlapping of inner skin/core, which are
likely to occur near the trailing edge [24].

From the chordwise interpolations of the airfoils or their mid-thickness projections,
collocation data points are obtained with sufficient sampling resolution (typically of
the order of one thousand points per cross section) to allow for an accurate surface
parameterization, which is obtained by using NURBS [81] on each surface describing
a blade component projection.

Some details are here reported to better understand the generation of the NURBS
surfaces. For sake of simplicity a curve is considered at first, then the attention is
focused on the surfaces. A p−degree Non-Uniform Rational B-Spline (NURBS) curve
is defined by

C(u) =

m∑
i=0

Ni,p(u)wiPi

m∑
i=0

Ni,p(u)wi

a ≤ u ≤ b

where Pi are the control points, the wi are the weights and the Ni,p(u) are the pth-degree
B-spline basis functions defined on the parameter u and on knot vector U:

U = {0, . . . , 0︸  ︷︷  ︸
p+1

, up+1, . . . , ur−p−1, 1, . . . , 1︸  ︷︷  ︸
p+1

}

where r = m + p + 1.
Control points position and weight modifications can be exploited to control the

local shape of the curve. Each control point Pi influences the curve by its position and
by the associated weight wi. The knot vector U divides the parametric space into knot
spans, defining how the control points influence the curve.

The definition of a NURBS surface can be easily obtained by the extension of the
curve definition. A NURBS surface of degree p in the u direction and degree q in the v
direction is the following bivariate vector-valued piecewise rational function:

S (u, v) =

m∑
i=0

n∑
j=0

Ni,p (u) N j,q (v) wi, jPi, j

m∑
i=0

n∑
j=0

Ni,p (u) N j,q (v) wi, j

0 ≤ u, v ≤ 1

where Pi, j are the control points, wi, j are the weights, Ni,p (u) and N j,q (v) are nonrational
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B-spline basis functions defined on knot vectors:

U = {0, . . . , 0︸  ︷︷  ︸
p+1

, up+1, . . . , ur−p−1, 1, . . . , 1︸  ︷︷  ︸
p+1

}

V = {0, . . . , 0︸  ︷︷  ︸
q+1

, vp+1, . . . , vs−q−1, 1, . . . , 1︸  ︷︷  ︸
q+1

}

with r = m + p + 1 and s = n + q + 1.
Assuming unitary weights, the interpolating surface of degree (p, q) that contains all

the points Dc,d is:

Dc,d = S (sc, td) =

m∑
i=0

n∑
j=0

Ni,p (sc) N j,q (td) Pi, j (2.42)

Fixing the degree, the interpolating surface is defined by the knot vector and by the
control points.

The knot vector is related to sc and td, that are the values of the parameters when the
surface pass through each point Dc,d. The collocation parameters for the interpolation
procedure are obtained using the centripetal method [82]. Considering the u direction,
the values ui, j are obtained by:

u0, j = 0

uk, j =

k∑
i=0

∣∣∣Di, j − Di−1, j

∣∣∣ 1
2

m∑
i=0

∣∣∣Di, j − Di−1, j

∣∣∣ 1
2

with k = 1, . . . ,m

um, j = 1

while the same procedure is applied to v direction, obtaining vi, j. The final values of
the parameters are obtained by the average

si =

(
ui,0 + ui,1 + . . . + ui,n

)
n + 1

with i = 1, . . . ,m

t j =

(
v0, j + v1, j + . . . + vm, j

)
m + 1

with j = 1, . . . , n

The knot vectors are related to the values of the parameters sc and td. The first p + 1
knots are null, while the last p + 1 knots have unitary value to clamp the surface to the
boundary control points. The other elements of the knot vectors are computed by using
the average method suggested by de Boor [81]:

u0 = u1 = . . . = up = 0

uk =
1
p

j+p−1∑
i= j

si with j = 1, . . . ,m − p

um−p = um−p+1 = . . . = um = 1
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Considering the Eq.(2.42), the term Ni,p is independent of the index j, so the equa-
tion can be rewritten as follow

Dcd = S (sc, td) =

m∑
i=0

Ni,p (sc)

 n∑
j=0

N j,q (td) Pi, j

 (2.43)

=

m∑
i=0

Ni,p (sc) Qi,d (2.44)

where Qi,d is defined by a change of variable. This system of linear equations allows
to find the d-th column of control points Qi,d, given the degree p in direction u, the
parameters si and the d-th column of data points Di,d.

So each column of control points Qi,d is obtained by the solution of an interpolation
problem applied to each column of data points. Finally solving the system of equations
that express Qi,d, the control points Pi, j are obtained.

Qi,d =

n∑
j=0

N j,q (td) Pi, j (2.45)

In this case the i−th row of Pi, j is the vector of control points related to i−th row of
the matrix Q by the B-spline curve of degree q evaluated at td parameters. Once the
position of the control points Pi, j is computed, the B-spline surface of p, q degree, with
knots vectors U and V , is fully defined. Other points on the surface are obtained by the
evaluation of Eq. (2.42) considering generic value of (s, t).

For the construction of a solid mesh, the external blade surfaces are first gener-
ated as described above. Next, the various surfaces are further partitioned into simpler
sub-surfaces, as illustrated in Fig. 2.13c. Partitioning is performed such that, by ex-
truding inwards each external sub-surface along the local thickness direction, one can
obtain the associated facing internal sub-surface; this will allow for the generation of
the solid mesh by means of a similar through-the-thickness extrusion of a surface mesh,
as explained later on. Contact areas between two surfaces, as at the glued connections
between shear webs and spar caps, are also used for the partitioning, so as to ensure
conforming discretizations during meshing.

The information associated with the parametric NURBS representation of the result-
ing model is finally exported in Initial Graphics Exchange Specification (IGES) format
towards HyperMesh for subsequent meshing.

The present approach, which tries to generate an accurate geometric model before
meshing, differs significantly from the lofting of pre-defined cross sectional meshes
and presents several advantages. In fact, using this approach the shape of the internal
skin as well as the transitions between zones with varying thickness along the span of
the blade are precisely reconstructed. This is particularly important since these regions
must be accurately modeled [51], and it may be particularly useful in areas of rapid
span-wise variations as the one between root and max chord span.
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2.5.3 FE model

Mesh generation

The generation of an unstructured mostly quadrilateral shell mesh is obtained by using
HyperMesh on the exterior or mid-thickness surface CAD model; a limited number of
triangular elements is generally obtained close to corners and in a few difficult spots.
The meshing algorithm ensures the conformity of the resulting grid across edges bound-
ing the various sub-surfaces of the model.

An unstructured mostly hexahedral solid mesh is obtained by first quad meshing the
external sub-surface of each individual blade component as for the shell case, projecting
the mesh onto the opposite internal surface, optionally defining through-the-thickness
discretizations by the same projection, and finally connecting the resulting surface grids
into a solid one. Since the initial surface meshes are conforming, the final solid grid is
also guaranteed to be conforming.

(a) Partition of surfaces (b) Surface element meshing

(c) Surface element projection (d) Solid element extrusion

Figure 2.14: Solid meshing generation procedure

The surface meshing and extrusion procedure is illustrated in Fig. 2.14 for a span-
wise portion of the spar cap; notice that the external surface has been divided into
several stripes in the chord-wise direction, Fig. 2.14a, to account for the glued con-
nections with the shear webs. The creation of the shell elements on the first surface
is reported by Fig. 2.14b. The projection on the other surface is visible in Fig. 2.14c
and the generation of the solid elements is shown in Fig. 2.14d. A span-wise portion of
the resulting complete solid mesh is illustrated in Fig. 2.15a, and details of the trailing
edge with its reinforcement strip and the thickness variation of the core is shown in
Fig. 2.15b.

Material properties

Material properties, including the orientation of the fibers with respect to the pitch axis,
are associated with the various entities of the CAD model during its definition.

Once the mesh has been generated, the definition of the material properties of each
mesh element is obtained as follows. At first, the centroid of each element is computed;
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(a) (b)

Figure 2.15: Span-wise portion of solid mesh and trailing edge detail

if the element is of the 3D type, its centroid is projected onto the master CAD face of
that blade component. At that CAD face location, a local material reference frame is
defined that has a unit vector in the direction of the fibers and a second unit vector along
the local normal, computed from the NURBS surface parameterization. The orthotropic
material properties of the element are then readily obtained by transforming into the
local reference frame of that same element.

For shell meshes, the procedures support the generation of layer-by-layer represen-
tations by Classical Lamination Theory (CLT). This approach is particular convenient
for modeling very thin layers, such as the skin coating that would result in elements
with very high aspect ratios. Even though such details of the blade design may seem to
be of minor importance from the structural point of view, they can indeed have a sig-
nificant influence on the estimation of the total mass (up to 4 ÷ 5%), with a consequent
possible effect on the blade dynamic properties.

Equivalent loading conditions

In order to perform all relevant analyses on the fine-level FE model, appropriate load-
ing and boundary conditions must be generated from the results of the coarse-level
multibody simulations; these include loads inducing extreme stress and strain values,
loads associated with maximum tip deflections, as well as time histories of the turbulent
loads cases for the evaluation of fatigue damage. For each of these loading conditions,
span-wise distributions of the internal stress resultants and of the aerodynamic forces
are readily available from the multibody simulations.

The computation of equivalent loading conditions for the FE model can be per-
formed in two ways: the internal forces can be applied directly or a distinction between
aerodynamic and inertial loads can be considered.

The first approach considers a discretization of the internal forces distribution, copy-
ing the static load tests of the certification procedure of the real blade. A finite number
of blade sections along the blade span is taken into account to apply the loads. The
discrete loads are evaluated to best approximate the original internal forces distribu-
tions at these sections. The approximation of the internal forces and moments applied
to 3D FEM are is shown in Fig. 2.16. The axial force, the shear forces and the torsional
moment are obtained by dead loads applied at the discretization sections. The resulting
distributions are piecewise constant functions of the blade span, as shown by Fig. 2.16a.
The nondimensional blade coordinates are designated by ηi, where the index i identifies
the sections where the loads are discretized. ∆Fi refers to the i-increment of the inter-
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nal forces applied to the i-section on the blade axis E, that is a generic axis where the
internal forces are evaluated. The magnitude of the original distribution is represented
by the purple solid line, the applied loads are the blue vectors and the resulting stepwise
distribution is displayed by the blue dashed line. Considering the linear beam theory,
the bending moments are obtained by shear forces approximations and they are piece-
wise linear functions of the blade span. Looking at Fig. 2.16b, the original distribution
is reported by the purple solid line while the approximated one is displayed by the blue
dashed line.

(a) Shear discretization (b) Moment discretization

Figure 2.16: Discretization of internal forces

In the second approach, a realistic loading conditions for the blade can be estab-
lished, e.g. by limiting the application of the aerodynamic loads to the external skin
nodes. The analytic explanation of this method is here reported while the implementa-
tion will be considered among the further developments of the blade modeler.

Span-wise distributions of inertial loads are recovered by enforcing the equilibrium
of a blade portion. With reference to Fig. 2.17, consider a blade segment η ∈ [ηi, ηi+1],
where η ∈ [0, 1] is the span-wise non-dimensional coordinate running along the beam
reference line passing through the sectional point E. The internal stress resultants on the
(i + 1)th section is fi+1, and the moment resultant about E is mi+1, while the ones on the
ith section negative face are − fi and −mi, respectively. At the span-wise station η, per-
unit-span aerodynamic forces f A(η) and moments mA(η) are applied at the aerodynamic
reference line passing through the sectional point A, which is at a distance rA(η) from
point E on the ith section. Similarly, per-unit-span inertial forces f I(η) and moments
mI(η) are applied at the beam reference line, which is at a distance rI(η) from point E
on the ith section.

The force and moment (about E) equilibrium conditions for the blade segment write

− fi + fi+1 +

∫ ηi+1

ηi

( f A + f I) dη = 0, (2.46a)

−mi + mi+1 +

∫ ηi+1

ηi

(mA + mI + rA × f A + rI × f I) dη + r × fi+1 = 0. (2.46b)
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Figure 2.17: Recovery of inertial loads from sectional internal stress resultants and aerodynamic loads

By using a trapezoidal approximation for the span-wise integrals, one obtains∫ ηi+1

ηi

f I dη ≈
ηi+1 − ηi

2
( f I

i + f I
i+1), (2.47)

where f I
i and f I

i+1 are sectional inertial forces. By inserting (2.47) into (2.46a), start-
ing from the blade tip, one may compute each sectional inertial force f I

i based on the
sectional resultants and aerodynamic loads. Similarly, from (2.46b) one may compute
each sectional inertial moment mI

i .
Once sectional loads have been recovered as explained, they are applied to the blade

structure by means of RBE3 interpolation elements provided in the commercial FE
solver MSC Nastran [74]. Different sets of nodes can be associated with different
interpolation elements, each one in turn associated with a different set of forces and
moments. This way aerodynamic loads can be applied to the sole skin nodes, while
inertial loads can be applied to all sectional nodes; alternatively, combined loads can
be applied to the spar cap nodes, as shown in Fig. 2.18. In all cases, forces are dis-
tributed to each node considering local user defined weighting factors, while moments
are applied as sum of equilibrated forces on dependent nodes, as explained in [83]. An
example of the application of loads to the spar cap of a shell 3D model is reported in
Fig. 2.18.

Figure 2.18: Load application to spar caps nodes using the RBE3 element

A more realistic way of representing aerodynamic loads would be to reconstruct the
chord-wise pressure distribution, for example using assumed shapes from experimental
measurements or from suitable numerical models such as Xfoil [84]. This feature will
be included in future releases of the code.
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2.5.4 Analysis

The automatically generated 3D FE model enables the detailed fine-level verification
of the various constraint inequalities associated with the overall optimization problem.
Furthermore, it can be used for designing secondary structural parts such as the skin
core thickness by means of a linearized buckling analysis. In the present section the
assumptions and procedures for these various analyses are described.

Static analysis

Static analyses are performed for the verification of the constraint inequalities associ-
ated with the max/min allowable stresses/strains and the maximum tip deflection, with
the aim of revealing possible effects not captured by the beam model.

For each user-defined verification section, the max/min stress/strain loading condi-
tions are readily identified by scanning all DLCs of interest [14], and using the sectional
recovery relations provided by ANBA. Next, the corresponding equivalent loading con-
ditions are first computed as described in Sect. 2.5.3 from the coarse-level analysis, and
then applied to the 3D FE model. Similarly, by scanning all DLCs, the maximum tip
deflection condition is identified and translated into an equivalent loading condition.

Geometric and material linear static analyses are performed in MSC Nastran, and
the relevant results in terms of strains, stresses and displacements are processed in
Matlab to detect possible violations of the constraint conditions. It was verified that,
for the examples developed in the present work, the use of geometrically nonlinear
analyses, as opposed to the present linear ones, yield only negligible differences, al-
though this might not be the case for the future projected very long and slender next
generation wind turbine blades.

Modal analysis

During coarse optimization, a design accommodating desired dynamic properties can
be obtained by specifying suitable constraints for significant natural frequencies of the
blade, as described in Sect. 2.3.2. Such constraints are typically expressed for the ro-
tating blade at rated rotor angular velocity. The inertial effects associated with blade
rotation are taken into account in the Cp-Lambda modal analysis by first performing
a nonlinear static analysis subjected to a loading condition including the inertial ef-
fects of rotational motion, and then by performing a modal analysis about the resulting
deformed configuration, accounting for the centrifugal stiffness term.

A similar procedure could be used for performing the modal analysis on the 3D FE
model [74]. However, while coarse-level constraints are enforced for the rotating fre-
quencies, the fine-level verification of the frequency conditions is performed here for
simplicity as a standard non-rotating modal analysis about the blade undeformed con-
figuration. In particular, ratios between corresponding non-rotating frequencies, com-
puted on the coarse-level beam and fine-level FE models, are used as indicators of the
disagreement between the two representations. This is a reasonable assumption, since
both models are sophisticated enough to precisely account for inertia-related changes
of frequencies, and thus the ratios between non-rotating frequencies are expected to
change in a similar fashion. Furthermore, rotational effects on frequencies are typically
rather limited for wind turbine rotor blades.
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Fatigue analysis

Similarly to the coarse-level optimization procedure [14], the fine-level evaluation of
damage caused by loads in turbulent wind conditions (DLC 1.2 [50]) is only conducted
for a limited set of critical points at user-defined verification sections. Such critical
points are identified during coarse optimization as the sectional spots where the multi-
axial damage index d of Eq. (2.18) exceeds a specified threshold.

The stress time histories necessary for evaluating the damage index are conveniently
computed by exploiting the linear superposition of static unit load cases applied to the
FE model with load histories obtained from the beam model (see e.g. [85]). At each
verification point, a static force or moment (in the case of shells) of unit magnitude is
applied, and the full stress time history follows as

σi(t) =
∑

j

P j(t)
σi, j

P j,FEA
, (2.48)

where P j(t) denotes a load history obtained by a multibody transient simulation, P j,FEA

the applied unit load, and σi is the static stress resultant at point i for load case j. Each
time step of the loads history P j(t) could be discretized by using one of the approaches
reported in Sect. 2.5.3, for sake of simplicity, the direct discretization of the internal
forces is chosen. This choice allows to consider all the dynamic contributions included
into internal forces that are provided by the multibody software. Even if the stresses σi

are obtained by static analysis, the effects of inertial loads and time variant aerodynamic
effects are considered because they are naturally included into internal forces evalua-
tion. So this procedure reduces the computational cost necessary for the evaluation of
the full stress time history on the comprehensive 3D FE model. The remaining steps
required for the computation of the damage index follow the same procedure used at
the coarse analysis level, using rain-flow counting and the associated Markov matrices.

Buckling analysis

An additional feature only provided by a full 3D FE model is the capability of perform-
ing a linearized buckling analysis, which can be used for designing secondary structural
elements, such as the skin and web core thicknesses. It is important to include the sizing
of secondary components in the design process, because the distribution of the associ-
ated structural material has a significant influence on the non-structural mass, which in
turn affects the dynamic behavior of the blade by changing its mass distribution.

