Time Domain Flutter Analysis of Bend-Twist Coupled Composite
Wind Turbine Blades and Comparisons with the Baseline Blade
*Touraj Farsadi1) and Altan Kayran2)
1), 2)

METUWind centre, Department of Aerospace Engineering,
Middle East Technical University, Ankara, Turkey
2)
akayran@metu.edu.tr

ABSTRACT
Bending-twisting coupling induced in big composite wind turbine blades is one of
the passive control mechanisms which is exploited to mitigate loads incurred due to
deformation of the blades. In the present study, flutter characteristics of bend-twist
coupled blades, designed for load alleviation in wind turbine systems, is investigated by
time domain analysis. For this purpose, a baseline full GFRP blade, a bend-twist
coupled full GFRP blade and a hybrid GFRP and CFRP bend-twist coupled blade is
designed for load reduction purpose for a 5 MW wind turbine model that is set up in the
wind turbine multi-body dynamic code PHATAS. For the study of flutter characteristics
of the blades, overspeed analysis of the wind turbine system is performed without using
any blade control and applying slowly increasing wind velocity. Detailed procedure of
obtaining the flutter wind and rotational speeds from the time responses of the
rotational speed of the rotor, flapwise and torsional deformation of the blade tip and
angle of attack and lift coefficient of the tip section of the blade is explained. Results
show that flutter wind and rotational speeds of bend-twist coupled blades are lower
than the flutter wind and rotational speeds of the baseline blade mainly due to the
kinematic coupling between the bending and torsional deformation in bend-twist
coupled blades.
1. INTRODUCTION
The demand for higher energy production from wind turbine systems has
triggered engineering efforts to design bigger wind turbine systems with blades
approaching to the border of 100 m. Rotor blades for turbines with large rotor diameter
tend to be very flexible in order to remain weight and cost effective. Increased bending
and torsional flexibility of long rotor blades may cause torsional divergence and
flapwise bending-torsion flutter at high speeds. In wind turbines with large rotor
diameter, the requirements for improved stiffness and reliability increase, and to
achieve these goals appropriate measures must be taken such that loads incurred due
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to the flexing of the blades must be alleviated. Bending-twisting coupling induced in the
wind turbine blades is one of the passive control mechanisms which can be exploited in
achieving load alleviation.
Passive load control in wind turbine systems was first proposed by Karaolis
(1988). After the initial work of Karaolis, exploiting bending-twisting coupling in
composite blades in passive load control is considered as an alternative to the active
load control strategies. Finite element analysis of 9.2 m long wind turbine blades,
manufactured by TPI Composites, is performed to study the effect of using off-axis
carbon plies in the spar caps of the blade (Locke 2004). It is demonstrated that with the
use of off-axis carbon plies in the spar caps of the blade, similar structural behaviour as
that of base E-Glass blades can be obtained but with an overall weight advantage.
Lobitz (2001) showed that the incorporation of twist-coupled blades in rotor design can
be beneficial to energy production or load reduction, and possibly both simultaneously.
In their study, for reducing loads, the blades are designed to twist toward feather as
they bend and they showed that for variable speed pitch-controlled rotors twist-coupling
substantially decreases fatigue damage over all wind speeds, without reducing average
power. Gözcü (2015) investigated use of hybrid GFRP-CFRP material in wind turbine
blades for its effectiveness in reducing fatigue damage equivalent loads in the whole
wind turbine system, and comparisons are made against the baseline full GFRP blade
in terms of strength, deformation, dynamic characteristics, weight and cost of the blade.
It is shown that in the overall, with the introduction of off-axis CFRP spar cap plies in
the blades, higher reductions in the damage equivalent loads could be achieved in wind
turbine systems compared to the use of full GFRP in the main spar caps of the blade.
Bending torsion flutter is the dynamic instability problem which occurs when the
torsional blade mode couples with the flapwise bending mode via aerodynamic forces
that results in rapid growth of amplitude of the flapwise and torsional responses due to
two modes enhancing each other under the influence of the aerodynamic coupling.
Politakis (2008) studied the flap torsion flutter instability and its suppression by the
modal representation of the turbine dynamics, unsteady BEM model and simple
controller for the actuated trailing edge. Aeroelastic stability analysis of a 10 MW wind
turbine is performed by Lin (2010) using the aeroelastic stability tool HAWCStab2.
Hansen (2007) presented the aeroelastic instabilities which occurred and may still
occur for modern commercial wind turbines such as stall-induced vibrations for stallturbines, and classical flutter for pitch-regulated turbines. A review of previous studies
is combined with derivations of analytical stability limits for typical blade sections and
show the fundamental mechanisms of instabilities are shown.
In the present study, flutter characteristics of bend-twist coupled blades, designed
for load alleviation in wind turbine systems, are investigated in time domain by
incorporating the dynamics of the drive train with flexible supports and flexibility of the
tower into account in the multi-body dynamic model of the wind turbine. For this
purpose, a baseline full GFRP blade, a bend-twist coupled full GFRP blade and a
hybrid GFRP and CFRP bend-twist coupled blade is designed for load reduction
purpose for a 5 MW wind turbine model that is set up in PHATAS (Lindenburg 2012)
that uses non-linear beam blade definition and allows bend-twist coupling. Bendingtwisting coupling in full GFRP and hybrid GFRP and CFRP blades is generated by the
use of off-axis plies in the pressure and suction side spar caps of the blades. For the

