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Abstract

This work is concerned with the design of wind turbine blades with bend-twist coupling, which is obtained
here by exploiting the orthotropic properties of composite materials by rotating the fibers away from the
pith axis. A set of different blades is designed with a multi-level constrained optimization procedure, based
on combined cross sectional, multibody aero-servo-elastic and three dimensional finite element models.
The design optimizer sizes all structural elements such that the blade has the lowest possible weight while
satisfying a set of design constraints, which include, among others, maximum and fatigue loads, maximum
tip deflection and placement of natural frequencies. All designed blades, having the same performance in
terms of annual energy production and satisfying exactly the same design requirements, are compared in
terms of blade mass, load mitigation and actuator duty cycle.

The first part of this study investigates the possible configurations for achieving bend-twist coupling.
At first, fully coupled blades are designed by rotating the fibers for the whole blade span, and a best
compromise solution is found to limit weight increase by rotations both in the spar caps and in the skin
of the blade. Next, partially coupled blades are designed where fibers are rotated only on the outboard
part of the blade, this way achieving good load mitigation capabilities together with weight savings.

Finally, the best configuration of the passive coupled blade is combined with an active individual pitch
controller. The synergistic use of passive and active load mitigation technologies is shown to allow for
significant load reductions, while at the same time limiting the increase in actuator duty cycle thanks to
the opposite effects on this performance metric of the passive and active control solutions.
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34, 20156 Italy. E-mail: carlo.bottasso@polimi.it; Tel.: +39-02-2399-8315; Fax: +39-02-2399-8334.


carlo.bottasso@polimi.it

1 Introduction 2

Notation

ADC  Actuator duty cycle

AEP  Annual energy production
BTC  Bend-twist coupling

CAD Computer aided design

DEL  Damage equivalent load

DLC  Design load case

EOG  Extreme operative gust

FEM Finite element method

HAWT Horizontal axis wind turbine
IPC Individual pitch control

LQR  Linear quadratic regulator
MW  Mega Watt

PID Proportional integral derivative
RPM  Revolutions per minute

SQP  Sequential quadratic programming

1 Introduction

Load reduction techniques for wind turbines can be broadly categorized into two families: active
and passive. The former aims at reducing loads by actively controlling the machine (for example
by changing the blade pitch and the generator torque, or by moving flaps and/or tabs or other
active devices), while the latter is based on the idea of designing a structure that, when loaded,
deforms so as to induce a load reduction. The classical solution to achieve this structural behavior
has been to design blades with some degree of bend-twist coupling (BTC). In fact BTC implies
that, when the blade bends because of increased loads, the ensuing change of twist will affect the
aerodynamic loading through a change in angle of attack. Passive load mitigation by BTC can
be obtained by exploiting the anisotropic mechanical properties of composite materials [1, 2], as
done in the present work, and/or by sweeping the blade [3, 1].

This form of load alleviation is in principle very attractive because of its passive nature: there
are no actuators which may fail, no moving parts which may wear out, and no need for sensors,
all characteristics that are very interesting for wind turbines where simplicity, low maintenance
and high availability are key to reducing the cost of energy.

However, as usual in the design of wind turbines or other complex engineering systems, the
benefits of BTC blades may be accompanied by other undesirable effects, such as an increase of
weight, and of manufacturing complexity and possibly cost. For example, when BTC is obtained
by moving the fiber directions away from the blade axis, one also obtains a reduction of the
bending stiffness as a side effect. For blades where the bending stiffness is dictated by the
satisfaction of the maximum blade tip deflection and/or the placement of the first flap frequency,
one then needs to restore it by, for example, increasing the thickness of the spar caps, which will
in turn imply some weight increase.

Passive load mitigation by BTC for Horizontal Axis Wind Turbines (HAWTs) has been stud-
ied extensively in the literature.

Initially, BTC was introduced to twist the blade so as to increase the angle of attack, thereby
anticipating stall and cutting peak loads in stall-controlled rotors [5]. This approach showed a
potential for augmenting power capacity, because lowering peak loads allowed for increased rotor
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diameters, but it also induced substantial increase in fatigue damage and made the blade prone
to flutter [0].

A second, opposite, approach was to twist the blade sections so as to decrease the angle
of attack [0, 7], the so called twist-to-feather concept. This method showed significant fatigue
damage reduction. To analyze the behavior of such design solution, aeroelastic simulation models
were developed where the level of coupling between blade bending and twisting was obtained by
directly modifying the beam stiffness sectional properties.

Ong and Tsai [¢] showed a way to obtain the desired coupling effects by rotating the compos-
ite material fibers away from the blade pitch axis in a D-spar configuration. In their work, the
coupling and its limits were investigated both analytically and experimentally. Griffin [9] per-
formed a parametric analysis to understand the tradeoffs between material cost and achievable
coupling, studying different material types and different fiber angles. His conclusions indicate
an increase in cost for all considered solutions. Among others, de Goeij and his coauthors [10]
studied different blade structural configurations to better achieve coupling. They concluded that
single or double box design solutions are preferable because they reduce fatigue damage in the
connection areas.

References [11, 12, 13, 14, 15] describe the design and testing of a 9-meter stall-controlled blade
with 20 deg off-pitch axis unidirectional carbon fibers in the skin from the 25% span location
outwards. Results of these efforts showed a reduction in fatigue damage with respect of a baseline
model without BTC coupling, but also designed for a different maximum tip deflection. Studies
on small blades of similar size are also reported in Refs. [16, 17, 18].