Prior to the FE analysis, an initial distribution of the core material and thickness
for skin and webs can be estimated by the following two step procedure, based on
simplified design formulas:

1. Choice of material. Appropriate stiffness properties for the core material are esti-
mated such that local buckling (or wrinkling) is avoided, as this may cause frac-
tures in the core or delamination. Following [86], this is accomplished by com-
paring the computed extreme compressive stress to the following critical stress:

σadm,wrinkling = 0.5 3
√

Gcore Ecore Eskin, (2.49)

where G and E denote the shear and Young’s moduli, respectively.
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2. Thickness sizing. For the skin and web panels, the critical buckling stress σadm,buck

and shear τadm,buck are computed using the following equations:

σadm,buck =
π2

tpanelb2 Kc

√
D11D22, (2.50a)

τadm,buck =
π2

tpanelb2 Ks
4
√

D11D3
22, (2.50b)

where tpanel is the skin or web panel thickness, b is the panel edge width, D11 and
D22 are the diagonal components of the out-of-plane bending stiffness matrix of
the sandwich panels computed with classical laminate theory. Finally, Kc and Ks

are buckling factors accounting for several properties of a sandwich structure, like
its orthotrophy, curvature and out-of-plane shear flexibility, as well as for the way
the longitudinal stress is distributed along the plate edge. For further details about
the computation of the buckling factors see [65].
At several stations along the blade span, the skin core is sized by imposing the
constraint λs ≥ 1, where λs is the skin buckling load factor, computed by solving
the following equation:

λs

(
σ

σadm,buck

)
+ λ2

s

(
τ

τadm,buck

)2

= 1, (2.51)

which takes into account stress-shear interactions [87]. Similarly, the web core is
sized constraining λw ≥ 1, where λw is the solution of:

λ2
w

( σ

σadm,buck

)2

+

(
τ

τadm,buck

)2 = 1. (2.52)

Subsequently in the design process, at the fine verification level and similarly to the
case of the primary structural variables described in Sect. 2.3.2, the core thickness of a
region where buckling occurs is increased by an amount proportional to the exceedance
of the constraint condition λ ≤ 1, where λ is the buckling eigenvalue associated with
the applied load.

In the present implementation, the linear buckling analysis is performed using the
loading conditions that result from the load envelope and the maximum tip deflection
of the blade. These situations are characterized by severe compressive loads on the
blade external shell and strong shear loading on shear webs panels, identifying the
most critical conditions prone to buckling.

2.6 Local Structural Modeling

Local analyses might be required to provide a reliable structural sizing of the critical
regions, enhancing the resolution of 3D FEM of the complete blade. Usually a region
that requires a detailed analysis is the blade root bolted joint, where the bolts are em-
bedded into blade laminate to provide the connection with the pitch bearing. Other
critical areas are the trailing edge of the blade and shear webs edges. In these regions,
the stress and strain distributions can be correctly estimated by taking into account the
presence of adhesive that can be modeled accurately by a local 3D FEM.
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Chapter 2. Optimization Procedures

Increasing the analysis resolution is possible by fully three dimensional detailed fi-
nite element analyses. These investigations are computationally expensive, so they can
be applied only to blade sections with limited extension. Considering the importance
of the blade root region, the capability of performing local analysis of blade root bolted
joint is developed. The attention is focused on this detail because it influences the
laminate thickness considerably, affecting the overall blade mass and the global blade
configuration as well. The other local features affect the global blade design partially,
so they will be considered in the near future.

2.6.1 Detailed modeling of blade root region

A local analysis of the blade root bolted joint can be performed as shown in Fig. 2.3,
completing the information provided by the 3D FEM of the entire blade. A classical
T-Bolt configuration is here reported, but the approach can be extended to different so-
lutions, for example a threaded insert can be considered with minor code modifications
concerning the CAD model. Generating a local detailed model requires a procedure
similar to the creation the 3D FEM of the entire blade. However, some fundamental
differences can be identified so a brief description is reported below. Also in this case
the meshing platform Altair Hypermesh is exploited by Tcl scripting language [88],
while Matlab manages all the data flows from the definition of the inputs to the gener-
ation of the final model.

Modeling aspects

The local analyses are performed by fully three dimensional models, identifying the 3D
effects that are not visible in the global blade model. Zooming on the blade root, the
effects on the blade laminate due to the holes of the bolts and to the bolts themselves
are shown. It is also possible to examine the three dimensional stress field that affects
the bolts due to the preloading and the application of the external forces.

A fully three dimensional analysis implies the generation of a solid geometry and
the domain discretization by solid finite elements, resulting in a remarkable rise of the
dimensions of the model. For this reason, the cyclic symmetry of the blade root region
is exploited to limit the involved number of degrees of freedom.

The next sections show the generation of the CAD model and FE model. Finally the
analyses are reported, showing the procedure applied to the bolt sizing and laminate
verification of the blade root region.

CAD model

A model parametrization speeds up the design, easing the updating procedure and the
reanalysis capability. Arbitrary dimensions of the pitch bearing, blade root laminate,
bolts and barrel nuts can be considered by the current parametrization. Also a generic
bolting configuration can be taken into account, allowing to explore the effects of the
bolts number and their relative position.

For sake of simplicity a configuration with two T-bolts of different length is now
examined, while various layouts can be easily inferred. The modeled region is shown
in Fig. 2.19, where the entire blade root region is reported on the left, while a zoom on
the bolted joint is displayed on the right. The heads of the bolts are identified by the
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2.6. Local Structural Modeling

gray circles, the barrel nuts are shown by the dashed cylinders and the axes of the bolts
are represented by the dash-dotted lines. Notice that the bolts have different length:
a short bolt alternates a longer one. This configuration reduces the stress on laminate
due to the holes of the barrel nuts. Exploiting cyclic symmetry, the modeled area is
delimited by the blue solid on the right side of Fig. 2.19. It spans an angle that includes
the halves of two consecutive bolts and it considers a portion of blade root laminate long
enough in the span direction to remove the local effects due to external load application.

Figure 2.19: Sketch of the blade root and detailed modeled region

Each solid component of the CAD model is generated by the surfaces that define the
external shape. Each surface is created by the procedure reported in Sect. 2.5.2 or by
native functions of the Altair Hypermesh environment. The surfaces are assembled
to form the solids that represent topological elements of the model, i.e. bolts, barrel
nuts, pitch bearing and blade laminates. Each solid complies with the neighboring
ones, allowing the generation of a consistent mesh.

An example of the parametric CAD model is reported in Fig. 2.20, showing a model
sketch with quote and an exploded assembly where different components are identified.

(a) Model sketch standard views

Barrel nuts 

Bolts Bolts 

Pitch bearing 

Blade laminate 

Barrel nuts 

(b) Three dimensional exploded assembly

Figure 2.20: Parameteric blade root geometry
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Chapter 2. Optimization Procedures

FE model

A MD-MSC Nastran FE model is created by meshing the CAD geometry by Altair
Hypermesh facilities. The detailed FE model employs solid tetrahedral elements, al-
lowing a robust meshing approach and ensuring, if required, the connection of the finite
elements between different structural components. Anisotropic material laws define the
mechanical properties of the orthotropic laminates, while the steel pitch bearing is de-
fined by standard isotropic material. Constraint equations impose preload on bolts and
contact between different components [74], [89]. Since only a sector of the blade root
is analyzed, suitable symmetry conditions are imposed on the boundaries. Furthermore
the model is constrained along axial direction where the pitch bearing reaction is sup-
posed to be applied.

An example of FE model is reported in Fig. 2.21. All the structural components
are highlighted by different colors, constraint elements and contact surfaces are also
shown. The external load is applied by an interpolation element. This choice does not
affect the results since the local effects are limited to the region close to interpolation
element.

Multipoint 
constraint 
for bolt 
preloading 

Contact 
between bolt 
head and 
pitch bearing 

Contact 
between 
barrel nuts 
and laminate 

Interpolation 
element for 
external 
loading 

Figure 2.21: Blade root detailed FEM

It is supposed that the external load is oriented in the parallel direction to the bolts
axis. The load application point is on the mean thickness line of the laminate and it is
equidistant from the symmetry surfaces of the model. Given the axial forces Faxial and
resulting bending moment Mbending applied to the blade root, the axial load carried by
each bolt is obtained as:

Fi =
Mbending

Nbolts∑
i=1

Aid2
i

diAi + Faxial (2.53)

where Ai is the nominal area of each bolt and di is the distance of each bolt to the line
of application of Mbending. Considering the extension of the modeled region, the load
applied to the model FA is obtained by a combination of the Fi values. Depending on
the analysis performed, different values of Faxial and Mbending are taken into account to
perform structural design as reported in the next section.
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2.6. Local Structural Modeling

Analyses

The contact between the pitch bearing and the blade must be ensured during the en-
tire operative range, so a preload must be imposed to each bolt to avoid separation
during the ultimate load conditions. The most critical situation is identified by the
maximum value of the bending moment at blade root. The external load applied to the
FE model can be directly obtained from the load envelope at this blade section apply-
ing the Eq. 2.53. The preload P on each bolt is evaluated by the approach suggested
by [90], completing the data provided by the standard with the one obtained by the FE
analysis:

P = αA LT F Pmin = αA LT F

1 − NMod∑
i=1

φi

 FA (1 + RF)

 (2.54)

where:

• αA is the tightening factor, due to the inaccuracy of the tightening methods

• LT F is the load transfer factor, due to the loss of preload related to threads deflec-
tion and radial expansion of the nuts

• RF is the relaxation factor, it considers the effects of temperature, deformation of
the contact surface and relaxation of the material

• φi is the fraction of the applied load carried by the bolt. The summation spans
over the NMod modeled bolts and it allows to determine the preload for the more
flexible bolt.

The preloads of the other bolts are computed by P to ensure the same tension during
the ultimate load condition. The factors φi are obtained by the FE analysis, evaluating
the ratio between the load carried by each bolt and the external applied load. Consider-
ing the complexity of the structural configuration, characterized by orthotropic material
and different bolts, only a FE model can provide the reliable estimation of fraction φi.

After the definition of the preloads values, the verification of bolted joint is per-
formed considering ultimate load and fatigue damage as suggested by international
standards [51], [69] and [90]. The ultimate stress on each bolt σBolt,i is evaluated con-
sidering the ultimate load cases as follow:

σBolt,i =
Pi + φiFA

Ai
(2.55)

allowing the evaluation of the safety margin sBolt,U for the ultimate stress condition:

sBolt,U = min
i

σyield,i

γM,staticσBolt,i
(2.56)

The fatigue analysis is performed by life equivalent load that is evaluated by life
equivalent bending moment Mbending,eq at the blade root.

Mbending,eq =


NWind∑
i=1


NCycle∑

j=1
n jMm

j

Neq


i

Ni


1
m

(2.57)
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where

• NWind is the number of DLC considered to estimate fatigue life

• n j is the number of cycles given by the application of the rainflow counting algo-
rithm to each time history. M j is the amplitude of the alternate bending moment
related to n j, while NCycle is the number of intervals in which the amplitude fluc-
tuations are discretized.

• Neq is the number of equivalent cycles

• Ni is a factor that scales the simulated time to the real wind turbine operative life

• m is the inverse of the Wöhler diagram slope.

The alternate stress σBolt,Ai applied on each bolt is obtained by the Eq. (2.53) and
Eq. (2.55), setting to zero value the axial force and the preload. The mean stress value
σBolt,Mi is directly obtained by the preload pertaining each bolt.

The alternate stress admissible σ̃Adm,A depends on the material detail category de-
fined by [51] and the Wöhler diagrams reported in [69]. Safety coefficients are applied
to σ̃Adm,A in agreement with [51], obtaining:

σAdm,A =
ksσ̃Adm,A

γM, f atigue
(2.58)

where ks is a safety factor applied to the material and γM, f atigue is a coefficient related to
the bolt nominal diameter. The mean stress admissible is the ultimate stress σU of the
bolt material. Applying the Goodman’s correction due to the mean stress, the fatigue
safety margin is obtained by the following equation:

sBolt,F = min
i

1
σBolt,Mi
σU

+
σBolt,Ai
σAdm,A

(2.59)

The ultimate stress analysis and the fatigue life analysis provide a preliminary veri-
fication of the blade root bolted joint. If some constraints are not satisfied, a new model
is created, manually modifying the input data to meet the requirements. The automatic
procedures allow to update the FE model quickly, obtaining a fast evaluation of the new
values of the preloads and the safety margins. Usually after few iterations, it is possible
to identify a feasible configuration of the blade root bolted joint.

Notice that the design of the blade root laminate is strictly related to the bolted joint
sizing. The thickness of the orthotropic material influences the external load fraction
φi carried by each bolt, therefore the safety factors of the bolts. Furthermore, the FE
model allows to measure the local increment of the stress in the blade root laminate due
to the holes of the bolted joint. These local effects can be directly included at coarse
aeroelastic layer, updating the constraints as performed by full blade 3D FEM and com-
pleting the information of the 3D FEM of the full blade. The updating procedure of the
constraint equations has been reported in Sect. 2.3.6, while a graphical representation
has been shown in Fig. 2.3.
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2.7 Summary notes

A detailed description of each optimization method has been provided in the previous
sections. It is useful to summarize the main characteristics of each method to ease
the comprehension of the provided results. Recalling the structure of the chapter, the
attention is focused initially on the coarse optimization level. The following itemization
repeats the main features of each design procedure, highlighting the pros and cons.

• Aerodynamic optimization:

– Merit figure: AEP
– Optimization variables: Blade chord and twist span-wise distributions
– Pros: Fast aerodynamic design
– Cons: Structural effects are neglected

• Structural optimization:

– Merit figure: CoE
– Optimization variables: Thickness of blade structural components, chord-

wise shear webs position and spar caps extension, thickness and diameter of
steel tubular tower

– Pros: Coupled structural design of rotor blades and support tower
– Cons: Aerodynamic effects are discarded

• Aero-structural optimization:

– Merit figure: CoE
– Optimization variables: Blade span-wise chord and twist distribution and

thickness of blade structural components. Other structural variables can be
easily included.

– Pre-Assumed Aerodynamic Shape (PAAS) method
∗ Pros: Simple and robust approach
∗ Cons: User’s participation is required to define an effective aerodynamic

parametrization
– External Aerodynamic/Internal Structure (EAIS) method
∗ Pros: Robust and fully automatic approach
∗ Cons: High computational cost

– Monolithic with Load Updating (MLU) method
∗ Pros: Automatic approach with limited computational effort
∗ Cons: Load scaling procedure to update design requirements could be

vulnerable

The fine-level can be addressed as a verification tool that allows to perform a detailed
analysis of the structural layout through 3D-FEM of the entire blade or limited critical
region. Despite this tool is combined only with structural optimization in the reported
case studies, it can analyze a generic configuration, that can be provided by the aero-
structural optimization or by an existing layout. The capabilities of the fine-level are:
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• Refinement of structural configuration (3D-FEM):

– Modeled region: Entire blade
– Modeling approach: Shell or solid elements
– Analysis capability: Ultimate stress, ultimate strain, minimum clearance,

fatigue, buckling

• Local structural modeling (local 3D-FEM):

– Modeled region: Blade root bolted joint
– Modeling approach: Solid elements
– Analysis capability: Ultimate stress, fatigue

The applications and the results of the design procedures are reported below. The
most significant results are selected to provide a global overview of the methods without
considering ancillary information. Each application is characterized by a high general-
ity, reproducing realistic case studies that can be encountered in a real design process.
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The developed optimization techniques are extensively validated in the current chap-
ter. Two wind turbines are considered as test cases. The first configuration is a 2MW
HAWT and it represents a standard industrial configuration. This test case shows how
the developed techniques can be included in a standard industrial work flow, helping
the structural analyst during the design phase. The second case is a conceptual 10MW
HAWT and it aims at showing how the methods can be helpful in a preliminary sizing
of a wind turbine with a remarkable nominal power. Realistic situations are reproduced
by both cases, always seeking a high level of completeness.

At the beginning the attention is focused on the structural optimization methods
applied to the rotor blades. Section 3.1 and 3.2 minimize the blade mass, keeping
constant the aerodynamic data and the other parameters that define the wind turbine
configuration. Each section is focused on different aspects of structural design. The
first one considers the interaction between coarse and fine optimization level, giving
various details about the closure of the optimization loop. The second section concerns
the effects of the nonstructural mass on the design and it includes the sizing of structural
details by local 3D FEM.

The results provided by the structural algorithms are considered as reference condi-
tions to apply the optimization techniques that involve the sizing of further parameters
in addition to blade structure. This step-by-step approach allows to test the new op-
timization procedures, providing feasible initial guess and limiting the issues due to
unfeasible initial solutions.

The sizing of the tower is coupled to the blade structural design by Sect. 3.3. The dif-
ferences between a standard industrial approach and the coupled developed techniques
are highlighted by the 2MW HAWT configuration. The tower design for a wind turbine
with high rated power is shown by the 10MW HAWT test case. Both cases report also
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Chapter 3. Applications and Results

trend studies that identify the optimal solution in term of wind turbine configuration.
The performance of the aero-structural optimization techniques on 10MW HAWT

are studied in Sect. 3.4. The aerodynamic optimization variables merge with the struc-
tural ones gradually, considering various algorithms that ensure different coupling level
between structure and aerodynamics. Multiple results are reported, highlighting the
pros and cons of each algorithm in terms of required user’s expertise and computa-
tional effort.

3.1 Blade Structural Design: 2MW test case

In this section the performances of the developed structural multi-level optimization
procedures are clarified with respect to a standard 2MW HAWT. The wind turbine
configuration is defined in Sect. 3.1.1, reporting the main details about blade configura-
tion. Then a first comparison between coarse and fine-level is carried out in Sect. 3.1.2,
pointing out the differences between the two modeling techniques. Finally the closure
of the optimization loop is reported in Sect. 3.1.3, filling the gap between coarse and
fine modeling level.

