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Figure 1.2: A 75m long composite blade used on the Siemens SWT-7.0 wind turbine puts
in perspective the size of turbine blades [2]. (See appendix A.1 for copyright statement)

1.1 Dynamic Load Control in Wind Turbines

Wind turbines are complex machines involving various dynamics and are subjected to fluc-
tuating wind loads during operation. Most often than not, controlling the loads acting on
an operational turbine is a precarious scenario, especially under high wind loading. Dy-
namic control of wind turbines alter certain aspects of the machine based on instantaneous
operational state, causing a control action. The purpose varies from optimizing power gen-

eration to controlling loads acting on them and even to the extent of halting operation. The



methodology adopted for load control can be broadly categorized into mechanical, elec-
trical, and aerodynamic; and there is a wide-ranging study to improve specific aspects of
some of these control techniques [19, 20, 21, 22]. The current thesis work focus is one

innovations in aerodynamic load controls.

1.2 Aerodynamic Control

This approach involves dynamically adapting the aerodynamics of the rotor by altering
the orientation of the blade and/or rotor with respect to the wind. Methodology adopted
in implementing such controls can be classified as passive and active. Passive methods
make use of inbuilt characteristics such as the geometry of the turbine in an open-loop
methodology. On the other hand, active load control alters specific machine attributes
based on a feedback-response approach. Bianchi et al. [23] provides details of various
aerodynamic load control approaches in use today. Some of the more important of these
are yaw control [24, 25], stall control [26], active stall control [27], passive control using
aeroelastic devices [28], and pitch control [29, 30, 31, 32, 33]. In yaw control, the entire
rotor is turned in to the direction of wind, but this involves high gyroscopic loads especially
in utility-scale wind turbines with huge rotors. Stall control relies on the aerodynamic stall
as a result of high angles of attack achieved by the aerodynamically active sections of the
blade, either as a geometric feature or by turning the blade to stall. This results in reduced

power production due to a drop in lift generation. However, the fatigue loads associated



with this state of blade operation are so high that effective load mitigation demands closer
study on blade construction and materials. Active pitch control is preferred over both these

approaches for next generation utility scale super wind turbines.

Control by pitch action accounts for a significant share of present day load-control method-
ology. In this approach, the turbine blade is rotated about its longitudinal axis to alter its
orientation to wind and hence modifying the aerodynamic loads on the rotor. Most com-
mercial turbines with pitch-control systems use a proportional-integral collective pitching
approach to prevent detrimental structural loads, and limit the power generated to their
rated value during high winds [34]. Under these regimes of operating condition of above
rated wind speeds, the goal is to reduce the aerodynamic torque by pitching to feather and
thus restricting the generated power. This also ensures reduction in the overall aerodynamic
loads acting on the rotor obtained by lower angles of attack effected as a result of feather-
ing. This ability to control the shaft torque through pitching is more beneficial compared
to stall-controlled turbines that produce high stochastic loads during operation. Collective
pitching can be considered useful in restricting the overall power generation at high winds,
whereas individual pitching has the added advantage of mitigating cyclic loads that are
more detrimental in fatigue damage of the turbines [32, 33, 35, 36]. However, full span
pitch controls are becoming increasingly difficult to manage with the up-scaling of turbine
rotors - heavier blades need higher amounts of energy to be pitched. Lack of scalability
of load mitigation studies hinders the increase in blade lengths. Today, a lot of research is

underway to tackle this bottleneck to an effective control mechanism [37, 38, 39].



Figure 1.3: Schematic depiction of fractional flow-control devices used for trimming
control on airplanes.

The up-scaling of turbine rotors would benefit from a rationale change in load control in-
volving methodologies such as variable-speed stall, flexo-torsional adaptive blades, and
active flow-control devices. Variable-speed stall machines use a control strategy combin-
ing aerodynamic characteristics of rotor blades and doubly-fed induction generation with
power electronics to regulate torque, power, and reduce drive-train loads [15]. By con-
trolling the rotor speed, turbines aim at increasing energy capture at low winds and hence
maximizing power production, and limiting the rotor power to the rated output value at
high winds. Such machines perform better than constant-speed stall machines in reducing
extreme loads on the rotor and drive train by employing what is known as “soft stall”. At
high winds, the blades still operate in stall but in a more benign way [40]. However, the
inertial loads acting on the rotor blades are a hold-up for up-scaling of such machines. Use
of adaptive flexo-torsional blade designs are an alternative strategy [41, 42, 43, 44] where

certain span sections of the blade twists as they bend under wind load, altering the angle