study of flutter characteristics of the blades, overspeed analysis of the wind turbine
system is performed without using any blade control and applying slowly increasing
wind velocity. Detailed procedure of obtaining the flutter wind and rotational speeds
from the time responses of the rotational speed of the rotor, flapwise and torsional
deformation of the blade tip and angle of attack and lift coefficient of the blade sections
is explained. Results show that flutter wind and rotational speeds of bend-twist coupled
blades are lower than the flutter wind and rotational speeds of the baseline blade
mainly due to the kinematic coupling between the bending and torsional deformation in
bend-twist coupled blades.
2. METHODOLOGY
2.1 Definition and multi-body simulation of the reference wind turbine system
Reference wind turbine is based on some of the known properties of NREL’s 5
MW turbine (Jonkman 2009). Although certain properties of NREL’s turbine are
modified in the reference wind turbine system definition, in essence both turbine
definitions are similar. Table 1 gives the main properties of the reference wind turbine
that is set up in PHATAS in the present study. Multi-body simulation of the wind turbine
system in PHATAS is performed utilizing the baseline and the bend-twist coupled beam
blade models. Aerodynamic solver of PHATAS is based on unsteady blade element
momentum theory with typical corrections such as tip and hub losses and tower
shadow. For the mean wind velocity of 15 m/s, Fig. 1(a) shows the turbulent wind
profile generated by the SWIFT code during the 600 seconds transient aeroelastic
analysis of the reference wind turbine system, and Fig. 1(b) gives the generated power
during the same the period with the baseline blade GFRP_1 included in the multi-model
of the wind turbine system. It is seen that with the baseline blade, wind turbine system
can produce 5 MW nominal generated powers utilizing the built-in PD pitch speed
controller in PHATAS.
Table 1 Main properties of the reference the wind turbine system established in PHATAS
Nominal power
Number of blades
Number of blade elements
Blade prebent at the tip
Rated rotor speed
Demanded rated generator torque
Wind speed at hub height used for load analysis
Rated wind speed
Turbulent wind generator used in PHATAS
Gearbox ratio
Rotor/Hub diameter
Hub length
Blade length
Rotor conicity
Rotor tilt angle
Hub height
Hub mass
Hub inertia
PHATAS
Control increment

5 MW
3
17
4m
12 RPM
37880 Nm
15 m/s
12 m/s
SWIFT
105
126 m / 4 m
4m
61.5 m
0 degree
5 degree
100 m
50,000 kg
100000 kgm2
PD pitch speed control
0.01 s

Generated power (W)

Resultnat wind speed (m/s)
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2.2 Design of Bend-Twist Coupled Blades
Design of bend-twist coupled rotor blades is based on the inverse designed
baseline blade which is in turn modified to induce bending-twisting coupling. In the
present study, blade of NREL’s 5MW reference turbine is taken as the as the reference
blade (Jonkman 2009). In NREL’s report, stiffness values and geometric properties of
cross sections of the blade are given. However, in the report, ply lay-up of blade crosssections and the real pitch axis location of the cross-sections are not given. To design
the bend-twist coupled blades, complete blade properties are needed so that the
baseline blade can be generated. In the current study, inverse design of the three
dimensional blade is performed such that sectional beam properties of the baseline 3D
blade approximately match the sectional beam properties of NREL’s 5 MW turbine
blade.
In the baseline turbine blade, GFRP is used as the base material in the main spar
cap and shell regions of the blade. Baseline blade has full GFRP material with 0o fiber
orientation angle (θ) in the main spar caps. Zero degree orientation is defined as the
axis which traverses the blade from blade root to the blade tip through the middle of the
spar caps as shown in Fig. 1. In the bend-twist coupled blades, off-axis spar cap plies
are placed in the 30 m of the blade measured from the blade tip.