3.1.1 Baseline wind turbine

A standard 2MW HAWT is considered. Since a classical configuration is examined,
only few data are reported in Tab. 3.1.

Table 3.1: 2MW HAWT Main Data

Data Value

Wind Regime IEC Class IIIA
Rated Power 2 MW
Blades number 3
Cut in wind speed 3m/s
Cut out wind speed 25m/s
Rotor Diameter 90m
Tower Height 79m

The structural layout of the blade is a stressed-shell configuration with single upper
and lower spar caps confined within two planar shear webs, normal to the maximum
chord line. The primary structural design parameters ps1 are defined as the common
thickness of the two shear webs, the common thickness of the upper and lower spar
caps and the thickness of the external blade shell. These quantities are represented by
span-wise linear interpolations of corresponding nodal unknowns located at η =0, 0.01,
0.03, 0.10, 0.195, 0.20, 0.25, 0.4, 0.5, 0.6, 0.75, 0.8, 0.98 and 1, resulting in a total
number of primary structural design parameters equal to 53. A typical blade section is
reported in Fig.3.1.

The main blade structural components are reported in Table 3.2. The blade is made
of six different material types, whose mechanical properties are summarized in Ta-
ble 3.3. Non-structural masses are accounted for with both span-wise and chord-wise
proportional quantities. A first estimate of the secondary design parameters, repre-
sented by the skin core thickness, is obtained using the preliminary design formulas
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Spar cap 

Shear web 

External shell 

LE reinforcement 

TE reinforcement 

Figure 3.1: Primary structural design parameters on a typical section

described in Sect. 2.5.4.

Table 3.2: 2MW HAWT Structural configuration

Component
Starting section Ending section Material

(% span) (% span) type

External shell 0 100
Stitched triaxial

-45/0/+45 fiberglass

Spar caps 3 97.8
Unidirectional

fiberglass

Shear webs 10 97.8
Stitched biaxial

-45/+45 fiberglass
Trailing and leading

10 80
Unidirectional

edge reinforcements fiberglass
Skin core 10 97.8 T500 Foam
Web core 10 97.8 T400 Foam

The coarse minimum weight structural sizing is based on DLCs 1.2, 1.4, 1.5, 1.6,
1.7, 2.2, 2.3 and 6.1 [50]. The design constraints include: placement of the first and
second blade natural frequencies with at least 12% and 20% gaps respectively with
respect to the three-per-rev harmonic, a maximum blade tip deflection of δtipadm

= 5 m,
max/min allowable stresses/strains and fatigue constraints (see Eq. (2.16)).

The active constraints (A) and inactive constraints (N) are reported in Tab.3.4. The
frequency placement and max tip deflection constraints are active at convergence, and
thus the design is driven by the blade flap bending stiffness. In addition, fatigue con-
straints are active in the external shell between 10% and 40% span, where the largest
chords occur. The constraints associated with stresses/strains are far from their respec-
tive limits.

Two different 3D models are generated using either mid-thickness shell elements or
solid elements. For the shell model, the blade is discretized by isoparametric linear tri-
angular and quadrilateral elements with layered composite properties. The solid model
is based on isoparametric linear prismatic and hexahedral solid elements. For both
models, the characteristic element side lengths are about 5 cm. All loads are applied to
the spar caps using RBE3 elements.

At first, possible differences between the coarse-level model and the detailed 3D
models are investigated by performing modal, static, fatigue and buckling analyses.
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Table 3.3: 2MW HAWT Material properties

Material type
Longitudinal Young’s Transversal Young’s Shear modulus

modulus [MPa] modulus [MPa] [MPa]

Stitched triaxial
28500 10300 6400

-45/0/+45 fiberglass
Unidirectional

38200 8600 3500
fiberglass
Stitched biaxial

9700 9700 10900
-45/+45 fiberglass
T500 foam 93 93 40
T400 foam 65 65 28

Table 3.4: 2MW HAWT Baseline structural constraints

Model
Stress/ Modal

Clearance Fatigue
Strain Prop.

Baseline N A A A
{

external shell from 10% to 40% span

Next, bounds are updated for the constraints that fail verification, and the effects of
loop closure on a subsequent coarse-level iteration are illustrated.

3.1.2 First multi-level iteration

Modal analysis

Table 3.5 reports the first flap-wise and edge-wise blade natural frequencies obtained
with the 3D mid-thickness shell, 3D solid and beam Cp-Lambda/ANBA models. The
associated vibration modes are visualized in Fig. 3.2.

Table 3.5: Comparison of the two lowest blade natural frequencies

Shell Solid Cp-Lambda/ANBA

ω1,flap [Hz] 0.855 0.853 0.857
ω1,edge [Hz] 1.012 1.008 1.056

It is noted that the first flap-wise natural frequency agrees well for all models. On
the other hand, the matching is not as good for the edge-wise mode, since the frequency
predicted by the beam model is about 4% higher than the 3D ones. In the coarse-level
optimization, this frequency is constrained to have a 20% margin with respect to the
three-per-rev harmonic, and the constraint is active at convergence. To account for this,
the constraint bound for this frequency is increased by 4% for the next coarse-level
design iteration.

Static analysis

A static analysis for the load case corresponding to the maximum blade deflection is
conducted next. A comparison of the flap- and edge-wise blade deflections obtained
with the beam and 3D FE models reveals that all agree very well within a 0.02% margin.
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(a) First flap-wise vibration mode (b) First edge-wise vibration mode

Figure 3.2: The two lowest blade vibration modes

On the other hand, as expected, the stress distribution shows much larger differences.
Figure 3.3a and 3.3b plot the span-wise distribution of maximum stresses in the fiber
direction of external shell and spar caps, respectively.
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(a) Maximum stress in external shell
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(b) Maximum stress in spar caps

Figure 3.3: Normalized maximum stresses in span-wise direction

Figure 3.4 shows the distribution of the longitudinal stress at 10% of blade span in
the external shell, plotted as a function of the non dimensional coordinate 0 ≤ s ≤ 1.
The importance of 3D effects in this blade region is particularly clear if one looks at the
shell and solid models stress distributions and compares them to the beam one.

Significant relative differences are apparent at the root region, and in particular at
the beginning of webs, leading and trailing edge reinforcements. The cause for these
discrepancies is due to the simultaneous presence of rapid transitions in the local geom-
etry and a low skin thickness. The latter exhibits a rapid variation in the first 10% span,
becoming only 1/20 of the root thickness. The figures show that peaks arise exactly
at the boundary region of the spar caps and the transition of the skin core, a complex
region illustrated in Fig. 3.5.

In summary, the investigation of static loading conditions clearly illustrates the need
for a detailed 3D FE analysis in order to obtain reliable estimates of the stress field over
the whole blade. While a beam model in general provides reasonable results for most
of the blade span, it is however unable to describe the detailed stress field at critical
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Figure 3.4: Normalized stress in the external shell at nondimensional blade radius equal to 0.10, vs.
nondimensional chord-wise coordinate s

Figure 3.5: Detail of the blade root: a) trailing edge transition, b) beginning of skin core, c) beginning
of spar caps
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3.1. Blade Structural Design: 2MW test case

three dimensional and rapidly varying regions.

Fatigue analysis

A fatigue analysis as described in Sect. 2.5.4 is performed using the mid-thickness
shell model. Results for the fatigue damage index evaluated according to the multi-
axial criterion of Eq. (2.18) at selected span-wise sections are illustrated in Fig. 3.6a,
along with comparable results obtained on the beam model.
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(a) Damage index vs. blade span
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(b) Damage index at η = 0.10 span section, vs. curvilinear coor-
dinate s

Figure 3.6: Damage index in external shell at selected sections along blade span

It appears that the detailed 3D mid-thickness shell model predicts a significant peak
at 10% span, violating the fatigue constraint. Similarly to the static analysis case, the
peak is grossly underestimated by the coarse-level beam model.

Figure 3.6b plots the fatigue damage parameter in the external shell at the most crit-
ical region, within a margin of 100 mm around 10% span. Fatigue damage is computed
at points distributed along the airfoil, and plotted as a function of the curvilinear coor-
dinate s. Similarly to the span-wise results, the 3D FE model predicts higher damage
coefficients than the beam model, while both indicate the trailing edge region (s = 0
and s = 1) of the blade as the most exposed to fatigue.

Linear buckling analysis

Finally, a linearized buckling analysis of the 3D FE model is conducted by subjecting
the blade to the loading condition of maximum tip displacement.

The first two buckling modes are shown in Fig. 3.7a and 3.7b. The first mode is
localized near the blade root, while the second at the maximum chord region. Only the
first mode is critical for the applied loading condition (λ ≤ 1), and the instability is
caused by the high compressive stresses that are generated around 10% span.

To correct for this, the structural capacity at this region would need to be increased.
This can be done by using procedure (2.23), which would increase the skin core thick-
ness. However, it should be noted that the same region of the blade failed the verifi-
cation of the fatigue constraints. The update of the associated constraint bounds will
induce, at the next coarse-level optimization, a modification of the primary structural
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(a) First buckling mode, λShell = λSolid = 0.8 (b) Second buckling mode, λShell = 3.594, λSolid = 3.4078

Figure 3.7: Close-up view of first two buckling modes

parameters that will also induce a local strengthening of the structure. As a side effect,
this might results in a sufficient buckling resistance for the original core thickness. In
light of this observation, it was decided to avoid the update of the secondary design
parameters, and wait for the result of the next coarse design iteration.

3.1.3 Closure of multi-level optimization loop

The closure of the loop between the coarse-fine analyses and back is illustrated by per-
forming a second iteration. After the first iteration, the fine-level FE results identified
the following critical aspects:

• The natural frequency spacing constraint is violated, as the 3D model edge-wise
frequency is approximately 4% lower than the one predicted by the coarse-level
beam model.

• Significant stress concentrations are present at the initiation sections of spar caps,
shear webs and trailing and leading edge reinforcements, around 3% and 10%
span.

• Fatigue constraints are violated at 10% span due to the same stress concentrations,
with a fatigue damage index exceeding 1.8.

• The thickness of the blade external shell core around 10% span is not sufficient to
resist local buckling.

These results are used for tightening some of the constraint conditions for the next
coarse iteration, which become:

ω1,edge ≥ 1.04 · 1.20 · 3P, (3.1a)
d(ps,D)10% skin ≤ 1/1.8. (3.1b)

The first condition modifies the edge-wise frequency spacing constraint, while the sec-
ond corrects the fatigue condition at 10% span. Since stress peaks do not exceed al-
lowables, no specific action is taken. For buckling, no action is taken to see if the
strengthening induced by the tighter fatigue constraint is capable of fixing the problem.

The geometrical changes caused by the updated constraints are illustrated in Fig. 3.8a
and 3.8b.
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(a) Trailing edge reinforcement
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(b) Skin thickness

Figure 3.8: Normalized thicknesses of blade components

The trailing edge reinforcement has been significantly increased. This change is
driven by the need for an increased edge-wise bending stiffness, required for the sat-
isfaction of the modified frequency constraint condition, and the fine 3D edge-wise
frequency now satisfies the 20% margin with the three-per-rev harmonic.

The skin thickness in the critical region at 10% span has been increased from 5% to
10% of the root thickness, so as to satisfy the more stringent fatigue constraint condi-
tion. This has in turn increased the total blade mass by about 1.2%.

The direct effect of increased skin thickness on the fatigue damage index computed
on the fine 3D model is illustrated in Fig. 3.9. The figure shows that the previous peak
at 10% span is lowered to just below unity, indicating that the design now satisfies the
fatigue requirement at the fine-level.
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Figure 3.9: Damage index in external shell at selected sections along blade span

Furthermore, as illustrated in Fig. 3.10a, the previously identified skin stress con-
centrations are lowered in the critical region. In particular, the external shell thickness
increase at 10% span eliminates the stress peak at that same location, whereas the peak
at 3% span, i.e. at the beginning of the spar caps, is only slightly reduced. Changes in
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the external shell geometry affect also the spar cap stresses, which are similarly lowered
as illustrated in Fig. 3.10b.
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(a) Maximum stress σ1,max in skin
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(b) Maximum stress σ1,max in spar caps

Figure 3.10: Normalized maximum stresses in fiber direction

Finally, the increased external shell thickness has an indirect effect on the buckling
capacity. In fact the lowest buckling eigenvalue is now increased from 0.8 to 2.08,
implying that the improved design exhibits sufficient buckling strength so that, in this
particular case, an external shell core thickness increase by the secondary design loop
proves not to be necessary.

3.1.4 Conclusions

The current section reports a structural design of a 2MW HAWT rotor blade. The main
purpose is showing how the local fine effects can be included into the global coarse
optimization loop by a scaling procedure of the constraint equations. This approach
is really useful when the configuration of the wind turbine is known and the detailed
blade design has to be carried out. The inclusion of the three-dimensional effects is
performed automatically, speeding up the structural design.

At the beginning the configuration of the 2MW HAWT and the parametrization of
the blade structure are reported. The blade design is based on a set of multiple DLC
that reproduces the real operative conditions of the wind turbine. The coarse structural
optimization algorithm is applied to provide a global optimal configuration, enforcing
all design requirements by constraint equations.

A twofold verification is performed by two different 3D FEM, involving either mid-
thickness shell element or solid elements. The results of the two models are in good
agreement and they exhibit local effects that are not visible in the coarse quasi-3D
model. These effects are identified in the blade regions where the hypothesis of the
beam theory are no longer valid. For example stress concentrations are shown in the
areas subjected to rapid variations of the blade section, i.e at blade span values next to
the maximum chord region, and near the boundaries of structural components, such as
local reinforcements and shear webs.

Finally the local three-dimensional effects are included into the coarse-level by a
scaling of the constraint equations. The interaction between the two modeling levels is
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3.2. Blade Structural Design: 10MW test case

shown, highlighting the effects of the scaling of the constraints on the thickness of the
structural components of the blade. Notice that the constraint scaling process provides
the best results only if it is applied with attention by an expert analyst. Usually a selec-
tive constraint scaling procedure generates a more efficient blade design, as exemplified
by the treatment of the buckling requirement. In this case a buckling free configuration
is achieved by the increase of local strength due to fulfill the fatigue life requirement.
So the core thickness is kept constant, limiting the rise of the nonstructural masses and
therefore of the blade overall mass.

3.2 Blade Structural Design: 10MW test case

The DTU 10MW Reference Wind Turbine (RWT) is chosen as 10MW test case because
it is a good example of the next generation HAWT, allowing a significant application
of the implemented algorithms. Furthermore, the original configuration data are freely
available to research purposes at the project website [91], facilitating the usability of the
current thesis. The wind turbine configuration is defined in Sect. 3.2.1, describing the
parametrization of the DTU 10MW RWT by the current optimization variables. The ef-
fects on the global blade design due to nonstructural mass and blade root configuration
are examined as well. Section 3.2.2 reports some information about sizing procedure
of the root bolted joint, showing the potentialities of the detailed 3D FE analysis.

3.2.1 Baseline wind turbine and model parametrization

DTU 10MW RWT is a concept machine developed by Danmarks Tekniske Universitet.
Main wind turbine characteristics are reported in Tab. 3.6, the 3D shape of the blade is
shown by Fig. 3.11, while a complete list of model data and DTU design criteria are
listed in [92].

Table 3.6: DTU 10MW RWT Main Data

Data Value

Wind Regime IEC Class 1A
Rated Power 10 MW
Blades number 3
Cut in wind speed 4m/s
Cut out wind speed 25m/s
Rotor Diameter 178.3m
Hub Height 119.0m

The original DTU 10MW RWT blade structure is parametrized by the optimization
variables reported in Sect. 2.3.3. The main structural elements of the original configu-
ration are considered. Table 3.7 shows the configuration data and Figure 3.12a displays
the components of a standard blade section. External shell, spar caps and multiple
shear webs are the classical blade components. They provide bending and torsional
stiffness to the blade, keeping the aerodynamic shape as constant as possible. Unidirec-
tional fiberglass reinforcements are local stiffening elements to increase the structural
efficiency. Two reinforcements are placed at the Leading Edge (LE) and at the Trail-
ing Edge (TE) of the blade section, while the root reinforcement is superimposed to
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Figure 3.11: 10MW HAWT: Baseline blade 3D external surface

the external shell in the blade root region. The thickness of the core is estimated for
each blade section to generate a buckling free configuration. The elements reported
in Fig. 3.12b are considered at coarse-level in the core thickness estimation, while a
generic sectional distribution could be adopted on each blade section at fine-level. The
nodal unknowns are located at nondimensional span-wise coordinate equal to: 0, 0.01,
0.025, 0.05, 0.1, 0.22, 0.268, 0.3, 0.45, 0.65, 0.8, 0.9, 0.95, 0.99, while the other values
are obtained by linear interpolation. The mechanical properties of orthotropic materials
are estimated by classical lamination theory [92] and they are reported in Tab. 3.8.

External 
shell 

Spar 
cap 

Shear 
web 

LE 
reinforcement 

TE 
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Third 
web 

(a) Baseline blade section components

Core 1ST  
Web 

Core LE 

Core TE Suction Side 

Core TE Pressure Side 

Core 2ND 
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Core 3RD 

Web 

(b) Baseline blade core thickness

Figure 3.12: Parametrization of blade section geometry

In the current project the attention is also focused on the manufacturability require-
ments that globally affect the coarse aeroelastic configuration. A first requirement takes
into account that an amount of extra material is applied to the blade during the manufac-
turing process, for example the adhesive to allow the assembly. A second requirement
is related to the joint between the blade and the pitch bearing, which must guarantee a
safe connection.

Considering the nonstructural mass distribution, the mass of the core is included
into the original design. In this project, a rigorous estimation is carried out by includ-
ing different contributions due to the manufacturing process: adhesive, resin uptake,
lightening system, bonding plies and external paint.