of relative wind. The variable twist through the blade span passively changes the angle of
attack for specific sections reducing the lift generated. However, a realistically attainable
optimum twist distribution would restrict the bending-torsion coupling to the aerodynam-
ically active part of the blade. Another strategy proposes the use of active flow control
devices [37, 45]. These devices are attachments on wings/blades capable of changing the
aerodynamic behavior and are widely used in aeronautical applications. Increasing the lift
generated by modifying the camber of the airfoil and/or modifying the flow around it has
led these devices to be known as high-lift devices. Slats attached near the nose and tail-end
attachments called flaps are examples of such devices that have been studied for use on
airplane wings as early as 1914 [46, 47]. As light-weight devices, they are easier to handle
and are capable of causing significant changes to the flow through minimal adjustments.
Such innovative load-control approaches are less energy intensive and their relevance in

future wind turbines are increasing compared to existing traditional techniques.

1.3 Flow-Control Device for Load Control

Flow-control devices (FCD) can be widely classified as active and passive based on the
scope of fluid flow alterations. Whereas a passive device merely mixes the high momen-
tum fluid flow and low momentum particles, an active device induces additional energy into
the system. Passive devices are fixed attachments that are designed to alter flow properties

in a predicted manner, and their relative position with the airfoil cannot be modified. On



the other hand, active devices are designed to alter their configuration with changes in the
flow enabling control of desired aerodynamic characteristics. Flaps and ailerons used on
airplane wings are typical examples of active flow control devices. Flaps are adjustable
panels near the root of the wing operated during take-off and landing to increase lift gen-
erated whereas ailerons are control surfaces towards the tip that provide lateral control
for rolling. These devices have fractional chord lengths with respect to the corresponding
airfoil chords and are easy to regulate [48]. Figure 1.3 depicts and example of actively con-
trollable fractional trailing-edge devices used on airplane wings. Such devices are widely
used to effect swift and minor alterations to the flight known as frimming. In the recent
past, the interest in using such light weight devices on wind turbine rotor blades has been
growing, and studies related to trailing-edge flaps conducted by Jost et al. [49], Wilson et al.
[50], Behrens and Zhu [51], Barlas et al. [52], and Castaignet et al. [53] are significant in

this context.

Flow-control devices are used on wind turbine blades either to delay stall or to regulate
lift generation by modifying the fluid flow around airfoil sections [54, 55, 56, 57, 58].
Device shape, location on the blade, relative position with airfoil sections, and instanta-
neous configuration determine flow modification. Trailing-edge flaps among these devices

are primarily important to the current study [46, 59]. These external modular attachments



Figure 1.4: Schematic view of the trailing-edge flap and the modular attachment

are designed to be regulated with low-energy actuators, enabling swift control for opti-
mized blade performance over a wide range of wind conditions. Generating ample mo-
mentum for actuation under load ensures a cost effective and less energy intensive con-
trol approach. The structural similarities of wind turbine rotors to helicopter rotors makes
studies on smart actuator systems by the European Rotorcraft Forum [60] relevant to the
current study. Wind tunnel investigations conducted by the National Advisory Commit-
tee for Aeronautics (N.A.C.A.) have shown that external trailing-edge flaps act as high-lift
devices and their extent of influence depends on the size, profile, hinge location, and rel-
ative angle of actuation [61, 62, 63]. Numerical studies have also shown improvement in
lift behavior for multi-element airfoils derived from airfoil sections typically used for wind
turbine blades [64]. Aerodynamic alterations through relative positioning can assist in load

mitigation and being lighter assures faster response. Additionally, using a modular concept
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as depicted in figure 1.4 ensures minimal alteration to the manufacturing process for ex-
isting turbine blades. Such fractional chord flaps also make it easier on manufacturers for
customizing these external attachments for specific blade designs. On the outlook, this ap-
proach seems to stand out compared to full-span pitching, yaw corrections, or stall control
techniques. However, a comprehensive understanding of the effects of trailing-edge flaps

on rotor dynamics is crucial to develop an optimum design for control.