Recently, Capellaro and Kiithn [19] have investigated BTC obtained by rotating the plies of
the spar caps by 5 and 10 deg, while at the same time increasing the spar cap thickness to keep
the same maximum tip displacement. In their models, they used carbon fibers in the spar caps
because of the better coupling performance that was obtained when compared to the use of fiber
glass. Their results report reductions in damage equivalent loads (DEL) as well as maximum
loads.

The literature clearly shows the potential benefits of BTC. Many parametric studies have been
performed using models of different levels of complexity and fidelity, yielding a good insight on
what can be expected by the adoption of such a technological solution. However, to the authors’
knowledge, a comprehensive approach to the design of such complex structures is still lacking.
In fact, when designing for a specific set of given conditions (e.g., rated power, wind class, rotor
diameter, max tip deflection, etc.), one should be able to compare alternative solutions that all
satisfy the same design constraints. Only if all alternatives are fully viable, one can then identify
the one that is the most desirable according to given criteria or performance metrics.

This aspect is of crucial importance in the design of blades for large modern wind turbines,
given the complex couplings that exist among the various design requirements. For example,
as mentioned before, changes in bending stiffness due to fiber rotation must be compensated
by increasing the thickness of spars and skin, or by using more performing materials, so as to
satisfy max deflections and frequency placement constraints. However, these changes will not
only influence weight, but also fatigue and buckling. In turn, the satisfaction of the fatigue
and buckling constraints will again influence the sizing of the various structural members of the
blade, creating a further coupling. Many other subtle effects are present: for example, different
degrees of BTC will induce different mean deflected blade configurations at each mean wind
speed, thereby affecting trim and hence power. To restore power to the same level, again so as
to perform meaningful comparisons among different candidate solutions with different degrees of
BTC, one should then change the trim pitch setting, and this will in turn modify loads, which
will again induce a coupling effect in the design.



1 Introduction 4

Unless all these couplings are duly taken into account, the understanding of the real benefits
of BTC remain obscure. Unfortunately, approaching the problem by parametric studies is a
daunting task, which requires many iterations so as to arrive to the simultaneous satisfaction of
all design constraints and the identification of fully viable alternative designs.

A contribution of the present work is to show how a multi-disciplinary optimization approach
to blade design can be used for studying the effects of BT C. In this work, blade design is performed
with a constrained optimization-based procedure that sizes the structural blade elements by
minimizing a cost function [20]. All design requirements are treated as constraints, therefore all
converged solutions are viable according to the conditions that have been imposed by the designer,
and therefore they could all be adopted. The design optimization software, an evolution described
in Ref. [21] of the one developed in Ref. [20], performs the design using a multi-level approach. The
method includes 2D finite element models for sectional characterization and analysis, aero-servo-
elastic multibody models for load calculation according to certification rules [22, 23], and detailed
3D finite element models for detailed stress-strain, fatigue and buckling analysis. The optimizer
operates at and iterates among the various levels, so as to deliver in reasonable computational
times a cost-minimizing design solution that also satisfies all desired design constraints at the
finest description level, i.e. the detailed 3D model.

Using these automated design tools, in the present work we investigate the effects of BTC,
twisting towards feather, identifying the optimal fiber rotation configuration for a 2MW wind
turbine blade. Furthermore, we consider blades with partial BTC, i.e. where fibers are rotated
only on the outboard portion of the blade span. This seems to lower fatigue damage towards the
blade max chord sections while at the same time avoiding reductions in the bending stiffness in
the inboard part of the blade, two effects that help in reducing the overall blade weight.

One of the results of this investigation is to show that, by properly designing a partially
coupled BTC blade, one not only can achieve significant load alleviation with a lighter blade, but
also the pitch actuator duty cycle (ADC) is much reduced. In fact, since the blade self-reacts to
turbulent fluctuations in the wind, the control system has to pitch the blades less in response to
wind disturbances.

This result is of potential interest, because it opens the way to a synergistic combination
of passive and active load control technologies, which is also explored in this paper. In fact,
individual pitch control (IPC), an active control technique where each blade is independently
actuated to reduce the effects of deterministic and non-deterministic disturbances [24], has been
shown to reduce loads at the expense of an increase in pitch activity [25, 26, 27, 28, 29, 30, 31,

, 33, 24]. This often much increased ADC requires suitably designed pitch systems that can
withstand the wear induced by IPC, and this has an effect on cost, complexity and maintenance.

However, since BTC and IPC can both mitigate loads, but BTC reduces ADC while IPC
increases it, there is a potential synergistic effect of the two technologies. Therefore, it appears
possible to have a combined load reduction effect, larger than one would get by adopting one
single technology, while limiting the effects on ADC.

To explore these ideas and discuss the design of BTC blades and the combination of BTC
and IPC technology, the paper has been organized according to the following plan. At first,
we describe the optimization-based multi-level method for blade design in Section 2. Next, we
present the results of a parametric study on the design of coupled blades in Section 3, starting
from a 2MW uncoupled blade which is taken as baseline for all comparisons. In § 3.1 we study
the fully coupled case, and identify a configuration of best compromise, where fibers are rotated
throughout the whole span of the blade both in the skin and the spar caps; such a solution is
shown to limit the effects of weight increase due to the rotation of the fibers and the subsequent
need to restore stiffness for the satisfaction of the design constraints. In § 3.2 we consider the case
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of partial coupling, limiting fiber rotations only on an outboard section of the blade span. We
identify a configuration that retains good load mitigation ability, but that is also of reduced weight
when compared to the baseline uncoupled blade. Finally, in Section 4 we study the combination
of the passive partially coupled blade with an active IPC controller. By tuning the controller in
a more or less aggressive way, we show the possible tradeoffs that can be achieved between load
mitigation and ADC increase. The paper is concluded in Section 5, where we discuss the main
findings of the present investigation.