Another modification of the original configuration concerns the root of the blade.
Laminate thickness is increased allowing the design of the bolted joints between the
blade and the pitch bearing. A feasible value is obtained by an in-house experience and
it is verified by the design of the root bolted joint with a detailed 3D FEM as reported
in Sect. 3.2.2.

These modifications of the blade mass distribution cause variations in the operative
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3.2. Blade Structural Design: 10MW test case

Table 3.7: Structural configuration of the blade

Component
Starting section Ending section Material

(% span) (% span) type

External Shell 0 100
Stitched triaxial

-45/0/+45 fiberglass

Spar caps 1 99.8
Unidirectional

fiberglass
First and second

5 99.8
Stitched biaxial

shear webs -45/+45 fiberglass

Third shear web 22 95
Stitched triaxial

-45/0/+45 fiberglass
Trailing and leading

10 95
Unidirectional

edge reinforcements fiberglass

Root reinforcement 0 45
Unidirectional

fiberglass
External Shell core 5 99.8 Balsa
Web core 5 99.8 Balsa

Table 3.8: Material properties

Material type
Longitudinal Young’s Transversal Young’s Shear modulus

modulus [MPa] modulus [MPa] [MPa]

Stitched triaxial
21790 14670 9413

-45/0/+45 fiberglass
Unidirectional

41630 14930 5047
fiberglass
Stitched biaxial

13920 13920 11500
-45/+45 fiberglass
Balsa 50 50 150

81



i
i

“thesis” — 2014/11/25 — 14:03 — page 82 — #96 i
i

i
i

i
i

Chapter 3. Applications and Results

loads, so the blade structure must be updated consequently. The optimal solution is
identified by Cp-Max multi-level optimization procedure applied to the blade structure,
while the aerodynamic properties are kept constant.

The structural design of the blade is related to the set of DLC considered. A large
number of DLC is explored by DTU researchers to define the original DTU 10MW
RWT blade configuration. Evaluating all original DLC is infeasible in the current opti-
mization framework due to computational cost, so a selection is made considering the
DLC required by the estimation of the constraint equations. In addition to the fact that
all fundamental conditions are included, at the end of the optimization procedure the
final configuration can be verified considering all DLC to ensure the feasibility of the
result. In this project the relevant DLC turn out to be 1.1, 1.2, 1.3, 2.1, 2.3, 6.1, 6.2 and
6.3 [50]. The DLC estimation is related to the external controller, in this case a PID
logic is adopted [93] as done when the original configuration is defined [92]. Obviously
the DLC evaluation is strictly related to the enforced design requirements. Constraints
on blade-tower clearance, ultimate stress, ultimate strain and fatigue damage are ap-
plied. Considering the blade-tower clearance, the pre-bend of the blade is modeled as
an extra rotor cone angle equal to 2.15 degrees, ensuring the same clearance of the
original configuration. Design requirements are applied also to blade modal properties:
blade flap frequency separation from three-per-rev of 16% is imposed and a gap be-
tween blade flap and lead-lag frequency of 10% is enforced. Active (A) or non-active
(N) constraints are reported in Tab. 3.9. It can be seen that constraints on blade-tower
clearance and fatigue damage drive the design, while the requirements on ultimate load
condition and modal properties are not active.

Table 3.9: 10MW HAWT Baseline structural constraints

Model
Stress/ Modal

Clearance Fatigue
Strain Prop.

Baseline N N A A


external shell from 22% to 65% span

shear web from 22% to 80% span

root reinf. from 22% to 45% span

Looking at the constraints on each components, the modifications of the structure
due to algorithm activity can be highlighted. A comparison of the design requirements
on external shell of the DTU 10MW RTW and the optimized blade, called “Baseline”,
is shown in Fig. 3.13. The constraints are reported at the nondimensional span-wise co-
ordinates where the optimization variables are located: 0, 0.01, 0.025, 0.05, 0.1, 0.22,
0.268, 0.3, 0.45, 0.65, 0.8, 0.9, 0.95, 0.99. Following a common convention, a design
requirement is satisfied if negative, active if null within a tolerance and violated if pos-
itive. The DTU 10MW RTW configuration largely satisfies the constraints, therefore
there is room for improvement of the structural performance. The design procedure
decreases the external shell thickness, until the constraints assume zero value and they
turn out to be active. The “Baseline” blade is designed by fatigue requirements be-
tween the 22% and the 65% of the blade length. At the end a more efficient structural
configuration is provided, ensuring satisfaction of the constraints.

The blade mass provide a global measurement of the modifications of the laminate
thickness. The percent differences of the mass values, nondimensionalized by the DTU
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Figure 3.13: Design requirements on external shell of DTU 10MW RWT and Baseline blade vs opti-
mization section number

10MW RWT values, are reported in Tab. 3.10. A negative variation is related to a
decrease of the mass value so the total mass and the mass of the structural material are
decreased by the algorithm. This result is related to Fig.3.13, where an increment of
the value of the constraints reflects a decrease of the laminate thickness.

Looking at the non structural mass, the value is increased due to the additional con-
tributions that are neglected in the DTU design: adhesive, resin uptake, lightening sys-
tem, bonding plies and external paint. The last value represents the structural mass
between the blade root and the 10% of the blade length. This item shows the addition
of the structural thickness that is required to provide a feasible blade root solution.

The increase of the nonstructural mass on the overall blade and of the structural mass
in blade root region partially conceals the advantages of the automatic optimization
approach over the classical sizing procedure. The final configuration has a total mass
that is similar to the initial one, however the blade structure is subjected to significant
modifications, satisfying a greater number of constraints. Therefore, the DTU 10MW
RTW and the “Baseline” blade can be compared only keeping in mind that they are not
homogeneous because of the different set of design requirements.

Notice that this comparison stresses the important contributions of the optimization
procedure, that allows to obtain a structural efficiency difficult to achieve by manual
design, limiting the weight when the number of requirements increases.

Table 3.10: 10MW HAWT Mass values comparison

Mass Per cent variation

Total -3.92
Structural -14.5
Non structural 77.1
Structural (η < 0.1) 12.5

A brief comparison between the DTU 10MW RWT and the “Baseline” blade is
shown in Fig. 3.14. All data are reported with regard to non dimensional blade radius,
that assumes zero value at blade root and unitary value at blade tip. Looking at low eta
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values of Fig. 3.14a, the imposed increment of the external shell thickness is visible.
In the same diagram, a reduction of thickness in the outer part of the blade is evident.
This reduction is related to an increment of spar cap thickness, Fig. 3.14b, due to the
satisfaction of the blade-tower clearance. This requirement is fulfilled by generating
a more efficient structure that minimizes the overall mass. The comparison between
original nonstructural mass distribution and updated one is shown in Fig. 3.14c: an in-
crease is reported due to the additional contributions. In this project nonstructural mass
is estimated from 10% of blade span to blade tip. In blade root region, where this mass
distribution is strictly related to manufacturing techniques and to the structural layout,
reasonable values are assumed. A breakdown of the updated nonstructural masses is
highlighted in Fig. 3.14d. The different elements of Fig. 3.12b are grouped considering
the core pertaining the external shell and the core placed into shear webs. The con-
tributes of the adhesive applied in manufacturing, resin uptake, lightening system and
bonding plies are grouped as “Glue mass”.
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(a) Baseline blade external shell thickness distribution
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(b) Baseline blade spar caps thickness
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(c) Baseline blade nonstructural masses distribution
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(d) Baseline blade nonstructural masses breakdown

Figure 3.14: Comparison between DTU 10MW RWT and Baseline blade structure

Multiple interactions between coarse and fine optimization levels are performed dur-
ing the optimization process. Notice that the structural optimization provides the start-
ing point of the other analysis reported below, such as the couple blade-tower structural
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optimization and the aero-structural algorithms comparative. For this reason the atten-
tion is focused mainly on the details that affect the coarse configuration, discarding the
minor details. An example of the 3D analysis is reported in Fig. 3.15, where the con-
straint on ultimate stress in the blade root region is shown. The requirement is checked
only in proximity of most important blade regions, where optimization sections are
defined. In this case the requirement assumes negative value and it is verified by the
adopted convention.

Figure 3.15: 10MW HAWT: 3D FEM of the Baseline blade: constraint on normal stress in external shell

Further details of the structural optimization are not here reported to avoid useless
repetitions. In Sect. 3.2.2 the attention is focused on the design of the blade root bolted
joint by the local FE analysis, verifying the blade root laminate thickness imposed in
the current section during blade structural design.

3.2.2 Bolted joint design

Sizing of T-Bolt root joint is carried out as reported by Sect.2.6.1, combining the results
of the detailed MSC Nastran 3D finite element model of the root region and the guide-
lines of the international standards. The procedure provides the configuration of the
bolted joint and it verifies the layout of the laminate in blade root region. Notice that
usually different configurations of root joints are adopted on large blades, for example
threaded inserts [24], however the classical T-bolts solution is simpler to be analyzed
and it supplies a preliminary verification of the blade root layout.

Bolts of different lenght are considered to reduce the drilling negative effects on root
laminate. A configuration with 270 T-Bolts satisfies the design requirements about ul-
timate stress and fatigue life as reported in Tab. 3.11. The table shows that the fraction
of external load carried by the short bolt is slightly higher than the fraction associated
to the long bolt. Looking at the safety factors, the bolts are designed by fatigue re-
quirements, while the ultimate stress appears to be a minor parameter. Notice that a
constraint is satisfied if the value of the safety factor is equal or larger than one.

The stress field on each component can be examined by looking at the results of the
detailed FE model. For example a preliminary analysis can be performed by loading
the blade root laminate, after removing the bolts and the barrel nuts. Figure 3.16 shows
the results of this analysis, reporting the entire sector of laminate and highlighting the
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Table 3.11: 10MW HAWAT Blade root bolted joint details

Data Short Bolt Long Bolt

Thread size M36 M36
Bolt grade 10.9 10.9
Fraction of external

14.2% 16.1%
load on bolt
Ultimate load case

2.21 2.22
Safety factor
Fatigue life

1.18 1.09
Safety factor

stress concentrations that occur at the hole of the barrel nuts associated to the shorter
bolt.

Figure 3.16: Normal stress concentration on blade laminate due to the holes of bolted joint

A compressive stress, due to the preload of the bolts, affects the picth bearing. Fig-
ure 3.17 reports a contour of the longitudinal stress, highlighting the contact region
between the heads of the bolts and the pitch bearing surface. In this region the modulus
of the compressive stress on the pitch bearing is maximum.

Finally the stress field in bolt bolts and barrel nuts is displayed by Fig.3.18. When
the external load is applied, an increase of the stress value in the necked region of the
bolts is clearly visible.

The analysis of the root bolted joint implies the verification of the imposed blade
root laminate thickness as reported in Sect. 2.6.1. In this test case, when the design
requirements are satisfied on the bolted joint, the blade root region is verified too. This
results validates the global configuration determined in Sect. 3.2.1 and it makes the
10MW Baseline blade available to the other studies reported below.

3.2.3 Conclusions

This section shows how the structural optimization techniques can be exploited to ap-
ply moderate modifications to an existing blade configuration. A 10MW HAWT is
considered to highlight the application of the current method on the wind turbine of
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(a) Contact surface of
the pitch bearing with
preloaded bolts heads

(b) 3D view of bearing sector

Figure 3.17: Contour of the longitudinal stress in pitch bearing due to preloaded bolts

(a) Bolts subjected to preload (b) Bolts subjected to preload in ultimate load condition

Figure 3.18: Contour of the longitudinal stress in bolts and barrel nuts assembly
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the next generation. The original configuration is the DTU 10MW RWT, a conceptual
wind turbine developed by the Danmarks Tekniske Universitet. Small modifications of
the nonstructural mass and the blade root laminate are applied to satisfy technological
constraints and to ensure the blade manufacturing. This revision influences the load
envelope and it requires a redesign of the blade structural layout. This procedure is per-
formed by selecting the sizing DLC and reproducing all operative situations of the wind
turbine. Multiple interactions between coarse and fine-level are performed to provide a
structural configuration that satisfy the requirements globally.

After defining the Baseline blade configuration, some results about the root bolted
joint are reported. The potentialities of the local 3D FEM are exploited to magnify the
blade root region, showing the local effects fundamental to design the bolted joint. The
final configuration is obtained by an iterative procedure based on progressive updates of
the model, fixing the requirements not yet satisfied. In Sect. 3.2.2 the final configuration
of the joint is reported, as well as the stress field in the blade root laminate, in the pitch
bearing and in the assembly of the bolts and the barrel nuts.

Notice that the load fraction on each bolts is fundamental in the bolt sizing procedure
because it affects the preload and therefore the safety factors. The load fraction is
related to the bolts characteristics but also to the stiffness of both the blade laminate and
the pitch bearing. This effect implies a first interaction between the coarse-level, that
define the blade root laminate thickness, and the fine detailed 3D FEM, that analyzes
the bolts assembly. A second connection between the two modeling levels is due to
the local stress concentrations caused by the holes, as reported in Fig. 3.16. In this
case a direct correction of the design requirements of the coarse-level can be applied
as described for 3D FEM of the entire blade, including in the coarse-level the effects
that are visible only on a detailed fully three-dimensional model. Therefore the global
blade configuration is connected to the local modeling of the blade root, requiring a
local verification of the bolted joint that affects the global layout of the blade.

At the end of structural design, a 10MW HAWT blade is obtained and it can be
exploited as initial configuration to validate the coarse optimization algorithms. In this
procedure the attention should be focused only on the global blade design and on the pa-
rameters affecting the coarse configuration. The interaction between the two modeling
levels should regard only the main structural details, discarding the minor parameters.
In this case, small constraints violations at fine-level are allowed as long as their effects
on the coarse optimization configuration are minimal. For this reason, the fine analysis
has the task of verifying the coarse initial configuration, without playing an active role
in coarse optimization algorithms verification. This choice aims at a simplification of
the validation procedures, reported into the next sections. Obviously, when the optimal
coarse solution is obtained, the multi-level interaction can be repeated, if a detailed
blade design is required.

3.3 Blade-Tower Structural Design

The design of the blade and tower structure is here reported. For sake of simplicity
only the coarse optimization level is considered, deferring the fine-level verification to
a later phase of the project. Two test cases are reported: 2MW HAWT is considered in
Sect. 3.3.1, while the 10MW HAWT is shown in Sect. 3.3.2. In both cases, the design
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3.3. Blade-Tower Structural Design

requirements that drive the tower sizing are shown, highlighting how the active control
can play a key role in tower definition.

The current section aims also at showing how the implemented techniques can be
useful to identify the best wind turbine configuration by trend studies. Fixing the
boundary conditions of the optimization problem and the design requirements, it is
possible to generate a population of wind turbines characterized by some relevant pa-
rameters. In this case the effects of the wind turbine configuration on the CoE are
considered, identifying the optimal layout of the overall machine.

3.3.1 Optimal Wind Turbine Configuration: 2MW test case

2MW HAWT is considered as test case to investigate the performance of the blade-
tower structural design algorithm. The wind turbine data and the structural parametriza-
tion of the blade are the same as the ones reported in Sect. 3.1.1. As initial guess is
considered the blade configuration optimized at coarse-level, without applying fine-
level correction for the reason reported in Sect. 3.2.3.

The support tower is modeled by 5 steel tubular sections: the length of first four
sections, from the foundation to the tower top, is 15 meters, while the last section
at tower top is 19 meters long. Mass and inertia of the junction flanges between the
tower sections are included by indicative data to increase the realism of the model. The
thickness of each tower segment is linearly interpolated between the two ends. If a
stepwise thickness distribution is required, a discretization can be applied at the end of
optimization, or an optimization with constant thickness segment can be performed.

DLCs considered by sizing procedure are 1.2, 1.4, 1.5, 1.6, 1.7, 2.2, 2.3 and 6.1
[50]. Design requirements include: flapping blade frequency placement at least 20%
above three-per-rev harmonic, frequency separation at least 20% between blade flap
and lead-lag eigenvalues, tower modal frequencies 15% above one-per-rev harmonic,
verifications on blade-tower clearance, limits on ultimate stress, ultimate strain and
fatigue damage on both blade and tower (see 2.16d-2.16k).

The implemented approach considers blade and tower optimization variables in a
unified process. This methods is defined “coupled” and it allows to take into account
the impact of the design of one component to the other. The coupled design is compared
to the results of an iterative approach, where blade and tower properties are optimized
iteratively, that is the usual procedure in structural sizing.

The optimized tower configurations are reported in Fig. 3.19a and 3.19b toward
non-dimensional tower height that assumes zero value at the base and unit value at the
top. The tower obtained by the coupled approach has a smaller diameter and a larger
thickness than the structure obtained by the iterative approach, that is heavier therefore
more expensive. However the design is driven by the minimum clearance constraint
between blade tip and tower, so a slender tower ensure a larger clearance and a lighter
and cheaper blade. Figure 3.20a highlights the impact on the thickness distribution of
the blade external shell toward non-dimensional radius measured from the blade root
till the blade tip. The spar cap thickness appears to be almost constant as reported by
Fig 3.20b. The best compromise between the weight of two components is identified
by the CoE model as merit figure and it is obtained by the coupled algorithm.

The criteria that drive the design are identified looking at the active constraints at
the end of optimization. A constraint is satisfied if negative, active if zero within a
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(b) Tower thickness distribution
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(c) Coupled approach design requirements vs nondimensional
tower height
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Figure 3.19: 2MW HAWAT: Coupled vs Iterative approach: non-dimensional tower radius, tower thick-
ness and design requirements toward tower height
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(a) Blade external shell thickness
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(b) Blade spar cap thickness

Figure 3.20: 2MW HAWAT: Coupled vs Iterative approach: non-dimensional blade external shell and
spar cap thickness distribution
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3.3. Blade-Tower Structural Design

certain tolerance and violated if positive. The blade structure exhibits active design
requirements similar to the ones reported in Sect. 3.1.1, so they are not here reported.
Looking at the constraints along the tower height, Fig. 3.19c, the lower part is sized
by fatigue life requirements, the upper part is designed by buckling, while the ultimate
strength requisite is always fulfilled. It should be noted that the controller law has a
great impact on the tower loads and it represents a further design parameters to define
the optimal configuration. In this case the wind scheduled LQR is tuned properly to
obtain a good trade off between ultimate loads, fatigue loads and power production.