Fig. 1 Wind turbine blade design showing the spar cap region with off-axis plies; θ= 15o

Table 2 introduces the baseline GFRP and bend-twist coupled blades designs. In
this study, for the bend-twist coupled blades, the off-axis ply angle θ is taken as 15o.
Bend-twist coupled blades given in Table 2 are selected from a list of bend-twist

coupled blade designs mainly based on the load alleviation capability that they provide
as a result of 600 seconds long transient aeroelastic analysis of the 5 MW wind turbine
system that is established in wind turbine multi-body dynamics simulation code
PHATAS (Lindenburg 2012). Bend-twist coupled blade design GFRP_2 is based on
rotating the unidirectional plies in the pressure and suction side main spar caps of the
outboard 30 m of the reference blade towards the leading edge by 15 o. In the bendtwist coupled blade GFRP_2, same number of layers in the outboard 30 m of the bendtwist coupled blade is used as the baseline blade. Therefore, GFRP_2 has lower
flapwise bending stiffness compared to the reference blade in the bend-twist sections.
Hybrid GFRP and CFRP bend-twist coupled blade HGCFRP_3, has only CFRP
material in the main spar caps of bend-twist sections of the blade. The number of offaxis unidirectional CFRP layers in the bend-twist sections is adjusted such that these
sections have very close flapwise bending stiffness as the blade GFRP_2.
Table 2 Description of the baseline and bend-twist coupled blades
Blades
Description
Baseline GFRP blade with pressure/suction side GFRP spar
GFRP_1
cap plies along the blade axis (0 deg.) in the outboard 30 m of
the blade.
Bend-twist coupled GFRP blade with pressure/suction side
GFRP spar cap plies oriented at 15o towards the leading edge
GFRP_2
in the outboard 30 m of the blade.

HGCFRP_3

Note: 0 deg. plies of GFRP_1 are made 15o.
Bend-twist boupled hybrid GFRP and CFRP blade with
pressure/suction side spar cap plies composed of CFRP spar
cap plies oriented at 15o towards the leading edge in the
outboard 30 m of the blade.
Note: Number of CFRP layers in the sections of the outboard
30 m of blade is adjusted such that these sections have very
close flapwise bending stiffness compared to the flapwise
bending stiffness of GFRP_2.

2.3 Time Domain Flutter Analysis
The effect of bending twisting coupling induced in composite rotor blades on the
flutter characteristics of the blades must be investigated to check whether the bending
twisting coupling significantly affects the flutter characteristics of the blades or not. In
the present study, in order to investigate the aeroelastic stability of wind turbine blades
presented in Table 2, overspeed analyses are performed with PHATAS (Lindenburg
2012) utilizing the 5 MW reference wind turbine system that is set up. Increased
bending and torsional flexibility of wind turbine blades may cause torsional divergence
and flapwise bending-torsion flutter at high speeds when the center of mass of the
blade sections is aft of aerodynamic center of the blades which is case for the baseline
and the bend-twist coupled blades designed in the present study. Flutter characteristics
of the blades are investigated in time domain by invoking overspeed analysis and not

Flapwise displacement (m)