2 Optimization-based Multi-level Method for Blade Design

Optimization tools for rotor blades have been recently developed to aid the design process of these
complex structures, and a review of the literature is offered in Ref. [20]. In this work, we use the
design approach developed in Ref. [21] based on the earlier results of Ref. [20], and implemented in
the code Cp-Max (Code for Performance Maximization). For computational efficiency, the design
is performed as a sequence of nested optimizations that operate at various description levels of
the blade: a quasi-3D “coarse” representation which is made up of a 2D FEM cross-sectional
model together with a spatial beam model, and a detailed “fine” 3D FEM model.

Using Cp-Max, a structural blade optimization problem for given aerodynamic shape, which
is the case considered here, is conducted as described in the following and shown in Figure 1.

Definition of sectional design
parameters

L =
rgj_J

- ANBA 2D FEM sectional analysis
- Computation of 6x6 stiffness
matrices

- Definition of geometrically
exact beam model
- Span-wise interpolation

SQP optimizer
min cost s.t. constraints

When SQP
converged

Constraints:
- Maximum tip deflection
- 2D FEM ANBA analysis of
maximum stresses/strains
- 2D FEM ANBA fatigue analysis

RS

- Compute cost (mass)
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geometry

Automatic 3D FEM meshing
(shells and/or solid elements)
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Analyses:
- Max tip deflection
- Max stress/strain
- Fatigue
- Buckling

Verification of design constraints

“Fine” level: 3D FEM

Constraint/model update heuristic (to repair constraint violations)

Fig. 1: Multi-level structural blade optimization problem for given aerodynamic shape.

At first, the blade structural configuration and material properties are defined. Next, the
sectional structural configuration is parameterized, thereby defining the design variables, which
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include the thickness of skin, shear webs, spar caps, and the area of leading and trailing edge rein-
forcements. Such variables are defined for selected span-wise stations, and interpolated elsewhere
along the span using shape functions.

Sectional models are defined using either 2D finite element meshes modeling the stack sequence
of plies or using equivalent panels. From the sectional models, fully-populated stiffness matrices
are computed using the code ANBA (Anisotropic Beam Analysis), based on the anisotropic beam
theory of Ref. [34]. The stiffness matrices obtained in this way are used for defining a geometrically
exact shear and torsion-deformable beam model [35].

The resulting beam is used in a complete aero-servo-elastic model of the machine, imple-
mented here with the comprehensive non-linear finite-element-based multibody dynamics simula-
tor Cp-Lambda (Code for Performance, Loads, Aero-Elasticity by Multi-Body Dynamic Analysis) |

.
The model is completed by a regulation strategy [38] and a collective-pitch/torque controller,
based here on a speed-scheduled linear quadratic regulator (LQR) [38], capable of controlling the
machine over its entire operating envelope.

Transient design load cases (DLCs) [22, 23] are simulated using the aero-servo-elastic model
and its controller. The results are post-processed to determine the maximum tip deflection and to
extract at a number of span-wise verification sections the envelope loads, i.e. the maximum and
minimum values of the internal stress resultants. At each verification section, maximum stresses
and strains are computed at a number of verification spots on the cross section from the envelope
loads, using recovery relations [31] obtained by the sectional analysis with ANBA. At the same
verification spots, fatigue damage is computed from the stress time histories through rain-flow
counting and the associated Markov matrices. The computed maximum tip deflection and the
maximum stresses, strains and fatigue at each verification spot for each verification section are
enforced as inequality constraints for the optimization problem, including the necessary safety
factors.

A Campbell diagram of the machine is computed using the aero-elastic model. A design free
of resonant conditions is obtained by constraining the placement of natural frequencies away from
strong harmonic excitations; here this was obtained by simply prescribing a given minimum gap
between the first blade flap frequency and the three-per-rev at the rated rotor speed, enforced as
an inequality constraint in the optimization.

Additional inequality constraints are defined to enforce conditions on the design variables,
such as a maximum thickness rate of change to account for typical values of ply tapering.

From the structural configuration of the blade and its sectional description, the total mass
can be readily computed, accounting also for the non-structural mass due to surface coating,
foam core, resin take-up, junction adhesive, etc. The total mass defines the cost function for
the optimization problem; mass is used here because it is a good overall indicator of cost, and a
reliable cost model was not available.

The optimization is run until convergence, using a Sequential Quadratic Programming (SQP)
algorithm [39] with gradients computed by finite differences. For each new instantiation of the
design variables, the 2D cross-sectional analysis is repeated, generating a new blade model and
hence a new aero-servo-elastic wind turbine model. For each new model, the associated controller
is re-tuned [20], and the necessary analyses repeated to update cost function and constraints. To
reduce the computational cost and minimize the number of evaluations of the full set of DLCs,
which is the most expensive part of the optimization, an outer iteration is used where the loads
are temporarily frozen until the blade mass has converged and all constraints are satisfied; loads
are then updated at the next iteration by repeating the DLCs, as explained in detail in Ref. [20].

At convergence of the blade optimization conducted at the coarse level using 2D cross-sectional
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and aero-servo-elastic beam-based models, a 3D CAD solid model of the blade is generated
automatically by lofting the computed blade geometry. The CAD model accounts for all blade
parts including webs, web core, spar caps, leading and trailing edge reinforcements, internal skin,
skin core and external skin, associated with the corresponding material properties and laminate
characteristics. Meshing of the solid model with HyperMesh [10] automatically generates a 3D
FEM model of the blade, using either shell or solid elements, the former option having been used
in the present work.