1.4 Focus of study

Load control on wind turbines is widely studied and there is significant progress in under-
standing most of the approaches discussed above. However, studies focusing on control of
rapid load variations that occurs within rotational cycles of turbine rotors are scarce. This
is in spite of the fact that sources for such fluctuations like tower interference and gust load-
ing are always a concern to the fatigue life. Even in the case of most commonly used pitch
control, studies on conventional pitching to mitigate long-term variations are widespread.
But there is very little progress towards studies on short-term pitch actions. Consequently,
the boundaries of pitching as an effective methodology for rapid action control are not well
understood. With respect to flow-control devices, the response of a flexible rotor that in-
cludes the coupled modes of deformation and aerodynamics is missing in current studies.
As light weight devices they profess to have swift response and be easier to manage under

dynamic operating conditions.
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This thesis work extends the capabilities of an aeroelastic code to create a platform to ana-
lyze wind turbines with flow-control devices as active load control techniques, and also ex-
plores the effectiveness of such devices under rapid load-control scenarios. Pre-determined
rapid control actions such as pitching and trailing-edge flap actuation are implemented on
a benchmark turbine under nominal operating conditions. The goal is to understand the
aeroelastic rotor response of utility-scale wind turbines under rapid control actions, paying

special attention to the power of actuation.

1.5 Thesis outline

This chapter provided a brief background on the significance of utility-scale wind turbines,
some commonly used load control techniques, and the bottleneck in dynamic load control.
Chapter 2 will discuss the details of the model used in numerical assessment of wind tur-
bines, expansion of the control module for the integration of flow-control devices as active
load control techniques, and key aspects of computing the power involved in rapid control
actions such as pitching and flap-actuation. Then in chapter 3, we present the numerical
results from the extensive aeroelastic analysis of a benchmark wind turbine. After a brief
introduction on the need for rapid load control action on wind turbines, this chapter will
explore conventional pitching and flap-actuation independently as rapid load control tech-
niques. Finally, chapter 4 will briefly discuss the key outcomes of this thesis study on active

flow-control devices for wind turbines and provide recommendations for further research.
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Chapter 2

Numerical Model

Turbine blades are highly complicated structures undergoing cyclical rotation in dynamic
wind conditions. The combination of various factors such as fluctuating rotor loads, cou-
pled aeroelastic behavior of turbine blades, interaction of blades with the tower, and a
coupled control system makes the wind turbine a highly complex machine. The increasing
size of the rotor and these interlinking factors make wind-tunnel studies of next generation
super turbines difficult and hence necessitates full scale studies using computer models.
One of the challenges in numerical study is the high computational cost involved in solving
a complex non-linear 3-dimensional coupled aeroelastic problem. Numerically this prob-
lem has been resolved either as a full 3-D model or in a dimensionally-reduced manner.
Full-3D simulations are computationally expensive limiting the ability to execute a wide

range of cases, where different rotor designs need to be tested in various wind scenarios
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and using a range of control-strategies. Dimensionally-reduced methodology are hence
preferred and employ either a vortex modeling or a stream-tube approach. The effective-
ness of the model adopted also depends on its ability to alternate between the aerodynamic
behavior and structural response and hence represent the coupled aspects of the turbine ro-
tor. Reduced-order approaches typically model the structure as a Bernoulli or Timoshenko
beam, either by the means of a discretization method (like finite elements) or by a modal
description using limited finite number of deformation modes in the solution. The flow
problem is normally solved through the well-known Blade Element Momentum (BEM)
model. A combination of these two approaches allows a fully non-linear coupled scheme
to represent the complexities involved (see [65] for a comprehensive discussion). Tradi-
tional aeroelastic modeling through codes such as FAST, and Aerodyn are based on this
technique [66, 67, 68]. Though this approach provides a deep insight into the complex dy-
namics of a coupled multi-physics problem, there is a dearth in definition of the feedback

introduced by the intrinsic coupling of the structural and aerodynamic modes.

The present study uses a novel numerical model capable of handling the aforementioned
complexities. The current chapter introduces specific details of this numerical model, how
it is implemented, and on how the control module capabilities are extended to integrate
flow-control devices for active load control. Further, we will also discuss some of the key
aspects related to computing power required for control actuation, which are relevant in the

assessment of contemporary and innovative control techniques.
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2.1 Dynamic Rotor Deformation - Blade Element Momen-

tum (DRD-BEM) Model

The numerical model used in this research is highly capable of representing the coupled
multi-physics phenomena using two advanced numerical schemes. First, the structural
response of heterogeneous composite blades is modeled to represent the complex modes
of blade deformation while optimizing the computational expense [69]. Second, the flow
behavior is represented using an innovative aerodynamic momentum model with capabili-
ties to transform velocities, forces, and geometrical features through orthogonal matrices.
Instantaneous deformed configuration of the rotor and their effects in computation of aero-
dynamic loads are completely represented in this approach known as the Dynamic Rotor
Deformation - Blade Element Momentum model (DRD-BEM). This is achieved by the
transformation of velocities acting at the rotor level through a series of orthogonal matri-
ces projecting them on to the blade section, and in the same way re-projecting the forces
and deformations acting at blade sections back to the rotor orientation. These numerical
schemes work in the context of a multi-physics solver called the Common ODE Framework
(CODEF), which also include modules that model the dynamics of the control system and
electromechanic devices on the drive-train. The key features of DRD-BEM will be de-
scribed in the following sub-sections, and for more details the reader is referred to Ponta