using any blade control and applying slowly increasing wind velocity. In the overspeed
analysis, rotor blades are given an initial rotational speed, rotor is disconnected from
the generator, blade pitch angles are set to a fixed angle and pitch controller is not
turned on. Far field wind speed is slowly increased at a rate of 0.067 m/s2, resulting in
increase of rotational speed without any bound since the pitch controller is not turned
on. Using this loadcase, the required output signals for investigating the flutter
phenomena are obtained for increasing wind and rotor speed. The time domain
analysis results are monitored for output parameters relevant to the flutter analysis.
Flapwise and torsional blade tip displacements and rotational speed of the rotor are the
main monitored parameters. In order to obtain the flutter boundaries of the blades, pitch
angle of the three blades is fixed to 7 degrees during the overspeed analysis. It should
be noted that blade pitch angle can be changed to different values to investigate the
effect of the pitch angle on the occurrence of flutter.
Fig. 2 shows the time response of the flapwise blade tip displacement obtained in the
overspeed analysis for the baseline blade GFRP_1.
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Fig. 2 Flapwise blade tip displacement of the baseline (GFRP_1)
From the time response of the flapwise displacement, it is seen that diverging
oscillations start at about 160 seconds. The initial negative flapwise displacement is
due to the prebent given to the initial configuration of the blades. In the time response
solution of the wind turbine system, initial 30 seconds of the time response in not taken
to allow for the initial transients to die out. In the time response plot shown, initial time
actually corresponds to 30 seconds. Therefore, in Fig. 2, initial flapwise blade tip
displacement is not exactly equal to 4 m which is the prebent given to the blade tip
given in Table 1. Fig. 3 shows the time history of the torsional deformation of the blade
tip of the baseline blade. Similar to the flapwise deformation, high frequency torsional
deformation with increasing amplitude is also observed in the baseline blade.
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Fig. 3 Torsional deformation of the blade tip displacement of the baseline (GFRP_1)
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Fig. 4 shows the time response of the rotational speed of the baseline (GFRP_1).
It is seen that during the overspeed analysis, since the pitch controller is not active,
rotational speed of the blades increase gradually. According to Fig. 4, when the
rotational speed of the baseline blade is about 22.1 rpm, high frequency oscillation of
the rotational speed of the baseline blade starts.
Initial estimation of the flutter speed of the baseline blade is made by determining
the time step at which the flapwise or torsional deformation of the blade tip enters into
diverging oscillation mode. Such estimation is based on the overspeed analysis
performed with increasing wind speed and rotational speed. In Table 3, wind speeds
and rotational speeds corresponding to the flutter boundaries are given in ranges which
bound the initiation of diverging oscillations of the flapwise bending and torsional
deformations. It is seen that diverging oscillation of the torsional deformation of the
baseline blade starts slightly earlier than the diverging oscillation of the flapwise
bending displacement.
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Fig. 4 Time response of the rotational speed of the baseline (GFRP_1)

Table 3 Flutter wind speed and rotational speed of the baseline blade based on
overspeed analysis with increasing wind speed and rotational speed
Flutter wind speed
Flutter rotational Flutter frequency
(m/s)
speed (rpm)
(Hz)
~ 16.3(T1) - 16.4(FB2) ~22(T) - 22.2(FB)
6.50(FB) - 6.51(T)
1

T:Torsion,

2

FB: Flapwise bending

It should be noted that after observing the diverging oscillations of the flapwise
bending and torsional deformations of the blade tip and of the rotational speed, one
should normally perform overspeed analysis at the fixed rotor speed and its associated
wind speed, as proposed by Baran (2003). The following steps are usually executed to
determine the flutter rotational speed and associated flutter wind speed in time domain
analysis:
 Time corresponding to the initiation of the self-sustained diverging oscillations
of the rotational speed is determined by the overspeed analysis performed by
increasing wind speed, which is specified as input.
 Rotational speed identified in the previous step is increased and decreased
using a properly selected rotational speed increment and associated wind
speeds are also identified.
 Overspeed analysis is performed at the fixed rotational and wind speeds and
time responses of flapwise bending and torsional deformations of the blade tip
are obtained. Time responses of torsional and flapwise bending deformation
are examined if self-sustained diverging oscillations exist or not.
 Overspeed analyses are repeated at decreasing (or increasing) rotational
speeds and its associated wind speeds until the determination of the initiation
of the diverging oscillations of the torsional and/or flapwise bending
deformations. The lowest rotational speed and its corresponding wind speed
at which diverging oscillations of the torsional and/or the flapwise bending
deformations start are the flutter rotational and wind speeds.
In this section, the preceeding steps are followed to calculate the flutter boundary
for the baseline blade GFRP_1. Initial value of the flutter wind and rotational speed is
taken from Table 3 the process consists of mainly four steps. Three out of four steps
serve to investigate the presence of the classical flutter. Fourth step of the process
shows how the classical flutter boundary can be deduced based on the initial values of
the flutter speeds once it is proved in the previous steps that classical flutter occurs.
Since flapwise and torsional deformations are pivotal for the classical flutter, the
method focuses on the diverging behaviour of these two deformations as well as the
time response of the rotational speed of the rotor. For the bend-twist coupled blades,
detailed analysis plots are not presented, but only the flutter wind and rotational speeds
determined by the overspeed analysis at the fixed rotor speed and its associated wind
speed are reported.
In the following, the flutter boundary is identified by the step by step approach.
Step 1: The presence of the instability is first identified by plotting the time
responses obtained in the overspeed analysis with increasing wind and rotational
speed of the rotor. For the baseline blade GFRP_1, Fig. 5 presents time responses of

the flapwise bending displacement and torsional deformation of the blade tip, the wind
speed and the rotor speed in one plot. In the overspeed analysis, wind speed is the
input which is defined as a ramp function at the rate of 0.067 m/s2.
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Fig. 5 Torsional deformation (Deg.), flapwise displacement (m) of the blade tip, rotor
speed (RPM) and wind speed (m/s) for the baseline blade GFRP_1 obtained by the overspeed
analysis by increasing wind speed