The 3D FEM model of the blade is used for refining the design performed using the quasi-3D
cross-sectional and beam models, as explained in the following.

At first, the blade mass is computed from the detailed 3D FEM model, this way improving
the estimate of the problem cost function.

Next, static deflection analyses are conducted on the complete 3D model under all loading
conditions that contribute to the definition of the load envelope. Such analyses are aimed at
verifying the satisfaction of the stress and strain constraints, since the 3D model can capture
effects that sectional and beam models cannot describe accurately, for example at the beginning
and ending sections of the shear webs or in regions of rapid span-wise variations of the geometry.
For each analysis, the aerodynamic chord-wise pressures are reconstructed using equivalent tri-
angular distributions which are applied to the blade external nodes, while the inertial loads are
applied to the sectional centroids.

A detailed fatigue analysis is performed based on loads obtained during the turbulent aero-
servo-elastic simulations. Satisfaction of the fatigue constraints is verified at those spots where
the coarse-level damage index is higher than a user-defined value, resulting in a considerable
computational time saving (see Ref. [21] for details).

If some design inequality constraints are not satisfied, a heuristic approach is used where the
constraint bounds are modified proportionally to the amount of the constraint violation, thereby
making the bounds stricter. This way, the modified constraints will make their effects felt at the
next iteration at the coarse quasi-3D level. For example, say that, at the end of the ith coarse level
optimization, the maximum stress at a verification spot aﬁf;)ax,mrse satisfied the desired condition
ar(;?dx,coarse < Oadm, Where o,qm is the admissible stress. Suppose now that, at the fine level, the
(4)

ax fine = Oadm, i-€. the allowable stress constraint is violated. To

stress at that same point is o

correct for this, at the (i + 1)th coarse iteration we set oaqm = Uader(r?ax,coarse / UEI?&X fine» Which
is equivalent to making the local bound stricter. This modification of the constraint bound
accounts for the fact that, for a given blade topology, the ratio between stresses computed at the
coarse and fine levels remains roughly constant in the case of moderate variations of thicknesses
of the structural elements between two consecutive macro iterations. In other words, since it
is not possible to directly improve the model at the coarse level stage, given that the coarse
representation is blind to the causes of discrepancy between stresses, the solution used here is to
modify the constraint bound, in this way making the coarse level analysis feel the loop-closure
effects of the fine level solution.

Finally, a non-linear buckling analysis is performed under the maximum tip deflection loads.
Here again, if buckling is detected, the skin core thickness is increased using a heuristic approach.
The modified core thickness modifies the non-structural mass of the cross-sectional model, this
way again closing the loop between fine and coarse level analyses.

Based on the updated constraint conditions and updated model computed at the 3D FEM
analysis level, new 2D sectional models are generated which in turn define a new beam model,
and the complete process is repeated. Typically, very few iterations between the coarse and fine
levels are necessary for convergence.
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3 Design of Coupled Blades for Passive Load Mitigation
3.1 Fully Coupled Blades

At first, we consider the case of fully coupled designs, where fibers are rotated in the skin and/or
the spar caps for the whole span-wise extension of the blade.

The baseline uncoupled design used for comparison is that of a 45 meter rotor blade for a
Class-IITA 2MW HAWT. The blade structural layout uses a box-type three cell configuration,
with a single cap confined within the two shear webs. The shear webs are parallel and planar,
i.e. they do not follow the twist of the airfoils, as illustrated in Figure 2. Some of the main blade
parameters and material types used are reported in Table 1.

Fig. 2: Blade structural layout.

Tab. 1: Blade structural configuration parameters and material types.

Starting section Ending section Material
(% span) (% span) type
Skin 0 100 Stitched triaxial
-45/0/+445 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

To better highlight the characteristics of the solution space, at first the six distinct blade
design configurations of Table 2 are considered.

The blades are designed using DLC 1.2, 1.4, 1.5, 1.6, 1.7, 2.2, 2.3 and 6.1 [22], with a maximum
tip deflection of 5 meters, and first flap frequency placement and max stress/strain and fatigue
constraints. The resulting six optimal designs, each satisfying exactly the same constraints, are
then compared in terms of various performance metrics, including load envelope, hub and tower
base DELs, and pitch ADC. The latter quantity is defined here as

A == E v, —
DC T 4 Fy, /0 £ dt, (1)
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Tab. 2: Blade models and their fiber rotations (Sk: fiber rotation in the skin; SC: fiber rotation
in the spar caps).
Model name Skin [deg] Spar caps [deg]

Sk+10 10 0
Sk+20 20 0
Sk+30 30 0
SC+05 0 5
SC+10 0 10
Sk+20&SC+05 20 )

where 5 is the blade pitch rate and Bmax its maximum allowable value, V; the mean wind speed
of the kth turbulent DLC 1.2 of duration 7', and Fy, the occurrence of V}, in the machine lifetime
according to the given Weibull distribution. Blade DELs are not included in the comparison,
since each blade satisfies the fatigue constraints corresponding to a 20 year lifetime.

Table 3 reports, for each optimal blade design, the status (active or non-active) of each design
constraint. For all models the frequency placement and the max tip deflection constraints are
active at convergence, and therefore the design of the blade is driven by its flap bending stiffness.
Furthermore, it appears that the fatigue damage constraint is active in the regions of the blade
with the largest chord values. This highlights the need to include fatigue constraints in the
optimization procedure, for the complete in-plane stress tensor. In fact, the rotation of the fibers
has, on the one hand, the positive effect of reducing loads but, on the other, involves a load
transfer from the stronger component of the laminate, the fiber, to its weakest one, the matrix,
and this effect grows when increasing the angle of fiber rotation. Clearly, if the fatigue assessment
was performed only on the stresses computed along the fiber directions, it would not be possible
to capture the effects of fatigue on the matrix.