et al. [70].
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Among the stream-tube family of flow modeling for wind turbines, the Blade Element Mo-
mentum (BEM) model is widely used in the design and analysis of horizontal-axis wind
turbine rotors (see [15] and [3] for further details of a classical BEM implementation). The
classical formulation equates the change in momentum across an actuator disk with the
aerodynamic forces computed at the blade sections using trigonometric functions to project
velocities and forces. However, this is constructed on the assumption that cross-section of
the blade are perpendicular to the radial axis of the actuator disk that is contained in the ro-
tor’s plane. This prevents BEM from considering various misalignments of blade sections
associated with highly flexible blades during rotor operation, and hence misrepresenting the
aerodynamic forces. The basics of the momentum theory remains valid and the actuator
disk theory is extended for their application to horizontal axis turbine rotors. The equa-
tion of momentum changes is performed through consideration of a series of blade section
elements that correspond to annular actuator rings at the rotor’s plane corresponding to con-
centric stream-tubes. However due to blade deformations, these elemental cross-sections
vary in thickness and alignment across the time-step analysis, misrepresenting the area of
the annular actuator ring in momentum computation. Hence, the mathematical formula-
tion should be able to consider the velocities projected at the instantaneous orientation of
blade sections in computing the aerodynamic forces, and also use these resulting forces
re-projected to the instantaneous deformed configuration of the annular actuators in the
momentum equation. Additionally, recalculation of the annular actuator area needs to be

performed based on instantaneous rotor deformations in equating the change in momentum
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along the stream tubes.

The DRD-BEM model used in the current study also belongs to the stream-tube family of
interference models. However, a complete reformulation was adopted to take into account
the misalignments at blade sections and modifications to annular actuator configurations,
ensuring the resulting model fully represents the dynamic rotor deformation effects in a
manner compatible with advanced structural models. This was achieved through the use
of orthogonal matrices that act as linear operators in transforming the velocities and forces
through a series of coordinate systems, each of which represents an important structural
aspect of the rotor. The series of transformations begin at the global coordinate system
aligned with the incident wind and goes through various intermediate stages culminating
at the instantaneous position and attitude of the blade sections, where the axes are defined
by a triad aligned along chord-normal, chord-wise, and span-wise directions. Figure 2.1
shows a schematic representation of the Blade Element Momentum model, with an annular
actuator disc depicted on the left side for the corresponding blade element shown on the
right side. The forces acting on the blade element of span-wise length 0/ are projected on
to the hub, to compute the change in momentum across the corresponding annular actuator
with radial thickness dr, at a radius of 7, from the hub center. The hub coordinate system h
here is defined in accordance with the International Electrotechnical Commission (IEC) [4]
(see figure 2.2, and the discussion about expressions 2.10 to 2.13 in sub-section 2.1.2).
Systematically equating this change in momentum ensures that the alteration to the area

swept by the annular actuator is updated at every time step of the analysis. With defining
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Figure 2.1: Schematic view of the dynamic generation of the annular actuator swept by a
blade element (adaptation of a scheme presented in Burton et al. [3]). Left panel: turbine
rotor with annular actuators, center panel: blade elements that correspond to the annular
actuator, and right panel: a representation of Generalized Timoshenko Beam model for
a generic beam section that also shows the reference-line, beam sections, and respective
coordinate systems before and after deformation.

the hub coordinate system, h at the hub of the rotor, it is also important to note the inter-
ference causes the stream-tube that is initially aligned with the direction of incident wind,
deflects after passing through the annular actuator. This extend of the forces exerted on the
flow (due to the presence of an actuator) will determine the amount of this deflection (see
discussion about expression 2.1 in section 2.1.2). This technique allows to automatically
include not only the misalignment caused by instantaneous blade deformation and/or pre-
conforming manufacturing processes, but also the misalignments caused by the action of
various mechanical devices that control yaw, pitch, and azimuthal (main shaft) rotations.
Through this consistent mathematical formulation, even alterations in wind direction and
changes in design characteristics such as tilt and cone angle could be accounted for in the

same mannecr.
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Figure 2.2: Schematic representation of hub coordinate system according to standards
from the International Electrotechnical Commission (IEC) [ 4]

2.1.1 Blade structural model: The dimensional-reduction technique

for beams

The numerical representation of the rotor blade structure is based on an advanced model
capable of taking into account the increased flexibility of advanced blade designs. Be-
fore describing the detailed approach for DRD-BEM model, a brief description of the key
features of this structural model is presented here. For a further details related to the imple-
mentation of our model and a discussions on historical background, please refer to Otero
and Ponta [69] and the references therein. Otero and Ponta [69] also covers some studies

conducted using the to the analyze vibrational modes of composite laminate wind turbine

blades.