The comparison between coupled and iterative optimization approach shows the
importance of clearance value. Considering a classical HAWT several parameters in-
fluence the clearance: rotor cone angle, nacelle uptilt angle, blade prebend and rotor
overhang. Some of these are shown in Fig. 3.21.

Uptilt angle 

Blade-tower 

clearence 

Cone  

angle 

Blade prebend 

Figure 3.21: Parameters that influence tower blade clearance

Among these variables, cone angle and uptilt angle are selected to perform trend
studies, highlighting the shape of the merit figure around the design point. The opti-
mization of the blade-tower structure is repeated varying the cone angle and the uptilt
angle, generating a comparable group of wind turbine subjected to the same constraints
set. Macro-parameters that characterize each configuration are reported in figure 3.22a
and 3.22b in non-dimensional form. If the cone angle or the uptilt angle increase,
the blade tower clearance increases, allowing the construction of more flexible blades
and tower with larger diameter, resulting in lighter an cheaper structures. Therefore
the summation of the cost of the three blades and the tower, identified as “Invest-
ment”, tends to decrease. At the same time if the machine configuration is changed
acting on these two angles, the AEP varies due to the different relative orientation of
the rotor blade towards the mean wind direction. The AEP is estimated considering
DLC 1.2 [50] in standard power production state for different mean wind speeds at hub
height and weighting mean power by Weibull probability function. If the rotor cone
angle increases, the AEP remains almost constant, while lager reduction is connect to
nacelle uptilt increment. The “Investment” and the AEP are unified by CoE model, the
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best solution is obtained by setting the rotor cone angle equal to 2 degree and nacelle
uptilt angle equal to 6 degree.
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Figure 3.22: 2MW HAWT: Trend studies

The reported trend analyses are characterized by the variation of only one parameter
at time. The results can be enriched if the mixed terms are examined too, providing the
entire response surface. Since this procedure is well known, it can be postponed among
the further developments.

3.3.2 Optimal Wind Turbine Configuration: 10MW test case

The combined blade-tower structural optimization is performed by considering 10MW
HAWT Baseline blade as guess point. This configuration is achieved by the structural
optimization of the DTU 10MW RTW performed in Sect.3.2. As already pointed out
for 2MW HAWT blade-tower design, the control strategy has a remarkable effect on
tower fatigue. The tuning process of the controller is crucial to achieve a good compro-
mise between the loads, that are applied to the wind turbine, and the power production,
related to the satisfaction of the reference conditions. The baseline structural blade de-
sign, reported in Sect. 3.2, is achieved by DTU PID controller [93], applying a constant
power control strategy. Since the procedures that allows an automatic tuning of DTU
PID controller are not available, it is convenient to switch to collective pitch-torque
POLI-Wind LQR controller [62]. Adjusting the LQR weighting matrices properly, it is
possible obtaining a control law that reduce the fatigue damage on the tower, keeping
constant the AEP. A comparison of the design requirements along the tower height is
reported in Fig. 3.23, showing the initial values of the constraints given by the PID con-
troller and the final values provided by the LQR controller after the tuning procedure.
The values refer to the original tower configuration, before applying any modification
to the structural properties. The sensor number is equal to 1 at tower base and it is 20 at
the tower top. Notice that the final value of the design requirements are negative and so
they are satisfied. The satisfaction of the constraint equations implies a reduction of the
ultimate and fatigue loads by the tuning of LQR controller. Obviously, Figure 3.23 does
not provide an absolute comparison of the performance of the two controllers because
the tuning of the PID controller has not been updated. The comparison would like to
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show that a lot of groundwork comes prior to apply the optimization procedure. As in
a real design case, the control laws play a key role and they are fundamental to achieve
the optimal result by means of an appropriate tuning procedure.
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(a) PID controller
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Figure 3.23: 10MW HAWT Design requirements on tower vs sensor number (1 at tower base, 20 at
tower top)

Since the fatigue requirement on tower structure is limited, a redesign of the original
layout is possible, avoiding a significant weight increase of the tower structure. The
tower is modeled by 6 steel tubular sectors with linear variable thickness. The first five
sections, from tower base to tower top are 20 meters long, while the higher sector is
15.63 meters long. Tower thickness and diameter is fixed at tower boundaries as design
constraint, mass and inertia of connection flanges are not included in the optimization
procedure. The blade-tower structural optimization is performed only at Cp-Max coarse
aeroelastic level, focusing on the best compromise in term of configuration and leaving
the details to an advance phase of design.

Looking at macro-parameters reported in table 3.12 a sensible reduction is obtained
in term of blade and tower mass applying the combined blade-tower optimization pro-
cedure. Also the summation of the cost of three blade and the tower cost, defined as
“Investment”, decreases as well.

Table 3.12: 10MW HAWAT Blade-tower optimization result

Data ∆% = 100 Optimized−Baseline
Baseline

Blade mass −3.5%
Tower mass −7.3%
Investment −5.1%

Tower diameter and thickness distribution toward non-dimensional height are re-
ported in Fig. 3.24a and 3.24b, while external shell and spar cap thickness distributions
are listed in Fig. 3.24c and 3.24d. Also in this case blade-tower clearance requirement
is fundamental: this active constraint forces Cp-Max to increase the clearance reducing
the tower diameter locally. Therefore a small reduction of spar cap thickness is pos-
sible, increasing the blade flexibility and reducing the blade weight. Looking at the
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blade external shell only minor modifications are applied, fixing local constraints on
optimization sections.
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(c) Blade external shell thickness distribution
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(d) Blade spar caps thickness distribution

Figure 3.24: 10MW HAWT: Combined blade-tower structural optimization

Conscious of the importance of the clearance value, two trend studies are performed
varying rotor cone angle and nacelle uptilt angle as done for 2MW HAWT. Figure 3.25a
shows that the effects of the rotor cone angle on the cost of energy are limited. Even if
the minimum of the COE is obtained for the nominal value of the cone angle, the merit
figure is almost stationary. Looking at nacelle uptilt angle in Fig. 3.25b, a gain in term
of COE is obtainable if the angle value is decrease to 3 degrees. This reduction causes
an increment of the initial investment, directly related to blade and tower mass, but at
the same time an increment of AEP compensates this effect obtaining a benefit in term
of COE.

3.3.3 Conclusions

The validation of the coarse optimization procedures to perform blade and tower struc-
tural design has been reported. The results on two different test cases are shown, prov-
ing the applicability of the procedure to standard industrial case but also to wind turbine

94



i
i

“thesis” — 2014/11/25 — 14:03 — page 95 — #109 i
i

i
i

i
i

3.4. Blade Aero-Structural Design: 10MW test case

2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7
0.97

0.98

0.99

1

1.01

1.02

1.03

Cone angle [deg]

N
on

di
m

en
si

on
al

 v
al

ue
s 

[−
]

 

 

COE
AEP
Investment

(a) Rotor cone angle

2 3 5 7
0.95

1

1.05

1.1

1.15

1.2

1.25

Uptilt angle [deg]

N
on

di
m

en
si

on
al

 v
al

ue
s 

[−
]

 

 

COE
AEP
Investment

(b) Nacelle uptilt angle

Figure 3.25: 10MW HAWT: Trend studies

research configurations.
A standard 2MW HAWT is considered at first, reporting a comparison between the

coupled approach and a standard iterative approach. The method identifies the best
trade-off between the blade and the tower properties when the design of the two com-
ponents is performed by a monolithic procedure. For this reason, the structural design
provided by the coupled approach proves to be more efficient, in term of CoE, than the
iterative result. The tower-blade clearance parameter is one among the design require-
ments that most affects the final result. It is possible to include this parameter into the
optimization procedure by trend studies, focusing the attention on the variables that in-
fluences the clearance directly. The effects of the rotor cone angle and the nacelle uptilt
angle are examined, generating a population of wind turbines that is parametrized by
different value of these variables. The CoE model allows to consider the structural ben-
efit and the AEP variation of each configuration, identifying the optimal solution. The
analyses prove that the nominal values of cone angle and uptilt angle are the optimal
ones.

A 10MW HAWT is taken into account in the second part of the section, highlight-
ing the importance of the tuning of the control law in wind turbine tower design. A
good compromise between buckling load, fatigue load and AEP is achieved by the ad-
justment of the LQR weighting matrices. When a proper tuning of the control law is
obtained, it is possible performing the coupled sizing of the blade and the tower prop-
erties. These results are in good agreement with the one reported for the 2MW HAWT.
The importance of the clearance parameter is evident and it suggests to set up another
trend analyses, involving the rotor cone angle and the nacelle uptilt angle. In this case a
weak dependency of the CoE to the rotor cone angle is shown, while a slight reduction
of the nacelle uptilt angle proves to be convenient.

3.4 Blade Aero-Structural Design: 10MW test case

The coarse aero-structural algorithms are applied to the open access conceptual 10MW
HAWT. This test case is representative of a real design condition and it allows to test
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the performance of the algorithms through a direct comparison of the results. After
focusing on structural parameters only, it is interesting to consider the evolution of the
configuration when aerodynamics and structure are merged in an aero-structural opti-
mization procedure. The current approach aims at a further improvement in terms of
CoE, through the combined optimization of the blade structure and the aerodynamics.

The wind turbine data has been listed in Sect. 3.2.1 and they will not be repeated
in the current section. The structural Baseline configuration is considered as initial
guess. A comparison of the aero-structural optimization algorithms is highlighted by
Sect. 3.4.1, showing the pros and cons of each strategy, while the conclusions are re-
ported by Sect. 3.4.2.

3.4.1 Aero-structural optimization algorithms performances

Considering the 10MW HAWT Baseline blade as initial configuration, the developed
aero-structural optimization algorithms are compared. The reported results aim at vali-
dating the procedures, showing the pros and the cons of each algorithm. Furthermore,
the impact of the aero-structural approach on the design is explored, considering the
variations of the macro-parameters of each design configuration. More precisely, the
values of AEP and blade mass are analyzed to justify the benefit in term of CoE and to
provide a better understanding of the algorithm behavior.

It is possible to identify the performance of the algorithms when they are applied
to the same optimization problem. For this reason, the same input data are consid-
ered, keeping constant the data structure D for all applications. The DLC are set and
they are equivalent to the ones reported in Sect. 3.2.1, providing the same boundary
conditions. Also the model parametrization is constant: the aerodynamic variables are
identical to the ones reported in Sect. 2.4.1, while the structural variables are described
in Sect. 3.2.1.

The PAAS approach is considered at first. This choice is mainly due to the simplicity
of this technique and to the reliability of the results. Furthermore, the PAAS algorithm
allows to explore the solution space, identifying the trend of the merit figure toward
some user defined macro-parameters. Obviously, the success of this technique is based
on the parametrization chosen by the analyst, requiring a certain level of experience
in blade design. The current choice is based on the combination of blade solidity σ
and maximum blade chord cmax. This coupling aims at well matching the trade-off

between aerodynamic performance and structural requirements. As Sect. 2.4.1 shows,
aerodynamic characteristics can be increased if σ decreases, while structural efficiency
exhibits an opposite behavior with respect to σ. A constraint on cmax is also needed to
avoid extremely tapered blade shapes that could not capture the cost advantages of an
efficient structure. The goal of the choice of the two parameters is to identify a good
combination of σ and cmax to well sample the space of solutions and to capture the
global trend of CoE.

Applying the PAAS algorithm, a parametric family of rotor blades is generated by
different values of σ and cmax. Aerodynamic optimization and structural optimization
are applied in sequence to each blade, maximizing AEP and minimizing blade mass.
The results in terms of chord and twist distributions are reported in Fig. 3.26a and
Fig. 3.26b. Each design is identified by the label PAASi, where i goes from 1 to 5 when
the blade solidity assumes values from 4.0% to 6.5%.
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The external blade shape of each PAASi is obtained by imposing the corresponding
values of σ and cmax as constraints of aerodynamic optimization. Therefore no scal-
ing procedure is applied, but the generation of the external shape is performed by the
aerodynamic optimization considering the values of σ and cmax selected by the user.
This parametrization and the values of the macro-parameters are arbitrary and they are
selected to identify a minimum value in the CoE domain.

An interpolation using cubic splines is then run on the σ and cmax values and a
minimum for the CoE is assumed to exist at σ equal to 5.32% and cmax equal to 7.4m.
Assuming these values as active constraints, a new optimum aerodynamic shape is
generated and subsequently the structural optimization loop is run. The solution found
is hereinafter simply named PAAS and can act as a useful comparison with the results
produced by the EAIS and MLU automatic approaches.
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Figure 3.26: PAAS approach: parametrization of the blade aerodynamic shape

The blades population shows significant variations of chord distributions due to the
solidity requirement. The solution domain is well sampled, providing a database of
results useful for the comparison with the EAIS and the MLU approach. A specific
trend is not identified in twist distribution because there are no constraints active on this
parameter, so its value is set by the algorithm to achieve the maximum AEP. Looking
at the blade population, the minimum CoE is produced by the design PAAS. It is now
interesting to compare these results with the ones produced by the EAIS approach and
the MLU approach that are designed to obtain the optimal solution automatically.

A comparison of the macro-parameters for all the design is reported in Fig. 3.27.
The percent variations from the Baseline blade are shown: a positive value in the bar
diagrams implies an increment of the current model compared to the Baseline config-
uration. The label EAIS identifies the results of the optimum design from the EAIS
approach, while MLU refers to the optimum design produced by the MLU approach.

In Fig. 3.27a the comparison of the merit figure is reported. The largest reduction
is obtained by the MLU approach, followed by the EAIS approach. Examining the
blade solidity in Fig. 3.27b, it is evident that the σ values of EAIS and MLU configu-
rations are closely located to the optimum of the PAAS approach. The EAIS and the
MLU approaches are therefore able to identify the blade configuration that minimize
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(b) Comparison of blade solidity
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(c) Comparison of AEP
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(d) Comparison of blade mass

Figure 3.27: Aero-structural algorithm: comparison of macro-parameters v.s. Baseline configuration
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the CoE with a solidity in agreement with the PAAS method. The minimum of CoE
can be explained looking at the AEP and blade mass diagrams reported in Fig. 3.27c
and Fig. 3.27d. The trend of AEP is almost constant and it is opposite compared to σ,
i.e. higher solidities cause lower AEP and vice versa. Examining the mass variation,
a minimum is instead reported. At low σ values, an increase of solidity leads indeed
to a higher structural efficiency and to a reduction of the mass of the blade. However,
this is true only until the buckling requirement is not active. At high σ, the blade is
indeed characterized by large and thin panels, which are prone to instability. The core
thickness is then increased to avoid buckling, causing an increase of nonstructural mass
and blade total mass accordingly. Moreover, the automatic approaches EAIS and MLU
are more effective in finding the best trade-off between structural and aerodynamic ef-
ficiencies, achieving slightly better results than the PAAS approach.

Summarizing, the aero-structural approach obtains a consistent reduction of blade
mass, limiting the AEP loss. Considering the three different approaches, the best con-
figuration is obtained by fully automatic procedures. This is a valuable aspect because
it assists the analyst, varying the blade aerodynamic shape automatically. Considering
the active structural constraints, the designed blades are sized by clearance requirement
and fatigue damage. Since the results are similar to the ones reported in Tab. 3.9, no fur-
ther details are shown in this section. Notice that each aero-structural algorithm aims at
the best configuration that satisfies the requirements. Therefore the design margins are
automatically reduced by looking for the optimum, until the constraints become active.
This is the same trend that the structural optimization highlights in Sect.3.2.1, where an
example of constraints variations on external shell is reported in Fig.3.13 by compar-
ing the design requirements of DTU 10MW RTW and the Baseline blade. The design
requirements of the optimal aero-structural designs are similar to the one reported for
the Baseline blade, so they are omitted in the current paragraph.

Considering the optimal aero-structural designs, the initial DTU 10MW RTW con-
figuration is recalled. DTU 10MW RTW is the guess point of the structural optimiza-
tion that provides the Baseline layout, basis of comparison for the study reported in
this section. DTU layout is not included in the current diagrams because it does not
satisfy all the constraints applied in this case study, therefore it is not possible provide a
direct comparison. However, the advantages of the automatic techniques, over the clas-
sical design methods of the DTU 10MW RTW blade, can be highlighted by drawing a
parallel between the optimal aero-structural configurations and the DTU one.

The aerodynamic configuration of DTU blade is identical to the Baseline blade and
it is not repeated here. The AEP is mainly related to the aerodynamic properties of
the blade, while the effects of the structural flexibility can be neglected by a rough
approximation, so the AEP value is considered almost equal to the Baseline one.

The difference of the blade mass can be estimated by merging the effects of the
structural optimization to the advantages of the aero-structural approach. A blade mass
reduction of 13% is achieved by the results of the MLU approach compared with the
DTU configuration. This causes a decrease of the cost of the single blade of 12% and
a reduction of CoE of 0.6%. These results are similar if the PAAS and EAIS methods
are considered.

It should be remembered that the DTU 10MW RTW blade satisfies a smaller set of
design requirements than the blades reported in this section. Therefore the highlighted
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differences are increased if the same set of constraints is considered. For this reason,
the importance of an automatic design procedure is undeniable and it is the only way
to maximize the performance.