Tab. 3: Constraint status for the six optimal designs (A: active; N: non-active).
Model/Constraint ~ Stress/strain  Flap freq. Max tip defl. Fatigue

Sk+10 N A A A: skin from 10% to 40% span

Sk-+20 N A A A: skin from 10% to 40% span

Sk+30 N A A A: skin from 10% to 40% span

SC+05 N A A A: skin at 40% span

SC+10 N A A A: skin from 10% to 40% span
A: spar caps at 10% span

Sk+20&SC+05 N A A A: skin from 10% to 40% span

Figure 3 plots along the non-dimensional span-wise coordinate 7 € [0, 1] the coupling coeffi-
cient a = Ky /KKy, as defined in Ref. [7], where K}, is the local flap-wise bending stiffness, K
the torsional one, and Kj; the coupled bend-twist stiffness term. Although the present designs
only make use of fiber glass material (cf. Table 1), the values of the figure are in line with those
of Ref. [19], which made use of carbon fiber in the spar caps. Moreover, it is interesting to notice
that coupling does not necessarily always increase with fiber angle, since the thicknesses of the
structural elements change so as to satisfy the design constraints. For example, by increasing
the angle of 10 deg from model Sk+20 to the design solution Sk+30, the figure shows that the
span-wise coupling is largely unaffected.

Figure 4 reports the percent mass increase of the six optimal designs with respect to the
uncoupled baseline model. It appears that mass increases rapidly with increasing fiber rotation
angle. For example, this effect is evident by looking at the trend for the three solutions with fiber
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Fig. 3: Coupling coefficient « [7] for the six optimal designs.

rotations in the skin (Sk+10, Sk+20 and Sk+30), and the trend of the two solutions with fiber
rotations in the spar caps (SC4+05 and SC+10). It also appears that the mass rate of increase
is much higher for spar cap fiber rotations than for skin ones. These effects are due to the fact
that this blade is mainly driven by frequency placement and maximum tip deflection constraints,
as shown in Table 3, so that, even if envelope loads and fatigue are reduced due to BTC, the
blade structural components have to be thicker to restore the sectional stiffness and satisfy the
design constraints. Therefore, since bending stiffness is largely dictated by the spar caps, the use
of large fiber angles in the spar caps should be avoided to limit the impact on the blade mass.

The figure also shows that by distributing the coupling between skin and spar caps, as done
in the sixth design configuration Sk+20&SC+05, one can obtain interesting sectional couplings
(cf. Fig. 3) without incurring in large mass increases. In fact, using larger fiber rotations in the
skin allows one to keep the angle in the spar caps close to small values, which in turn helps in
limiting the reduction of sectional bending stiffness.

Mass Increase [%]

] |

i i i i i
Sk+10 Sk+20 Sk+30 SC+05 SC+10 Sk+20&SC+05

Fig. 4: Percent blade mass increase with respect to the uncoupled baseline model for the six
optimal designs.

Figure 5 reports the values of mean power (at left) and blade pitch (at right) vs. mean wind
speed, computed from turbulent simulations conducted according to DLC 1.2, for the six optimal
designs and the reference baseline solution. The figure shows that all designs have essentially the
same power production, as also confirmed by Table 4 that gives the annual energy production
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(AEP) for the various blades. In fact, the necessary trim pitch settings in the partial and full
power regions were adjusted so as to compensate the different deformations of the different blades.
In particular, the figure shows on the right how pitch is lower in the partial region for coupled
blades because twisting induced by bending tends to decrease the angle of attack, and this requires
a lower pitch to achieve the same aerodynamic torque and rotor RPM at each given mean wind
speed.

2 T N T 5
;
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16 ! 4

/ —+Baseline

0.8 -6-5k+10
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Fig. 5: Mean power in turbulent wind (left) and blade pitch setting (right) vs. mean wind speed
for the six optimal design solutions and the reference baseline.

Tab. 4: Class A turbulent wind AEP as a percent fraction of the nominal steady wind AEP ,ominal,
for the six design solutions and the reference baseline model.

Model AEP/AEP jomina (%)
Baseline 94.2%
Sk+10 94.2%
Sk—+20 94.1%
Sk+30 94.0%
SC+05 94.0%
SC+10 93.7%
Sk+20&SC+05 93.7%

The effects of BTC on the envelope loads are illustrated in Fig. 6, which shows the percent
reductions with respect to the baseline design for the hub (at left) and tower root (at right)
loads. All configurations have very little effects on the hub forces, while the reductions on the
hub moments are more noticeable. The effects on the hub moments are more pronounced with
increasing coupling, except when the weight increase is excessive, as shown for example by the
load reduction for SC+10 in the nodding moment, which is smaller than the one of SC+05.
Similar observations can be made for the tower root moments.

The mechanism of load reduction of BTC blades is nicely illustrated by Fig. 6, which shows
the angle of attack at a specific blade station during an extreme operative gust (EOG), a condition
that defines the envelope tower base fore-aft moment. At the beginning of the gust, when loads
are still small, the angles of attack of the various blades are very similar. Then, at the higher
values of wind speed, the blades with higher coupling coefficients exhibit a lower angle of attack,
because the increase in blade bending due to gust loads twists the blade section.

Figure 8 reports the DEL reductions at the hub and tower root with respect to the baseline
configuration. All coupled models positively affect DELS, although even here one can notice some
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(a) Hub loads. (b) Tower root loads.