Reduced-order approaches to study rotor blades as slender beams amounts to substantial
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Figure 2.3: Depiction of a typical blade internal structure using a box-spar that is char-
acterized by significant build-up of material on the spar cap zone between the shear webs.
A balsa-core sandwich construction with triaxial fiberglass laminate is used in the design
for exterior shell and shear webs Griffin [ 5].

savings in computational effort in comparison with a full 3-D analysis. However, the com-
plex internal structure and heterogeneous distribution of material properties makes it chal-
lenging to accurately represent the complete blades characteristics using traditional ap-
proaches. See figure 2.3 from [5], for a typical example of a blade internal structure. Some
of the traditional beam theories used in modeling turbine blades are the Euler-Bernoulli
beam theory and standard Timoshenko beam theory. Their ad hoc kinematic assumptions
however amount to intoruction of significant errors, especially when blades vibrate at wave-
lengths shorter than their length [71]. The Generalized Timoshenko Beam Model (GTBM)

technique, used in the current study overcomes these limitations.

Originally proposed by Prof. Hodges and his collaborators [ 72, 73], the GTBM is a dimen-
sional reduction technique for complex beams which may have a curved and/or twisted

profile. It uses the same variables as the traditional Timoshenko beam theory, but the
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hypothesis of beam sections remaining planar after deformation is abandoned. The gener-
alized approach takes into consideration the possibility of warping during deformation and
uses a 2-D finite-element mesh to estimate the real warping of deformed sections. Through
a mathematical procedure the 3-D strain energy of the beam is re-written for an equivalent
one-dimensional beam in terms of the six classical variable used in traditional Timoshenko
theory - the extensional strain, two transverse shear strains, the torsional curvature, and two
bending curvatures. The complex geometry of blade-sections are reduced into a stiffness
matrix for the the equivalent 1-D beam problem, and is then solved along the reference-line
L, which represents the axis of the beam in its original configuration (see right panel of
figure 2.1). In an asymptotic sense, the strain energy computed for the reduced 1-D model

will be equivalent to the original strain energy of the 3-D blade structure.

From the numerical point of view, elimination of the ad hoc kinematic assumptions of the
traditional Timoshenko theory produces a fully populated 6x6 symmetric stiffness matrix
for the 1-D beam, instead of only the 6 individual stiffness coefficients of the traditional
theory. This means that now the 6 modes of deformation are fully coupled, and it is why
this technique is referred to as a generalized Timoshenko theory. Thus, bending and trans-
verse shear in two directions, extension, torsion, and the coupled modes of deformation
(like bending-torsional or bending-bending) are fully represented in a consistent theoreti-

cal frame.

Essentially, through the GTBM we are able to decouple a 3-D nonlinear elasticity problem
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into a linear 2-D cross-sectional analysis (which may be solved a priori), and a nonlinear 1-
D unsteady problem for the equivalent beam, which is solved using an advanced ordinary
differential equation (ODE) algorithm at every time-step. The a priori 2-D analysis can
be performed in parallel for multiple sections along the blade span, calculating the 3-D
warping functions, and finding the stiffness matrix for the equivalent 1-D beam. Once
the history of deformation for the ODE solution of the 1-D beam problem is obtained,
the associated 3-D fields (displacements, stresses, and strains on the blade sections) at
each time step can be recovered, a posteriori, using the 3-D warping functions calculated

previously.

As can be seen in the right panel of figure 2.1, a system of coordinates intrinsic to the beam
section, (zr, Y, 21), 1S used to represent the kinematic and dynamic variables along the
original reference-line L. The intrinsic system follows the deformation of the beam into
the instantaneous configuration [ to become (z;, vy;, 2;). When this technique is applied
to blades, the intrinsic system remains aligned to the blade sections in the chord-normal,
chord-wise, and span-wise directions. Thus, even during large displacements and rotations
as observed in contemporary turbine blades, this technique allows accurate tracking of the
position and alignment of airfoil sections as a natural outcome of the 1-D finite-element

solution.

The solution of the 1-D model for the equivalent beam, as schematically indicated in the
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