A detailed comparison of the optimal aero-structural designs is reported. The aero-
dynamic parameters are shown in Fig. 3.28, while the thickness of the most important
structural components is displayed by Fig. 3.29. The chord diagram shows that the dis-
tributions of designs EAIS and MLU lie between design PAAS2 and PAAS3, justifying
the solidity trend of Fig. 3.27b. Twist distributions show a mismatch when nondimen-
sional blade radius goes from 0.2 to 0.35, while a good agreement is obtained between
0.4 and the blade tip. This small discrepancy is due to the different merit figures con-
sidered when aerodynamic parameters are examined. In the PAAS approach the AEP is
taken into account, while in the EAIS and MLU approaches the twist is assigned by the
maximization of the power coefficient. EAIS and MLU designs exhibit slightly higher
power coefficient, but the difference in term of AEP due to this variations is negligible.
So the different merit figures produce this gap in twist distribution that turns out to be
negligible in terms of CoE.

Looking at the structural parameters, a good agreement is reported. The results of
EAIS and MLU designs are always placed close to the PAAS design, showing how the
EAIS approach and the MLU approach are able to identify the optimal configuration.
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Figure 3.28: Aero-structural algorithm: comparison of blade aerodynamic parameters

Regarding the relative computational costs, the comparison between the three ap-
proaches is reported in Tab. 3.13, highlighting the contrast between the higher automa-
tion of the processes and the higher computational costs. The MLU approach obtains
the best trade-off, which however comes together with a significantly higher complexity
of the code.

Table 3.13: Relative computational costs for the aero-structural algorithms

Algorithm PAAS EAIS MLU

Relative computational costs 1 3 1.25

It should be remembered that the developed procedure aims at identifying the best
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(c) Shear web thickness distribution

Figure 3.29: Aero-structural algorithm: comparison of blade structural parameters
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blade design, for a given wind turbine configuration. So, in this work only aero-
structural properties of rotor blade are modified, leading to limited variations of CoE.
This is however a necessary step between the single field optimization, the optimal de-
sign of aerodynamics or structure, and the holistic design of the wind turbine. Global
parameters, such as rotor radius, tower height, nacelle uptilt angle and rotor cone an-
gle, must be considered to achieve larger CoE improvements. All these modifications
will be included in a further development of this project, that will be based on these
validated aero-structural optimization algorithms.

3.4.2 Conclusions

This section validates the coarse aero-structural optimization algorithms on a concep-
tual 10MW HAWT. The optimized Baseline configuration is considered as initial guess
and further improvements are sought by the interaction of the blade structure and the
aerodynamics during the design.

At the beginning the PAAS method is considered to generate a parametric population
of wind turbines. Each element is characterized by imposed solidity and maximum
chord value. Varying these two parameters, a good trade-off between the structural
properties and the aerodynamic characteristics is obtained. The solution domain is
explored, identifying the combination of solidity and maximum chord that provides the
optimal solution.

Obviously the PAAS method is based on a user defined parametrization, requir-
ing the expert analyst’s intervention. The user’s task can be limited by EAIS and
MLU methods that provide highly automate design procedures. However, these two
approaches identify the optimal solution directly, without giving any information about
the solution space. For this reason, the sampling of the solution domain obtained by
the PAAS methods is fundamental to validate the EAIS and MLU methods. Exploiting
the broad representation of the CoE response surface given by the PAAS method, it is
possible to understand if the other design strategies are performing well. This verifi-
cation is achieved successfully by the presented test case. EAIS and MLU methods
provide results that are located between the two best configurations identified by the
PAAS approach. Furthermore, EAIS and MLU methods improve the results of the
PAAS, achieving a larger reduction of CoE.

In the current section, PAAS, EAIS and MLU aero-structural optimization tech-
niques have proved to be effective in a realist test case. The reported results show that
each method presents pros and cons. During the design phase, a lot of parameters have
to be considered to select a method instead of another one. Since they are not mutu-
ally exclusive approaches, it is suggested that a combination of them could be the best
choice during the design. The stability and the reduced computational cost of the PAAS
approach allows to perform preliminary analyses that are useful to understand the key
aerodynamic parameters that most affect the CoE value. EAIS and MLU techniques
can be exploited to obtain a further improvement of the optimal solution or when it is
not possible to identify a good user defined parametrization. MLU approach provides
an automatic technique at the cost of a slight increase of computational effort, however
if a higher level of robustness is required, the EAIS must be selected, dealing with a
larger computational cost.
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CHAPTER4
Passive Distributed Control

In this section the potentialities of the passive flap concept are explored. The purpose is
to provide a preliminary analysis of the layout, highlighting the characteristics without
ignoring the limits due to feasibility considerations. The chapter is organized as follow.
At the beginning, a brief description of the concept is reported in Sect. 4.1. Then the
modeling approach is described in Sect. 4.2. A simplified system is adopted to identify
the key parameters that define the layout. The description of the tuning of the passive
flap is reported, as well as the interaction with the control system. After the theoret-
ical introduction, the results of the analyses are reported in Sect. 4.3. The validated
model allows to optimize the flap configuration, achieving the best performance for a
stable configuration. The behavior of the passive system is investigated all along the
operating range, in time and frequency domain. The effects on the fatigue life and the
power production are also estimated. Some considerations about the uncertainty in the
aerodynamic properties are reported in Sect. 4.4. Finally the conclusions are stated in
Sect. 4.5.

4.1 Definition of the concept

A passive flap system for vibration and load mitigation is investigated. This device
is defined by the term passive because it does not require sensors and actuators and
it moves only passively in response to blade vibrations. Furthermore, multiple flaps
can be installed along the blade span, pursuing the advantages of the distributed active
configurations. For these reasons, this concept is situated between the active distributed
control systems, such as active flaps installed along blade span, and global control
systems, such as pitch actuators or Bend-Twist Coupling (BTC).

A sketch of a control surface, painted in blue, installed on a wind turbine blade
is reported in Fig.4.1a. The control surface movement affects the local aerodynamic
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load, as reported by the delimited modification of the aerodynamic load distribution,
i.e. dashed blue line. The control surface is not connected to actuators and the motion
is related to the aeroelastic properties of the system. These characteristics are briefly
reported in Fig.4.1b, that reveals in advance the main parameters studied in the next
sections. Although a detailed description of all parameters is provided in Sect.4.2, with
a technical drawing of the model, it is useful to highlight the fundamental characteristics
of the passive flap configuration. The motion of the passive flap is determined by the
combination of lumped stiffness kδ and the mass and inertia of the flap, m f and J f ,
that determines the structural modal frequency. This frequency has to be tuned by
considering the modal properties of the overall wind turbine to avoid unwanted dynamic
couplings. The center of mass, i.e. the position of m f , can lie in the control surface but
also in front of it to ensure the required behavior. The lumped damper cδ attenuates the
deflection and it has to be design to maximize the performance. Looking at Fig.4.1b,
it can be noticed that the leading edge of the control surface overhangs the position
of the hinge. This parameter is crucial because it allows to reduce aerodynamic hinge
moment, decoupling the aerodynamic moment applied on the flap and the flap motion.
These details, as well as the other symbols in Fig.4.1b, are clearly investigated in the
following sections, where simplified models are applied to support the statements here
reported.

(a) Passive flap installed on a blade
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(b) Conceptual model of passive flap

Figure 4.1: Conceptual sketch of passive flap configuration

Notice that the present study focuses on the preliminary investigation of the passive
flap idea applied to a wind turbine. The current approach tries to find out the poten-
tialities of the concept, without aiming at an all-comprehensive investigation. For this
reason, various hypotheses are made to simplify the analysis and the interpretation of
the results. Despite simplified models are applied, it should be remembered that the
passive flap configuration is a general concept that is not related to the modeling ap-
proach. If the results are promising, additional studies will be performed in a general
simulation environment, removing the simplifying assumptions herein adopted.

Even if this chapter considers only the conceptual design of this element, the passive
flap extends the potentialities of the design procedures, providing further parameters to
the analyst. Since the passive flaps influence the loads acting on the rotor blades, the
performance is maximized if the appended devices and the blade structure are designed
by a monolithic approach, seeking the minimum CoE. Therefore, if the passive flap
exhibits good properties, its design will be included in a more general context of wind
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turbine optimization.

4.2 Simplified modeling approach

In this preliminary analysis a 2D sectional model of the DTU 10MW RWT blade is
studied [92]. The span-wise position of the typical section model is considered at 75%
of the blade span, [94]. This assumption simplifies the evaluation of the aeroelastic
properties, focusing on the sectional effects. A sketch of the blade section with the flap
is shown in Fig. 4.2.
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Figure 4.2: Blade typical section model

The structural properties are described by lumped parameters obtained by modal
condensation of the overall blade model. In the current study, three degrees of freedom
are considered:

• h: the plunge, i.e. the vertical deflection of the 2D section measured at the Elastic
Axis (EA) of the blade;

• α: the torsional rotation of the 2D section about the EA;

• δ: the rotation of the flap at the Hinge Line (HL);

Looking at Fig. 4.2, αw is the fluctuation of the angle of attack due to the turbulence,
β is the pitch angle, measured from the Null-Pitch-Line (NPL). U is the magnitude
of the relative wind speed, that takes into account all the aerodynamic effects on the
section of the blade.

The springs Kh, Kα and Kδ represent respectively the plunge, the torsional and the
flap stiffness. Similarly, Ch and Cα represent the plunge and torsional damping, while
Cδ is a damper at the flap hinge. Finally, mb and m f are the sectional blade and flap
masses and Jb and J f the moments of inertia.
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The chord of the flap c f is measured from the HL to the Trailing Edge (TE) of the
airfoil. The distance between the HL and the Leading Edge (LE) of the flap is defined
OverHang (OH). The other geometric distances are defined as fraction of the semi-
chord of the airfoil b.

The aerodynamic loads are evaluated by the unsteady strip theory, including the ap-
parent mass contributions as well as the effects of wake vorticity. Considering the small
disturbance assumption, the inviscid and incompressible flow hypotheses, a closed form
solution can be determined in the frequency domain by Theodorsen approach. This
could be considered the traditional approach to assess the flutter boundaries for a typ-
ical section [95]. An equivalent time domain approach is achieved by considering the
Duhamel integral of Wagner step response. The indicial response leads to a Linear Time
Invariant (LTI) state space model that can handle arbitrary motion [96]. Therefore this
approach will be preferred to evaluate the performance of the passive flap along the
operative range.

4.2.1 Formulation of the simplified model

In this preliminary analysis, two methods are considered to study the passive flap prob-
lem. The first one is the approach of Theodorsen in frequency domain [95, 97]. The
aerodynamic model is combined with structural one as described by the following sys-
tem:

(
MS s2 + CS s + KS

) 
h (s) /b
α (s)
δ (s)

 = qA
(
s′
) 

h (s) /b
α (s)
δ (s)

 (4.1)

where MS , CS and KS in the left hand side represent respectively the mass, the damping
and the stiffness matrices. The right hand side represent the aerodynamic forces. The
dynamic pressure is q while the aerodynamic matrix is specified by A:

A
(
s′
)

= 2b2
(
Mncs′2 +

(
Cnc + C

(
s′
)

R1S 2
)

s′ + Knc + C
(
s′
)

R1S 1

)
(4.2)

where Mnc, Cnc, Knc are the non-circulatory mass, damping and stiffness matrices while
the products R1S 2 and R1S 1 define the circulatory terms. The complex Theodorsen
lift-deficiency function is C (s′), where the reduced frequency s′ is:

s′ = s
b
U

(4.3)

The time domain model exploits the indicial response approach and it provides the
state-space representation reported in Eq. (4.4):

MS


ḧ (t) /b
α̈ (t)
δ̈ (t)

 + CS


ḣ (t) /b
α̇ (t)
δ̇ (t)

 + KS


h (t) /b
α (t)
δ (t)

 = 2qb2


−CNC

L −CC
L −CG

L

CNC
M + CC

M + CG
M

CNC
H + CC

H + CG
H


(4.4)
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where the superscript NC of the aerodynamic coefficients identifies the non-circulatory
terms, C refers to the circulatory terms and G are related to the turbulent fluctuations
of the wind speed. The non-circulatory terms can be written in matrix form and cor-
respond to the matrixes Mnc, Cnc, Knc in Eq. 4.2. The circulatory terms are defined
as:

CC
L = CL/αα

C + CL/δδ
C (4.5)

CC
M =

(
a +

1
2

)
CC

L (4.6)

CC
H = CH/α

αC + CH/δ
δC (4.7)

(4.8)

where the angles αC and δC are obtained by the following equations:

αC =

[
αQS (0)ϕ (τ) +

∫ τ

0

dαQS (σ)
dσ

ϕ (τ − σ) dσ
]

(4.9)

δC =

[
δQS (0)ϕ (τ) +

∫ τ

0

dδQS (σ)
dσ

ϕ (τ − σ) dσ
]

(4.10)

(4.11)

CL/∗ and CH,/∗ represent the first derivative of the lift and hinge moment coefficient
functions towards the generic parameters ∗, i.e. the angle of attack or the flap deflection.
The nondimensional distance between the elastic axis and the half chord of the section
is a, as reported in Fig. 4.2, while τ = tU/b is traveled distance, expressed in semi-
chord b. The ϕ(t) is the R.T. Jones approximation of the Wagner function, [96], while
the quasi-steady (QS) angles are:

αQS = Uα +
ḣ
b

+ b
(
1
2
− e

)
α̇ (4.12)

δQS =
U
π

(T10 − LT21) δ +
b

2π
(T11 − 2LT10) δ̇ (4.13)

where the coefficients Ti depend on the geometrical configuration [97], e is defined in
Fig. 4.2 and L = e − c.

This model reproduces the unsteady aerodynamic effects due to an arbitrary motion
of the 2D section. In a similar way, aerodynamics generated by a vertical speed vari-
ation can be described with the Küssner function, adding a contribution related to the
forcing term [96]. The contributions due to the gust can be expressed as:

CG
L = CL/αα

G (4.14)

CG
M =

(
a +

1
2

)
CG

L (4.15)

CG
H = CH/α

α̃G (4.16)
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where the αG is expressed by the Duhamel integral of the approximation of the Küssner
function ψ [98]:

αG =

[
αQS G (0)ψ (τ) +

∫ τ

0

dαw (σ)
dσ

ψ (τ − σ) dσ
]

(4.17)

while α̃G is obtained by an approximation reported by [98]. The Duhamel integrals are
solved by state space realization. After mathematical manipulation, the system model
can be reduced in a LTI Multi-Input Multi-Output (MIMO) system:

ẋ = Ax + Bu (4.18)

being x the state vector, containing the structural and the aerodynamic states. The
structural degrees of freedom include the plunge displacement, the torsional rotation,
the flap rotation and their first derivatives in time. The aerodynamic states are related
to the indicial response, including the approximation of the Wagner function and the
approximation of the Küssner function for unsteady loads. The input vector u contains
the tubulent fluctuations of the angle of attack and the collective-pitch control input.
Starting from the state-space formulation of the system, the performance of the passive
flap are evaluated by numerical simulations.

4.2.2 Tuning procedure

The tuning process of the passive flap is fundamental because it determines the interac-
tion between the appended device and the rotor blades. In this procedure, the attention
should be focused on the aeroelastic properties of the system, considering the structural
and the aerodynamic couplings due to the blade motion and to the boundary condi-
tions. Since the properties of the flap are constant, a satisfactory performance should
be achieved on the entire operative range. Therefore, a global measurement of the flap
behavior must be defined to compare different settings.

The DEL of the plunge displacement of the typical section is considered as an in-
dicator of the flapping motion of the entire blade and on the related bending moment.
Since the flapping moment is strictly related to the fatigue life of the blade, a reduction
of the plunge displacement of the typical section is interpreted as an increase of the
fatigue life of the blade. Furthermore, the DEL is a global parameter that considers
all the operative conditions of the wind turbine. For these reasons, the performance
of the passive flap are maximized by a tuning that minimizes the DEL of the plunge
displacement.

The DEL is estimated by the model of Eq. (4.18). The inputs are evaluated by high
fidelity Cp-Lambda simulations, considering a complete wind turbine without passive
flaps. By this approach, the fluctuations of the angle of attack, due to the turbulent flow
and the variations of the pitch angle imposed by the controller, are evaluated including
the aeroservoelastic effects that influence the real wind turbine. It is supposed that the
time histories of the inputs are also representative of a configuration with passive flaps.
This assumption is due to the small magnitude of the perturbations introduced by the
passive flaps. Obviously the performance of the overall system can be evaluated only
by a fully coupled aeroservoelastic simulations. The current simplification aims at the
identification of the important parameters involved into the tuning process and it will
be removed in the future.
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4.2. Simplified modeling approach

The time histories of the plunge motion are evaluated by the typical section model to
compute the DEL. All the operative range is considered, evaluating the turbulent inputs
from the DLC1.1 at different values of mean wind speed at hub height [50]. Assuming
the annual wind distribution in terms of Weibull probability function, the DEL of the
entire operative range for the plunge motion is evaluated by the procedure explained
in [56].

Since the aeroelastic properties of the model are dependent on wind speed, the sta-
bility of the optimal configuration must be ensured. This implies that the layout must
not exhibit flutter and divergence in the operative range. Considering the classical LTI
theory, the stability is achieved if the real part of the eigenvalues of the state matrix
A is negative. This requirement is fulfilled by imposing some conditions on the struc-
tural and aerodynamic properties of the system. The values of the lumped torsional
stiffness and the mass balance of the flap are crucial to achieve a stable condition. Fur-
thermore, it is possible to decrease the magnitude of the hinge moments of the flap,
sizing the overhang. This approach reduces the variability of the aeroelastic frequency
of the flap deflection toward the wind speed and it can be useful to achieve the desired
performance.

Notice that the aerodynamic balance is a parameter useful to reduce the interaction
between the passive device and the control system. The standard control activity has
to be ensured, therefore the passive flap must not contrast with the pitch actuator. The
aerodynamic balance allows to reduce the aerodynamic hinge moment magnitude, de-
coupling the flap motion and the rotation of the blade about the pitch axis and limiting
the noise on the activity of the controller.