Fig. 6: Envelope load reductions at the hub (at left) and the tower root (at right) with respect
to the baseline model for the six optimal designs.

——Baseline
—6-5k+10

= —4—Sk+20
g 10 SK+30 D3
< E
3
S . ana Ea
5 & 28
5
2 £ 26

- s
go

24
38 385 39 39.5 40 40.5 41 415 42 %8 38.5 39 39.5 40 40.5 41 415 42
Time Time
(a) Angles of attack. (b) Wind speed.
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corresponding to DLC 1.5 at 25 m/sec.
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dependency on blade weight, for example by looking at the blade DEL reduction for SC+10 that
is the same as the one of Sk+20&SC+05, which has somewhat smaller coupling but it is lighter.
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Fig. 8: DEL reductions at the hub (at left) and the tower root (at right) with respect to the
baseline model for the six optimal designs.

A very interesting aspect of BT'C blades is their positive effects on ADC. In fact, Fig. 9 shows
that for all coupled models there is a large reduction in the duty cycle of the pitch actuator. This
is due to the passive control effect of coupled blades: since these adaptive blades self-respond to
turbulent fluctuations in the wind, the active control system pitches the blades less (since it feels
less the effects of turbulence through its feedback loop), thereby reducing the effort on the pitch
system.
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Fig. 9: ADC percent reduction with respect to the baseline model for the six optimal designs.

To better illustrate the effect on ADC of BT'C blades, one can look at the pitch angle obtained
in closed-loop operation in turbulent wind conditions. Figure 10 shows the pitch angle time
history during DLC 1.2 at a mean wind speed of 11 m/sec. The figure highlights a markedly
different behavior for the various models. For low wind speeds in the partial load region, i.e.
around 360 sec at 11 m/sec, pitch angles are all constant and equal to their own respective
trim values. When the wind speed starts to increase and oscillates between the partial and
full load regions, pitch angles are modified by the feedback control loop, but in a different way
for each model. The baseline model and the ones with lower degrees of coupling exhibit large
pitch oscillations, while the more coupled models reach lower pitch values. For example, at time
390 sec the baseline model is subjected to an aggressive pitch control sequence, while SC+10
and Sk+20&SC+05 pass through the same wind event with a much smoother pitch input. These
results clearly illustrate that the pitch controller, thanks to the self-reaction and built-in passive
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control of BTC blades, has to react less aggressively to turbulent wind fluctuation, resulting in a
lower effort on the pitch system and therefore in a reduced ADC.
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Fig. 10: Pitch angle time history (at left) for the turbulent wind (at right) corresponding to
DLC 1.2.

These results indicate that Sk+208&SC+05 represents a good compromise solution, because
it achieves interesting envelope, fatigue and ADC reductions with only a very modest weight
increase. This is due to the fact that the blade has good levels of bend-twist coupling due to
the synergistic use of fiber rotations in the spar caps and skin. In particular, the latter allows to
limit the former to small values, which reduces the impact on spar cap thickness, in turn avoiding
excessive penalties in terms of blade weight.

3.2 Partially Coupled Blades

In the first part of this study, it was shown that a BTC blade can achieve interesting improvements
in all considered quality metrics, including maximum loads, fatigue damage and pitch actuation
effort. The main limit of the solutions investigated so far is however the mass increases that
invariably accompany these improvements. This is due to the fact that the design driving factors
are the maximum tip displacement and the frequency placement constraints, which both depend
directly on sectional stiffness.

It appears that a possible way to mitigate this effect is to rotate the fibers not throughout the
whole blade span, as done previously, but only in its outboard sections. As a matter of fact, by
limiting fiber rotations to selected span-wise sections, the blade is less affected by the associated
stiffness drop, and this may results in a different mass configuration. Moreover, this can also
help in satisfying fatigue constraints. In fact, the sections in proximity of the maximum blade
chord are typically the ones that are more affected by fatigue damage. Avoiding fiber rotations
in this part of the blade, and therefore allowing the material to better contribute to the bending
stiffness, reduces the necessity to increase the thickness of the structural members so as to satisfy
fatigue constraints.

To investigate this idea, we consider blade model Sk+20&SC+05, because it exhibits good
quality metric improvements with only a modest mass increase. Five configurations are investi-
gated, each one characterized by fiber rotations starting from a different span-wise location. The
five different cases are shown in Fig. 11, and labeled F#, where # is the fiber rotation starting
section in percent span. The first configuration, F0, is the fully coupled blade of the previous sec-
tion. Each blade was obtained with the previously discussed constrained optimization procedure,
and therefore each represents a constraint satisfying optimal design.

For each blade configuration, Table 5 reports the status (active or non-active) of each design
constraint. The table highlights a first effect of the partially coupled design solutions. In fact, for
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Fig. 11: Partially coupled blade models and their fiber rotation starting sections.

rotations between 30% and 70%, the fatigue constraint is no longer active. On the other hand,
the constraint is active for the fully coupled blade FO because fibers are rotated in the more
critical area of maximum chord, while for F80 the coupling is too low and there is not enough
load reduction to make the constraint inactive.

Tab. 5: Constraint status for the four partially coupled blades and the fully coupled one FO (A:
active; N: non-active).

Model/Constraint ~ Stress/strain  Flap freq. Max tip defl. Fatigue

FO N A A A: skin from 10% to 40% span
F30 N A A N

F50 N A A N

F70 N A A N

F80 N A A A: skin from 10% to 30% span

Figure 12 reports the percent blade mass increase for the four partially coupled blades and
the fully coupled one, with respect to the baseline uncoupled solution. From the figure, it clearly
appears that partial coupling has a beneficial effect on blade weight. Specifically, the minimum
blade weight is achieved for F70, which exhibits a mass decrease of about 2.8% with respect to
the uncoupled baseline and a decrease of about 3.2% with respect to the fully coupled solution
FO.