In Fig. 5, it is seen that expansion of the rotor speed occurs at about 161 seconds.
Diverging oscillations of the flapwise blade tip displacement and the torsional
deformation occur a little earlier than the expansion seen in the response of the rotor
speed. Diverging oscillations indicate the occurrence of classical flutter. From the rotor
speed response, it can be deduced that the suspected flutter rotor speed is about 22.24
rpm which means that one full revolution takes about 2.7 seconds. Fig. 5 also shows
that expansion in the torsional deformation takes place before the kink in the flapwise
deformation which is a sign of classical flutter.
Step 2: In the second step, zoomed responses of the flapwise and torsional
deformations before the occurrence of the suspected classical flutter are investigated.
Fig. 6 shows zoomed responses of flapwise displacement and torsional deformation
of the blade tip of the baseline blade GFRP_1 obtained by the overspeed analysis by
increasing wind speed when mini kinks with increasing magnitude occur in the torsional
deformation. Fig. 6 shows that a “mini kink” is present in torsional deformation when the
flapwise deformation reaches minimum which is about once every three seconds or
equal to a frequency of approximately 0.33 Hz. Analyzing rotor speed plot, it is
determined that at about 110 seconds, the rotor speed is equal to approximately 19

RPM. This means that the 1P frequency is about 0.32 Hz. This correlates with Fig. 6
and the frequency found for “mini kink”.
Fig. 7 shows zoomed responses of flapwise displacement and torsional
deformation of the blade tip of the baseline blade GFRP_1 obtained by the overspeed
analysis by increasing wind speed when diverging oscillations of flapwise and torsional
deformations of the blade tip initiate. It is noticed that torsional deformation of the blade
tip enters into diverging oscillation mode earlier than the flapwise displacement of the
blade tip. Expansion of the flapwise displacement occurs at about 160 seconds
whereas expansion of the torsional deformation starts earlier as seen in Fig. 5.
Flapwise and torsional deformation

0
100

105

-1

110

115

120

125

flapwise deformation
torsional deformation

-2
-3
-4
-5
-6

Time (sec)

Fig. 6 Zoom in on the flapwise displacement (m) and torsional deformation (Deg.)
of the blade tip of the baseline blade GFRP_1 obtained by the overspeed analysis by
increasing wind speed / Occurrence of mini kinks
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Fig. 7 Zoom in on the flapwise displacement (m) and torsional deformation (Deg.)
of the blade tip of the baseline blade GFRP_1 obtained by the overspeed analysis by
increasing wind speed / Initiation of diverging oscillations

Phase difference between the flapwise bending and the torsional deformation is a
sign of classical flutter. By focusing on the time response of torsional and flapwise
deformation of the blade tip, the phase difference can be quantified. Fig. 8 shows
further zoomed responses after the diverging oscillations of flapwise and torsional
deformations start. Vertical lines drawn clearly show that a phase difference exists
between the peaks of the torsional and flapwise deformations. In Fig. 8, period of the
oscillations is measured as approximately 0.14 seconds and the time difference
between the peaks of torsional and flapwise bending deformations is about 0.04
seconds. Phase difference between the flapwise bending and the torsional deformation
can then be calculated by Eq. (1).
𝜃=

∆𝑡
𝑇

0.04

× 360 = 0.14 × 360 = 102 𝑑𝑒𝑔

(1)