In this project the aerodynamic derivatives are estimated by the thin airfoil theory,
considering aerodynamic balance [97]. This approach is really simple, allowing the
evaluation of the aerodynamic coefficients by analytical equations. The results are usu-
ally consistent if the entire airfoil is considered, but a special attention should be paid if
a flap is investigated. The aerodynamic derivatives of the flap are strictly related to the
local geometry of the joint between the flap and the fixed part of the airfoil and to the
effects of the flow viscosity. For these reasons the the results provided by the thin airfoil
theory can be considered only as an estimation. During an advanced project phase, a
verification of these data will be mandatory by Computational Fluid Dynamic (CFD)
techniques or by an experimental setup, defining the real geometry of the system that
satisfies the estimated performance.

4.2.3 Interaction with control system

This analysis aims at understanding how the installation of the passive flap affects the
AEP, providing a preliminary measurement of the interaction between the appended
device and the active control system of the wind turbine. Obviously the tuning proce-
dure of the passive flap tries to minimize the interference with the pitch actuators, as
reported in 4.2.2, however this phenomenon can not vanish completely, so an estima-
tion should be provided. A reliable evaluation must consider the trim condition and
the behavior of the control system that prescribes the regulation strategy. The 2D linear
typical section model does not take into account the control strategy, so it can not assess
the effect of the noise introduced by the passive flap. For this reason, the AEP variations
are examined by the collective-pitch nonlinear wind turbine reduced model, reported in
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Chapter 4. Passive Distributed Control

Sect. 2.3.5 that includes the controller and rotor dynamic. In this case two additional
terms are considered when the aerodynamic thrust Fa and torque Ta are evaluated.

Ta =
1
2
ρAR

CP (λ, βe,V)
λ

(
Vw − ḋ

)2
+ Ta, f lap (4.19)

Fa =
1
2
ρACF (λ, βe,V)

(
Vw − ḋ

)2
+ Fa, f lap (4.20)

where ρ is the air density, A is the rotor area, R is the rotor radius and λ is the tip speed
ratio. The aerodynamic coefficients CP and CF are obtained by static Cp-Lambda anal-
yses, without considering the passive flap installation. Finally Ta, f lap and Fa, f lap are the
contributions to aerodynamic forces and moments due to the passive flaps. These con-
tributions are computed by the 2D unsteady sectional model described in Sect. 4.2.1,
using the data obtained by Cp-Lambda dynamic analyses of a standard blade configu-
ration. Obviously the motion of the passive flaps is influenced by βc and Telc imposed
by the trim controller. However, it is made the assumption that the aerodynamic forces,
obtained by the 2D typical section analyses, are representative of the flap behavior over
the entire power production range even if the βc and Telc imposed by the trim controller
are varied. This hypothesis allows to precompute the flap response for each blade
with the typical section model, considering the original time histories for αw and β ob-
tained by Cp-Lambda simulations. By this approach, the time histories of Ta, f lap and
Fa, f lap are precomputed by the aerodynamic distributed loads otained by the 2D typical
section analyses. The aerodynamic distributed loads are assumed constant toward the
span-wise extension of the flap. Ta, f lap and Fa, f lap are obtained by the superposition of
the forces generated by each passive flap, projected into normal and tangent direction
to the rotor plane. The pre-calculated effects of the flaps are then applied to nonlinear
the reduced model by Ta, f lap and Fa, f lap terms, during power production simulations
that include the trim controller.

It is possible to simulate the entire operative range, linking the nonlinear wind tur-
bine model with an LQR controller synthetized as reported in [62]. These simulations
are compared with the measurements obtained by the reduced system, when the terms
Ta, f lap and Fa, f lap are switched off, providing a rough estimation of the passive flap ef-
fects on the reference conditions and on the AEP. Further developments will include
the dynamic of the passive flaps into the nonlinear reduced model, linking the noises
Ta, f lap and Fa, f lap to the rotor dynamic and to the trim controller.

4.3 Applications and results

In the current section the passive flap performance is investigated. The first analysis
aims at validating the model, comparing the results of different implementations. Then
the maximization of the performance is considered, focusing on the robustness of the
results and the stability of the system. Taking into account the optimal configuration,
the behavior of the system is investigated by the frequency response. Then the outputs
of the system are evaluated, by considering the the inputs provided by realistic wind
turbine simulations. The results in frequency domain and time domain are examined,
exploring all the operative range. Finally the effects on DEL and power production are
considered.
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4.3. Applications and results

4.3.1 Procedure validation

In order to validate the procedure, a stability analysis is performed on the typical section
by the frequency approach and the time approach reported in Sect. 4.2.1. Considering
the system defined in the frequency domain by Eq. (4.1), the p-k iterative method is
used to calculate the eigenvalues [99]. On the other side, using the state space repre-
sentation of the system of Eq. (4.18), a direct calculation of the eigenvalues of the A
matrix can be easily performed. These computations are performed for different wind
speed values to estimate the variability of the aeroelastic modes toward the wind speed.
The parameters used in this preliminary study are not yet optimized, since the model
validation is required before the system analysis. Figure 4.3, shows the root loci of the
eigenvalues for varying the speed values from 0 to 80 m/s, where the latter bound is
obtained by considering a rotor speed of 1.2 times the rated value.
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Figure 4.3: Eigenvalues analysis for procedure validation: plunge and torsional modes (left) and flap
deflection mode (right)

A standard control theory representation is adopted: the abscissas are the real part of
the eigenvalues while the ordinates are the imaginary part. The green markers represent
the eigenvalues calculated by the direct method with the time domain approach while
the blue ones are the eigenvalues obtained by the p-k method. Figure 4.3a displays the
torsional and the plunge modes, while the deflection mode of the flap is highlighted
on Fig. 4.3b. There is a good agreement between the aeroelastic modes identified by
the two approaches. This result and other successful correlations with MSC Nastran
aeroelastic module provide a reliable validation of the typical section model. Notice
that purely real eigenvalues are visible only in the results provided by the time domain
approach because they are related to the state space representation of the aerodynamics.
Therefore, this difference is due to the modeling approach and it does not affect the
verification procedure.

4.3.2 Flap optimization and final configuration

The span-wise position of the passive flap is fixed at 75% of the blade length. This
choice aims at a simplification of the analysis and it could be removed in the future.
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Chapter 4. Passive Distributed Control

The blade data at this nondimensional coordinate are reported in Tab. 4.1. The data are
obtained by the original configuration of the DTU 10MW RTW [92].

Table 4.1: Blade data of 2D sectional model

Parameter Value

Chord [m] 3.25
Plunge frequency [Hz] 0.62
Torsional frequency [Hz] 4.95
Plunge damping factor [-] 0.01
Torsional damping factor [-] 0.01
Blade mass mb [Kg/m] 186
Blade moment of inertia Jb [Kg m] 94.1
EA position a -0.29
Static moment xα [-] 0.125

To identify the best passive flap configuration, the DEL is evaluated modifying the
values of the lumped damper of the flap, the structural modal frequency of the flap and
the flap chord length. These analyses show that if the flap chord is reduced, the effec-
tiveness of the flap is also decreased, that results in a low DEL reduction. Furthermore,
if the flap chord-wise extension is too short, the installation can be difficult due to the
reduced thickness of the airfoil blade at the trailing edge region. On the other hand, the
passive system is more effective with higher values of flap chord. The best performance
is achieved by imposing the flap chord equal to 8% or 10% of the chord of the overall
section. Figure 4.4 reports the contours of the DEL percent reduction, fixing the flap
chord value and varying the other parameters.
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Figure 4.4: DEL percent reduction of the system with flap toward the system without flap.

Looking at the value of flap modal frequency, a common trend is identified in both
diagrams: a consistent reduction of the DEL is visible if this value is reduced. However
the stability requirement imposes a lower bound to this value, so a good trade-off is
achieved by setting the flap modal frequency to 0.032 Hz.

Examining the effects of the flap damping factor, the best results are obtained by
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4.3. Applications and results

considering a nondimensional damping value higher than unit value and a flap chord of
8% of the airfoil chord. Despite this is the best achievable performance, a more robust
configuration is considered by setting the flap chord equal to 10% of the airfoil chord
and a damping factor equal to 0.5. This configuration limits the damping required and it
is characterized by a smooth area on the DEL reduction surface. The tuned parameters
are reported in Tab.4.2, while the allowable flap deflections are shown by the picture
nearby.

Table 4.2: Passive flap configuration (left) and geometric boundaries of the flap motion (right)

Parameter Value

Chord c f [m] 0.32
Modal frequency [Hz] 0.032
Damping factor [-] 0.50
Mass m f [Kg/m] 5.6
Static moment xδ [-] -0.16
Moment of inertia J f [Kg m] 2.02
Overhang OH/c f [-] 0.32

4.3.3 Stability analysis

The the stability analysis for the optimized configuration is performed by the state space
model. The root loci is reported in Fig.4.5, considering a variation of the wind speed
from 0 to 80 m/s. In this analysis, the regulation trajectory of the wind turbine has been
considered. For each wind speed, the corresponding reference conditions have been
taken into account, including the blade centrifugal stiffening due to rotor speed. The
analysis highlights that the system is always stable within the velocity range considered.
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Figure 4.5: Stability analysis for the optimized configuration. The centrifugal stiffening effect is in-
cluded.
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Chapter 4. Passive Distributed Control

4.3.4 Transfer functions analysis

The transfer functions of the state variables with respect to the turbulent fluctuations
are computed by Fourier transform of Eq. 4.18. Figure 4.6 shows a transfer function at
a value of the hub wind speed close to the rated one.
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Figure 4.6: Transfer function at mean hub wind speed of 11 m/s
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Figure 4.7: Transfer functions between the turbulent fluctuation and plunge motion

The transfer functions of the system with passive flap are reported by solid lines,
while the system without flap is represented by dash-dotted lines. The blue lines rep-
resent the plunge motion, the green lines are the torsional motion and the red curve is
the rotation of the flap. Looking at the the blue lines, a reduction of magnitude is due
to the passive device in the bandwidth bounded by 1P and 3P. This behavior is reported
for all the operative range by representing the frequency response of the plunge motion
toward the wind speed, Fig. 4.7. Comparing the results of the system without flap to
the results of the system with passive flap, a considerable reduction of the plunge am-
plitude can be noticed. The flap mode interacts as a notch filter with the plunge mode,
splitting the plunge modal frequency of the 2D section in two peaks, one before the 1P
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4.3. Applications and results

and one after the 3P.
As reported in Sec. 4.2.2, an aerodynamic balance is considered to limit the inter-

action between the passive flap and the active pitch control system. This is highlight
in Fig. 4.6, focusing on the low values of the frequency. The solid lines and the dash-
dotted curves are very close and the flap deflection is limited. The responses of the
two systems are similar, so the average loads as well as the mean power output are
preserved.

4.3.5 Section response analysis

The response of the system is analyzed by considering the turbulent fluctuations and
the collective pitch angle time histories computed with Cp-Lambda. DLC 1.1 are simu-
lated from the cut-in wind speed of 4m/s to cut-out wind speed of 25m/s, as prescribed
by [51], taking into account a wind turbine without appended devices. These simula-
tions provide the input data for the linear system of Eq. (4.18). System responses are
evaluated for the typical section with the passive flap and for the clean configuration, in
order to estimate the flap effects.

Figure 4.8 shows the system responses for three different values of the mean hub
wind speed. The reported conditions are close to the cut-in wind speed, the rated con-
dition and the cut-out status, focusing on the time histories with mean hub wind speed
of 5 m/s, 11 m/s and 25 m/s.

Fourier Transform (FT) of the plunge response of the system with and without pas-
sive flap are reported on the left side. A reduction of the loads is visible when the flap
is considered. The time histories of the inputs and the flap rotation are reported on the
right. The turbulent fluctuations of the angle of attack and the pitch angle exhibit dif-
ferent trends toward the mean wind speed due to the the regulation policy. Looking at
the diagrams that report the time histories of the flap deflection, the black dashed lines
represent the limit to the rotation imposed by manufacturing requirements, Fig.4.2. The
magnitude of the rotation of the flap achieves very seldom these bounds. In these situa-
tion the motion is bounded, providing responses that are compliant to the manufacturing
constraints.

4.3.6 Damage equivalent load evaluation

The DEL are evaluated from the system responses, considering the 2D system with and
without flap. The aim of these analyses is to estimate the effectiveness of the passive
flap on the fatigue damage. Notice that during these calculations, the physical bounds
for the flap motion are considered.

The results of DEL calculation are illustrated in Fig. 4.9, where the results of the
clean configuration are reported by blue bars, while the passive flap configuration is
displayed by red bars. Also in this case the plunge motion is considered as an indicator
of the flap bending moment on the overall blade. The histogram on the left reports the
DEL evaluated for each wind speed: a considerable reduction is visible along the oper-
ative range. The same DEL values multiplied by Weibull probability density function
are reported on the right diagram, showing the importance of the operative conditions
close to the rated wind speed.
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Figure 4.8: Analysis of the system responses toward mean hub wind speed
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4.4. Uncertainty in aerodynamic properties

0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1

1.2

1.4

Wind [m/s]

D
E

L
 [

m
]

 

 
Without Flap
With Flap

(a) Damage equivalent loads toward wind speed

0 5 10 15 20 25 30
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Wind [m/s]

D
E

L
 (

W
ei

b
u

ll)
 [

m
]

 

 
Without Flap
With Flap

(b) Weighted damage equivalent loads toward wind speed

Figure 4.9: Damage equivalent loads in plunge direction

4.3.7 Effects on power production

The effects on power production are estimated by the nonlinear wind turbine reduced
model described into Sect. 4.2.3. Normal Turbulence Model (NTM) wind fields with
different values of mean hub wind speed are considered. For each wind speed, the
dynamic analyses of the system are performed by time domain integration. When the
installation of passive flap is taken into account, the pre-computed noises Ta, f lap and
Fa, f lap are considered accordingly. The dynamic simulations explore all the power pro-
duction range, allowing to assess the variation of AEP due to the noise induced by the
passive flap. The results of these analyses are reported in Fig. 4.10, where the mean
value of the electrical power is reported towards mean hub wind speed. This estimation
predicts a slight reduction of the power when the passive flaps are considered.

The reduction of the power is reflected also into AEP evaluation as shown by Tab. 4.3,
in which the AEP values, in turbulent condition with and without passive flaps, are re-
ported. This analysis shows a limited per cent variation of AEP, but a further validation
with a complete model is worthiness.

Table 4.3: AEP evaluation with and without passive flap by nonlinear wind turbine reduced model

Reference model Passive flap model Per cent variation

47.54 GWh/year 47.38 GWh/year -0.33%

4.4 Uncertainty in aerodynamic properties

The potentialities of the passive flap configuration are investigated by thin airfoil theory.
This is a useful approximation because it provides a fast estimation of the aerodynamic
properties of the typical section model. Obviously, the real configuration is different,
so a preliminary estimation of the uncertainty that affects the static and dynamic aero-
dynamic data should be provided.

The static aerodynamics is considered at first, focusing on the most critical element:
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Figure 4.10: Power production in turbulent wind conditions: standard configuration vs passive flap
configuration

the hinge moment coefficient. The importance of this analysis is magnified by the aero-
dynamic balance that is introduced to decoupling the flap motion and the aerodynamic
hinge moment. Different methods are available to estimate the effect produced by the
aerodynamic balance, among these, the empirical method is considered at first. This
technique provides a fast estimation of the flap overhang effects by an interpolation of
experimental data.

Figure 4.12 compares the estimation of the variability on the hinge moment coeffi-
cients provided by the thin airfoil theory with the experimental data from [100]. The
ratio of the aerodynamic derivative with and without aerodynamic balance is reported
in ordinate, while the balance ratio is reported in abscissa. Following the nomenclature
of Fig. 4.11, the balance ratio is defined as:

BalanceRatio =

(cb

c f

)2

−

(
th

2c f

)22

Considering the thin airfoil theory, the balance ratio is computed by imposing the thick-
ness th equal to zero.

Figure 4.11: ESDU nomenclature to estimate aerodynamic balance effects (source [100])

The mean trend is correctly estimated by the thin airfoil theory, however the ex-
perimental data exhibit a scatter due to various effects. The dispersion of the data is
encompassed by an uncertainty of 0.1 at low balance ratio and of 0.3 at high balance
ratio. Notice that the tested airfoils have a thickness value that is lower than the one of
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4.4. Uncertainty in aerodynamic properties

the airfoils for wind energy applications. Moreover, the variability of the experimental
data due to the shape of the leading edge of the control surface is undeniable. For these
reasons, the estimation of the hinge moment coefficients should be related to a detailed
aerodynamic design. This is unacceptable during preliminary design because it requires
expensive computations or wind tunnel test. Nevertheless a detailed verification has to
be performed in an advanced phase of the project, if a mismatch is identified, suitable
corrections can be applied to the original configuration.
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(b) Effects on hinge moment derivative vs flap deflection

Figure 4.12: Variation of the hinge moment coeffcient due to aerodynamic balance: comparison of thin
airfoil theory with ESDU data [100]

The limits of the empirical methods can be overcome by CFD analyses. An applica-
tive aeronautical example of this evaluation can be found in Fig. 4.13, from [101]. The
contour and the stream lines show the complexity of the flow field, highlighting the
critical aspects of numerical computation. To achieve a reliable result, this evaluation
has to consider the viscosity of the fluid and the accurate prediction of flow separation,
as reported by [102]. The high computational cost and the complexity of these analyses
are mainly related to these requirements, allowing the CFD application in an advance
project phase. Notice that the hinge moment coefficients can be also measured by wind
tunnel tests. Usually, these are validations of CFD results, therefore this approach is
considered unfeasible for a preliminary study.

Considering the time varying behavior of the aerodynamic forces, the estimation of
the indicial response is fundamental to obtain a reliable result. R.T. Jones approxima-
tion of the Wagner function provides a result coherent with thin airfoil theory. How-
ever, it turns out to be a good results also for airfoils with finite thickness, as reported
in [103]. A correction of the indicial response related to the thickness of the airfoil
value turns out to be optional and it is not applied.