Figure 13 shows the percent reductions with respect to the baseline for the hub (at left) and
tower root (at right) loads. In general, the load reduction diminishes with the fiber rotation
starting section moving outward. This is because the resulting blades are less coupled, and
therefore there is less passive load reduction. Also, it should be noticed that F30 is either only
slightly worse than F0, because of reduced coupling, or slightly better in some cases, because of
its reduced weight.

Figure 14 shows that the effects of partial coupling on DELs present a very similar trend to
the case of the envelope loads. In fact, here again only F30 exhibits reductions which are similar
to the fully coupled case of FO, while F50 to F80 pay for a diminished coupling effect that is less
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Fig. 12: Percent blade mass increase with respect to the uncoupled baseline model for the four
partially coupled designs and the fully coupled one FO.
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to the baseline model for the four partially coupled designs and the fully coupled one FO.
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capable of reducing loads. The figure presents the case of the hub loads, but very similar results
are obtained also for the tower loads.
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Fig. 14: Hub DEL (at left) and mean (at right) moment resultant reduction with respect to the
baseline model for the four partially coupled blades and the fully coupled one FO.

Finally, Fig. 15 shows the effects of partial coupling on ADC. Here again, fiber rotation
sections close to the root only suffer a modest loss of performance with respect to the fully
coupled blade, while the more outboard sections significantly affect coupling, and hence incur in
significant performance penalties. For example, for the F50 model the reduction is 50% lower
than the one of the fully coupled blade.

=

ADC Reduction [%]
5

i i i
F50 F70 F80

Fig. 15: ADC percent reduction with respect to the baseline model for the four partially coupled
designs and the fully coupled one FO.

From this analysis it appears that a partially coupled blade can achieve improvements in all
performance metrics, while at the same time weighing less than an uncoupled blade. In fact,
rotating the fibers only in the outboard sections of the blade, and not close to its root, affects
less the frequency placement and the maximum tip deflection constraints, so that the thickness of
the structural components does not need to be increased (actually, it can be somewhat reduced).
An interesting tradeoff appears to be represented by the F30 model, because it reduces the blade
mass of almost 1.5% with respect to the fully coupled blade, while achieving about the same
amount of load reduction.



4 Integration of Passive and Active Load Control 18

4 Integration of Passive and Active Load Control

Active load control systems exploit a power source to move the whole blade, or a part of it, so as
to reduce loads due to turbulence, gusts and asymmetry in the inflow. Generally these systems
require sensors to measure the wind turbine response and drive, through a feedback loop, a
suitable motion strategy. Recently, several IPC formulations have been proposed, demonstrating
a significant potential for fatigue load reduction [25, 26, 27, 28, 29, 30, 31, 32, 33, 24]. In
fact, changing the pitch of each blade independently allows for the reduction of the lowest load
harmonics, including their mean value. However, one of the possible drawbacks of active load
control is its effect on the actuators and their design: constantly pitching the blade increases
the actuator duty cycle, and hence its wear. This, in turn, requires more expensive and larger
actuators, inducing a tradeoff with the advantages brought by IPC.

Since BTC blades were shown in the previous section to allow for a reduction in ADC, it
seems interesting to try to combine the two load control technologies. In fact, on the one hand,
since both BTC and IPC can reduce loads, by combining them one may obtain a synergistic
effect. On the other hand, since BTC tends to reduce ADC and IPC to increase it, by combining
the two one can hope to obtain significant load reductions with reduced ADC increases. This
idea is explored next.

For the present investigation, we consider the partially coupled blade configuration F30,
because it achieves a good tradeoff between load and weight reduction.

The individual pitch controller is based on the architecture proposed in Ref. [20], and depicted
in Fig. 16. The controller is driven by blade root moments, which are Coleman transformed in
a nacelle-fixed frame of reference to yield the rotor tilt and yaw moments. Two independent
proportional integral derivative (PID) controllers compute two fixed frame control inputs by
trying to drive the tilt and yaw moments to zero. In turn, the fixed frame inputs are back-
transformed into the rotating frame using the inverse Coleman transformation, an operation
that generates the individual pitch control inputs. Such inputs are superimposed to the ones
computed by a collective pitch and torque controller implemented with the speed-scheduled LQR
formulation of Ref. [38], whose roles are the regulation of the machine around a given set point
and the reaction to gusts.
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Fig. 16: Individual blade pitch control architecture.
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By adjusting the gains of the IPC PID controllers, one can tune within a certain range the
level of individual blade pitch activity, consequently affecting the level of load reduction and of
ADC increase. For this study, two different sets of gains were selected: the first has lower gains
and therefore only a moderate ADC increase, while the second one has higher gains and a more
aggressive behavior.

In the following, six combinations of blade and controller designs are considered. The baseline
is taken to be the uncoupled blade with the LQR collective pitch controller. In addition, we
consider the partially coupled blade F30 with the collective trimmer, termed BTC in the following
figures. The uncoupled blade used with the first set of gains is labeled IPC1, and IPC2 when the
more aggressive set of gains is used. Similarly, the partially coupled blade is termed BTC+IPC1
when used with the first set of gains, and BTC+IPC2 with the second. All configurations achieve
essentially the same power production, with differences in their respective AEPs below 1%.

Figure 17 shows, for the six different combinations, ADC percent variations with respect
to the baseline as a function of mean wind speed V, as obtained through turbulent DLC 1.2
simulations.
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Fig. 17: ADC reductions with respect to the baseline model vs. mean wind speed.