Another dynamic approximation is related to upwash caused by gust, that is consid-
ered chord-wise constant for the evaluation of the hinge moment. This approximation
allows to apply also in this case the R.T. Jones expression of Wagner function. The
small values, much less than unity, of the reduced frequency involved in the current
project allow to adopt this approximation, producing a negligible error of the flap dy-
namic response [98].
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Chapter 4. Passive Distributed Control

Figure 4.13: CFD analysis of aerodynamically balanced flap: Mach number contour and stream lines
(source [101])

These considerations allow to neglect the uncertainty related to the time varying
aerodynamic properties during this preliminary assessment of the passive flap. Obvi-
ously a validation has to be performed by advanced numerical models, for example
multibody approach coupled to CFD techniques, or by experimental test in a controller
environment, such as wind tunnel.

The difficulties related to the modeling of a balanced control surface are briefly
analyzed in the current section. Despite the multiple sources of uncertainty of the aero-
dynamic properties, the modeling approach is considered suitable for the preliminary
analyses here reported. Since the passive flap configuration has shown interesting re-
sults, further resources will be invested in the future to achieve a better estimation of
the aerodynamic data and to increase the reliability of the model.

4.5 Conclusions

In this section, a passive flap system for load mitigation has been investigated. The
advantage of this technique is that it does not require sensors and actuators because it
is moved passively by blade vibrations.

In this preliminary analysis, a typical section of the DTU 10MW RTW blade is
considered and two simplified models are developed. The first one is expressed in fre-
quency domain by the classical Theodorsen theory, while the second one is developed
in the time domain by the indicial response method. The simplified approach is val-
idated by comparing the results provided by the two formulations and it is applied to
evaluate the potentialities of the passive flap concept.

The input data are provided by Cp-Lambda analyses, performed on an aeroservoe-
lastic model of a complete wind turbine without flaps. Considering these boundary
conditions, an optimization of the layout is performed, tuning the passive flap to ob-
tain a stable configuration that minimizes the DEL of a measurement related to the flap
bending moment of the entire blade.

The performance of the optimal configuration is studied, comparing the results given
by the typical section with the passive flap or by the plain configuration. The transfer
functions are examined at first, highlighting the conditions where the effectiveness of
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the flap is maximized. Then the responses of the section in turbulent conditions are
taken into account, looking at DLC1.1 with different mean hub wind speed. These
results are examined in time and frequency domain, showing a good performance on
the power production operative region. Moreover the time histories show a remarkable
reduction of DEL when the passive flap is installed. The effect of passive flap on AEP
has been estimated by the nonlinear wind turbine reduced model. NTM wind fields with
different values of mean hub wind speed are considered. The loss of AEP is limited,
but it is necessary to remove the simplifying hypotheses to increase the reliability of
this result. Finally the main sources of uncertainty of the aerodynamic properties are
listed, examining the critical approximations of the simplified model.

In conclusions the potentialities of the passive flap concept have been highlighted in
the current section. However, further investigation of the effects on the CoE variations
should be made in order to point out if it would be a successful technology.
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CHAPTER5
Conclusions

5.1 Concluding Remarks

In the current work a general approach to the aero-structural design of wind turbines is
presented. The classical layout and the innovative concepts are taken into account. The
maximization of the performance is investigated, preserving the reliability requirement
that appears to be fundamental in wind energy systems. Different methods are merged
in a tool that is able to support an experienced analyst during various phase of aero-
structural design. The developed framework can be successfully employed in different
tasks: design of new configurations, refinement of existing wind turbines, trade studies
and sensitivity analyses.

The aero-structural design procedures are presented in Chap. 2, providing a detailed
description of the developed methods. The attention is focused on the aeroelastic prop-
erties of the rotor blades and on the structural properties of the support tower. These
components are considered the most important aero-structural elements because their
characteristics contribute significantly to the definition of the CoE.

All the procedures rely on a common aeroservoelastic simulation environment that
allows to evaluate the required measurements. General analysis methodologies are
considered in each phase of the design, including into the sizing process and into the
requirement evaluations all the fundamental effects. Furthermore, at the end of design
process, the complete model of the wind turbine is automatically available, allowing
the calculation of different conditions to verify the solution or to design different sub-
components.

Initially the multidisciplinary optimization problem is divided in mono-disciplinary
optimizations. This approach reduces the computational time and it provides indepen-
dent software apt to conduct aerodynamic or structural sizing of the wind turbine com-
ponents. Furthermore this simplification is required to understand the pros and cons of
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Chapter 5. Conclusions

the various design approaches. When the single modules are explored, the unification
of the procedures into aero-structural optimization is performed.

5.1.1 Aerodynamic optimal design

The aerodynamic optimization is considered at first. This technique follows a well
known approach an it is reported for completeness. The maximization of the AEP is
achieved by optimizing the chord and twist distribution along the blade span. A general
description of the optimization algorithm is provided, highlighting the pseudo-code rep-
resentation and the model parametrization. The requirements of the final configuration
are included by a set of constraint equations. The evaluation of the AEP is performed
by considering the real regulation policy on the entire operative range. The regulation
trajectory is computed by the aerodynamic characteristics of the complete wind turbine
that are provided by an aeroelastic model.

5.1.2 Structural optimal design

The optimal structural design of the rotor blades and the tower is investigated. This
coupled methodology is developed in the current thesis, starting from a tool able to
optimize the sole blade. Moreover the original parametrization of the blade structure
is extended by the inclusion of the root reinforcement and the third web components.
A further improvement regards the merit figure that is identified by a CoE model, dis-
carding the original measurement of the structural performance: the blade mass. This
choice allows to evaluate the sensitivity of each variable on the global configuration of
the wind turbine. The CoE model merges the different contributions in a unique value,
allowing the application of the mono-objective optimization techniques. Obviously the
code permits the structural optimization of the single components. However, if the max-
imum performance is desired, the design should consider the couplings between these
elements due to the requirements, such as blade-tower clearance. The structural opti-
mization algorithm involves a multi-level description of the components. The optimal
design is performed at coarse-level that relies on efficient structural models, allowing
fast evaluation of the merit figure and of the constraints. When an optimal configuration
is achieved, a refinement analysis at fine-level can be performed.

The coarse-level analyses are based on a nonlinear geometrically exact beam formu-
lation that is able to take into account all the couplings due to orthotropic materials. The
beam properties and the stress/strain fields are evaluated by sectional analyses based on
anisotropic beam theory. This approach allows to evaluate all quantities required by the
optimization with a limited computational cost. The design procedure is base on the
automatic management of the simulations and the data processing. The dynamic load
cases, the Campbell diagram, the regulation policy and the tuning of control laws are
only some examples of the simulation capabilities. The fundamental measurements and
the model updating required by the optimization routines are obtained without user’s
participation in a fully automatic way. This is a primary characteristic of the proposed
approach, involving code developing and correct technical choices. Also in structural
optimization the design requirements are included by a set of constrain equations. Con-
straints related to strength of the structural configuration are introduced, involving ul-
timate loads, fatigue damage, buckling requirement, modal properties and blade-tower
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clearance. Moreover manufacturing requirements allows to generate a feasible con-
figuration. The main idea, that drives this approach, is that only an a priori inclusion
can consider the intrinsic interactions and can allow to avoid an a posteriori correc-
tion activity. Obviously the procedure can be extended easily by incorporating further
requirements that have been here neglected.

5.1.3 Refinement analysis

The refinement level is developed entirely during the current project, focusing on the
entire blade and on the detailed analysis. The fine verifications involve the structural
properties of the blade so they can be performed after structural or aero-structural opti-
mization. The fine-level analysis is based on the automatic generation of 3D FEM from
a detailed 3D NURBS-based CAD model. All the principal constitutive components
are modeled by either shell or solid elements. The meshing procedure is automatic
as well as the association of the properties for anisotropic composite layered materi-
als and loading conditions from the multibody aero-servo-elastic analyses. Complete
reanalysis of the entire blade is performed at fine 3D FE description level. All the re-
quirements are evaluated, considering the constraints included at coarse-level. If some
of the requirements are not satisfied, heuristic corrections are applied at coarse-level by
updating the design constraints considering the amount of violation. The loop closure
is performed iteratively between the two modeling layers and it allows to include the
effects in the coarse-level optimization. If the resolution of the 3D FEM of the entire
blade is not sufficient, the critical blade regions can be magnified by 3D FE local anal-
yses. This approach is similar to the analysis of the entire blade, therefore the local
effects can by included into the coarse-level by heuristic scaling of the design require-
ments.

5.1.4 Aero-structural optimal design

When the mono-disciplinary optimization techniques are validated, the attention is fo-
cused on aero-structural design of the rotor blades, fixing the overall wind turbine con-
figuration. Various algorithms are presented and analyzed, showing the pros and cons
of each method. In addition to the reciprocal validation, this approach supplies different
methodologies that can be tailored to the analyst’s needs.

The first algorithm is defined as Pre-Assumed Aerodynamic Shape (PAAS) method,
it was released before this thesis and it is usefully applied to validate the new approaches
developed during the current project: EAIS and MLU algorithms. PAAS method gen-
erates a population of optimal blades that is characterized by relevant aerodynamic
macro-parameters chosen by the analyst. Aerodynamic and structural optimizations
are applied sequentially, sampling the solution domain. The best solution is obtained
by the interpolation on the different designs. This approach is robust and it has a re-
duced computational cost, but it requires the user’s active participation.

The External Aerodynamic/Internal Structure (EAIS) approach overcomes the PAAS
method, automating the aerodynamic parametrization of the model. The external op-
timization routine handles the aerodynamic variables, while the internal optimization
function generates the optimal structure for each aerodynamic configuration imposed
by the external optimization routine. The analyst’s workload is reduced at a price of a
higher computational cost.
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The Monolithic with Load Updating (MLU) approach unifies the aerodynamic and
the structural variables in a monolithic algorithm. The sensitivity of the constraint
equations to aerodynamic variables is estimated by simplified models, while an iterative
procedure recalibrates the absolute value of the design requirements. The algorithm is
faster but less robust than the EAIS approach.

Although the skills of an experienced analyst is irreplaceable when conducting the
design of complex engineering systems such as a wind turbine, the proposed highly
automated design tools are believed to be able to streamline the design process and
help in the exploration of the design space, relieving the burden of the most complex
and error-prone tasks and allowing the user to focus on the understanding of the various
design trade-offs to come to the best possible solution.

5.1.5 Results and applications

After presenting the optimal design methods, several applications are shown in Chap.3.
All the reported examples are developed throughout this thesis to highlight the various
aspects of each implemented technique.

The multi-level structural optimization procedure is demonstrated on a 2MW wind
turbine. After a first coarse-level optimization, detailed stress and fatigue analyses
conducted on the fine-level 3D model reveal significant stress concentrations between
the root and the maximum chord regions. These effects are not captured by the coarse-
level beam model, which is blind to highly three-dimensional variations and abrupt
changes in the stress field. Furthermore, the modal analysis of the 3D model shows the
violation of a frequency constraint condition, while the buckling analysis highlights the
presence of skin instability under the maximum tip deflection loading condition. By
tightening the respective constraint bounds for the subsequent coarse-level iteration, it
is shown that convergence can be obtained very rapidly by iterating between the coarse
and fine levels.

Then the optimal structural design of a 10MW HAWT is considered. In this case,
the estimation of nonstructural mass distribution and the design of the blade root bolted
joint are studied. The effects of these details are included into the coarse-level opti-
mization, defining a solution that is compliant to the requirements.

The combined design of the rotor blades and the tower is successfully applied to
two different cases: 2MW standard machine and 10MW research configuration. The
results of both cases are in good agreement, showing the importance of the blade-tower
clearance. This parameter influences the blade and tower structural design, therefore
it requires further attention. Considering macro-parameters, that affect the value of the
clearance, trend studies are performed to identify the optimal wind turbine layout. The
CoE model allows to compare different configurations, identifying the optimal value
for rotor cone angle and nacelle uptilt angle of both wind turbines.

Finally, the aero-structural design methods are applied to a conceptual 10MW HAWT
test case. A good agreement in term of optimal configurations is identified looking at
the results of the various methods. The PAAS approach delimits the position of the
optimum, while the EAIS approach and the MLU approach are able to identify the best
solution automatically. The consistency of the results verifies the coherence of the as-
sumptions of each aero-structural algorithm, giving a practical proof of convergence of
the different methods.
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The results from the three approaches show that the aero-structural optimization for
the wind turbine configuration used in this project favors a rotor design with higher val-
ues of solidity and maximum chord. This allows to meet a higher structural efficiency
without depressing significantly the aerodynamic performance. Compared to the Base-
line configuration, the aero-structural optimum achieves a reduction of 9.41% of blade
mass with a reduction of AEP of 0.16%. This results in CoE savings for 0.33%. These
results show that the aero-structural approach allows to obtain the best performances of
wind turbine rotor blades, even if the advantage in term of CoE is limited. In order to
obtain a more remarkable reduction of CoE, the parameters that define the wind turbine
configuration must be included into the design procedure, as suggested by Sect.5.2.

5.1.6 Passive distributed control

The potentialities of the passive flap system for load alleviation are investigated in
Chap. 4. Although the aeronautical application of passive aerodynamic appended de-
vices are known, the exploitation in wind energy systems is almost unexplored. There-
fore the reported application of this concept can be considered a novel idea at the au-
thor’s knowledge. Despite the simplicity of the mathematical models, various analyses
explore all the fundamental situations encountered in the operative range of the wind
turbine. Furthermore the decoupling of the aerodynamic hinge moment and the mo-
tion of the flap is achieved by the introduction of the flap overhang. This properties is
crucial to avoid an interference with the control system and it is a further innovative
contribution of this work.

The studied appended device is moved by the loads due to the motion of the blade,
without requiring sensors and actuators. Furthermore, it is a distributed mechanism
able to react to local fluctuations of loads applied on each blade. Notice that reliability
reduction of the wind turbine due to the flap installation is limited because of the passive
nature of this solution.

Preliminary analyses are performed on a 10MW HAWT, developing two simplified
models. The first one is a typical section useful to evaluate the response of the system.
The second model is a reduced order model of the rotor that allows to estimate the in-
terference between this passive concept and the control system of the wind turbine. The
input conditions are provided by an aero-servo-elastic simulation environment, consid-
ering the turbulent dynamic simulations of a complete wind turbine without passive
flaps.

Initially a tuning procedure is performed, maximizing the reduction of the DEL due
to the flap installation. The tuning procedure is fundamental since the effectiveness of
the appended device only depends on its aero-structural properties. The stability of the
control surface is ensured on the entire operative range. Furthermore, the interference
with the pitch control system is minimized by the introduction of an aerodynamic bal-
ance to reduce the dependance of the hinge moment derivatives to the angle of attack.

The entire operative range is examined by the simplified models, highlighting the
effectiveness of this passive system in load alleviation. The effects on power production
are also considered, reporting a limited reduction of 0.4% of the AEP value. Notice that
this is a preliminary results that should be validated by all-comprehensive simulations.
Finally some considerations about the uncertainty of the aerodynamic properties are
reported, focusing on the estimation of the aerodynamic hinge moment coefficients.
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5.2 Future Work

Various modifications of the design tool can be considered to improve the implemented
procedures. First of all, the sensitivity studies about wind turbine configuration could
be enhanced by considering the couplings between the macro-parameters that define
the wind turbine layout. This procedure would allow to identify the best trade-off for
the design of the blades and tower structure. Furthermore, other structural components
can be included into the optimization, as a straightforward generalization of the design
method. This procedure mainly influences the initial capital cost, but it has a limited
effect on the CoE value.

More interesting results can be achieved if the attention is focused on the optimal
sizing of the aero-structural properties of the wind turbine. Looking at the analysis of
the aero-structural optimization methods, it can be seen that a slight reduction of CoE
is obtained, despite the multidisciplinary approach. In order to get a more remarkable
reduction, the parameters that define the wind turbine configuration must be included
into the design procedure. For this reason, future developments consider also the data
that heavily affect the global wind turbine configuration, such as rotor radius, rotor cone
angle, blade pre-bend and nacelle uptilt angle. The coupling between rotor aeroelastic
design and tower sizing are also examined, looking for a further reduction of CoE. In
this case the tower height should be included to identify the best trade-off in connection
with the layout of the rotor assembly.

Another interesting contribution could be the inclusion of the blade airfoils design
into the aero-structural optimization. This approach leads to a free-form optimization,
in which the entire blade shape ensues from the design. This approach allows the arising
of special configurations without any assumptions. An example would be the study of
low induction rotors in a general framework, investigating this innovative concept and
proving if it would be a successful solution.

To increase the reliability of the results, the cost model that provides the blade
cost has to be generalized. Future developments consider specific models that take
into account materials, labor content, and equipment of the blade manufacturing pro-
cess [104]. This analysis aims at removing the assumptions that support the statisti-
cal estimation of the blade cost, focusing on the specific case considered by the aero-
structural design.

Looking at the passive distributed load alleviation techniques, the promising results
have to be validated in a general simulation environment, such as Cp-Lambda. This ap-
proach removes all the hypotheses and approximations, providing dependable results.
Also the aerodynamic data estimated by thin airfoil theory should be validated by con-
sidering CFD techniques or experimental setup. Static and dynamic properties of the
aerodynamic data have to be investigated to minimize the uncertainty. If these verifica-
tions prove to be successful, a further generalization is the inclusion of the passive flap
design into the aero-structural optimization procedures. This approach is required by
the perturbations due to the passive flap system, regarding the loads and the aeroelastic
properties of the rotor. Obviously the best result can be achieved if the design of the
standard blade layout is coupled with the appended devices definition. This appears to
be the the best way to transform the advantages due to the passive flap installation into
a CoE reduction. Notice that also in this case an updating of the blade cost model is
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worthiness to consider the structural modifications required by the embedding of the
distributed device.
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