In region II, below rated, the use of BT'C improves ADC; however, ADC is very small in this
region which is mostly characterized by a torque control strategy, and hence these effects are
negligible. The full power region III is more interesting. Here it appears that, as expected, BTC
improves ADC while IPC, whether aggressively tuned or not, invariably implies a worsening of
the ADC parameter. Furthermore, the less aggressive tuning of IPC1 generates ADC increases in
excess of 50%, while the more aggressive tuning of IPC2 brings the ADC increase to over 130%.

It is interesting to look at the combined models BTC+IPC1 and BTC+IPC2, which show
a synergistic combination of the effects of the active and passive load reducing systems. Indeed
for these models ADC increases are smaller than in the case when the uncoupled blade is used
with IPC. Up to a wind speed of 19 m/sec, BTC+IPC1 has a maximum ADC increase of about
10%, which should be compared to the almost 30% of IPC1. For model BTC+IPC2, variations
are smaller but still relevant. Weighting with the Weibull distribution, the lifetime ADC for the
BTC model shows a reduction of almost 20%, while for IPC1 it increases of around 25% and for
BTC+IPCI it has only a slight increase around 5%. This last result shows that the combination
of the passive and active control strategies leads to an actuator duty cycle that is essentially equal
the one of the baseline blade with purely collective blade pitch control.

Figure 18 shows, for the six combinations, the hub DELs and mean moments vs. mean wind
speed. It appears that, here again, the active and passive technologies have synergistic effects. In
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fact, models BTC+IPC1 and BTC+IPC2 have a higher load reduction than models BTC, IPC1
and IPC2, i.e. when using only either a passive or an active solution. Furthermore, it should be
stressed once again that the load reductions achieved by BTC+IPC1 are obtained with roughly
the same ADC as the baseline case.
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Fig. 18: Hub DELs (at left) and mean moments (at right) reductions with respect to the baseline
model vs. mean wind speed.

5 Conclusions

In this paper we have studied the design of BTC blades, and we have considered the possible
synergies between passive and active load mitigation. The blade design was conducted within a
novel comprehensive multi-level constrained optimization approach. The design process alternates
between a multibody beam model augmented with 2D FEM cross sectional sub-models and a
fine scale 3D FEM detailed model of the blade. The former enables the numerous transient aero-
servo-elastic analyses required to compute loads and deflections throughout the lifetime of the
machine, while the latter makes it possible to conduct detailed local verifications of the design;
loop closure between the two levels is accomplished by a heuristic approach that modifies when
necessary some coarse level design constraints.
Based on the study conducted herein, it is possible to draw the following conclusions:

e The use of a constrained optimization-based approach to design is crucial because it allows
one to compare alternative solutions that satisfy the same design requirements, and that
hence are all viable.

e The synergistic use of fiber rotations in the skin and spar caps is beneficial in terms of blade
weight. In fact, fiber rotations in the skin allow one to limit rotations in the spar caps, which
otherwise would need to be thickened so as to contrast bending stiffness loss. This way,
good levels of bend-twist couplings were obtained here without the need to resort to more
performing materials, such as carbon fiber, while keeping blade weight largely unaffected.

e Avoiding fiber rotations from the blade root to about the span of maximum chord is also
beneficial in terms of blade weight. In fact the additional couplings generated in this region
by fiber rotations are not only modest, but are also more than offset by increased fatigue
damage and reduced bending stiffness, which both lead to weight increases. This solution
also suggests the use of different fiber angles in different span-wise segments of the blade,
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aimed at the optimization of the span-wise distribution of couplings, which however was
not investigated here.

e By combining skin and spar cap fiber rotations with partial span-wise coupling, it appears
possible to design blades that exhibit significant load reduction capabilities, and yet are
somewhat lighter than standard uncoupled blades.

e BTC blades not only reduce maximum and fatigue loads, but also imply a reduced pitch
ADC. In fact, the blade self-reacts to wind fluctuations, this way taking some of the burden
off the controller. Since IPC tends to increase ADC, which is one of the main reasons why
IPC has not yet been widely adopted by manufacturers, one might argue that BT'C blades
might also be used to make IPC more economically viable in future designs.

e Although a more comprehensive study on various wind turbines of different sizes would be
necessary to draw final conclusions, it appears that the amount of load reduction enabled
by BTC blades is of the same order of magnitude of that allowed by IPC.

e The combination of passive, via BTC, and active, via IPC, technologies leads to load re-
ductions that are higher than it would be possible by the use of each single one of the two
approaches. In the end, the limit of achievable load reduction is also probably due to the
physics of the mitigation mechanism itself, that in both cases is due to a change of angle
of attack. This is constant throughout the blade span for IPC, since the whole blade is
pitched, while it is slowly varying along the span for BTC, but in both cases there is not
a way to locally modify the flow conditions in response to small scale spatial and temporal
wind fluctuations. Therefore, in both cases, the attenuation is limited to the larger spatial
and slower turbulent scales, and an increase in bandwidth could only be achieved with a
distributed, more localized and faster response, as for example with flaps, tabs or other
devices.

Although an effort was made throughout this work to propose solutions that would not rad-
ically alter the way current blades are designed and manufactured, since this would raise more
questions than one could answer, it is clear that the actual benefits of the proposed solutions
need more careful scrutiny and further investigations, so as to account also for a number of
manufacturing and technological considerations that were not addressed here. In the end, the
performance index of a wind turbine design is the cost of energy, so that all implications of the
adoption of a specific technology need to be factored in so as to fully understand all trade-offs.
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