It should be noted that although the phase difference is calculated as 102 o, which
is not exactly equal to the 90o as expected in classical flutter, it can still lead to classical
flutter.
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Fig. 8 Zoom in further on the flapwise displacement (m) and torsional deformation
(Deg.) curves for the baseline blade GFRP_1, obtained by the overspeed analysis by
increasing wind speed / Measurement of the phase difference
Step 3: In the third step, it is checked if the instability is a self-exciting instability
of the flapwise and torsional deformation. It should be noted that the sudden expansion
in torsion and flapwise deformations plotted in Fig. 7 can be explained by the selfexcitation criterion. As the wind speed profile is linear with no step input, linearly
increasing wind speed profile cannot be the reason for the sudden expansion in time
responses of the flapwise and torsional deformation of the blade tip. The amplitude can
only considerably increase in the short time due to self-excitation phenomenon.
As an extra check, another simulation is performed and torsional stiffness of
blade sections is increased by 106 times and flapwise stiffness of blade sections are
maintained at their original values. Overspeed analysis is performed again to check if
the diverging oscillation of the flapwise bending deformation of the blade tip occurs or

not. Figure 9 shows time responses of the flapwise deformation obtained by the original
torsional stiffness and increased torsional stiffness of the blade sections. It is seen that
when the torsional stiffness of the blade sections is increased, diverging oscillations of
flapwise bending deformation of the blade tip disappears and the flutter limit increases.
The instability responds to the increase of the torsional stiffness. Hence, this finding
proves that the instability determined indeed is classical flutter.
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Fig. 9 Flapwise blade tip displacement response of the baseline blade with the original
and increased torsional stiffness obtained by the overspeed analysis by increasing wind
speed
Step 4: Considering the three outcome of the previous steps, it can be concluded
that the instability determined is classical flutter instability. In this step, flutter speed is
determined more accurately. In order to determine the flutter speed accurately, rotor
speed plot is used to determine initial values for flutter wind and rotor speeds. By
zooming in on the rotor speed time response, the first estimation of the flutter speed is
made. Fig. 10 shows the zoomed response of the rotor speed for the baseline blade
GFRP_1, obtained by the overspeed analysis by increasing the wind speed. In Fig. 10,
the initiation of the expansion in the rotor speed is selected as 150 seconds, which is
selected a little earlier than the obvious expansion on purpose, and the corresponding
wind and the rotor speeds are determined as 15.8 m/s and 21.57 rpm, respectively.
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Fig. 10 Zoom in on the rotor speed (RPM) curve for the baseline blade GFRP_1,
obtained by the overspeed analysis by increasing wind speed

Starting from the just determined wind and rotor speeds, new wind turbine
simulations are performed using the fixed wind and the corresponding rotor speeds with
the overspeed analysis. For each wind and rotor speed pair, time responses of the
flapwise bending and the torsional deformation of the blade tip are checked if classical
flutter is present or not. If classical flutter is not observed, the next simulation is
performed for increased rotor speed values. In the present study, since the initial rotor
speed is taken at 150 seconds, which is below the occurrence of diverging oscillations
of the flapwise bending and torsional deformation of the blade tip, rotor speed is
increased incrementally by 0.3 RPM.
In each simulation, the following items are checked until determining the flutter
wind and rotor speeds.
 Time history of deformations, especially the torsional deformation is checked
whether it shows any sign of instability or not.
 The extreme value of the torsional deformation is compared with the extreme
value obtained by the overspeed analysis with increasing wind speed, shown in
Fig. 5.
 Time histories of the angle of attack and the lift coefficient are checked to see if
they show any sign of instability or not. Extreme values of angle of attack and lift
coefficient are also checked if they are comparable to the stall values for the
NACA64-A17 airfoil used at the blade tip.
 Oscillation of the flapwise and torsional deformation should have nearly the
same frequency with a phase difference, as would be expected in the classical
flutter case.
For the wind turbine with the baseline blade GFRP_1, constant input wind and
rotational speeds, used in overspeed analysis to determine the flutter limit, are

presented in Table 4 for each speed pair, above-mentioned checks are performed to
decide on the flutter rotational speed and the associated flutter wind speed. Based on
the checks performed, flutter limit is identified between wind speeds 16.5 m/s and 16.8
m/s.
Fig. 11 presents the wind and rotational speeds and torsional deformation of the
blade tip of the baseline blade GFRP_1 obtained by the overspeed analysis with fixed
wind and rotor speeds of 16.5 m/s and 22.17 RPM.
Table 4 Input wind speed and rotational speed of the baseline blade to determine the
flutter limit
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Fig. 11 Torsional deformation of the blade tip of the baseline blade GFRP_1
obtained by the overspeed analysis with fixed wind and rotor speeds of 16.5 m/s and
22.17 RPM
In Fig. 11, it is noted that in the transient aeroelastic analysis of the wind turbine
system, when the wind speed reaches 16.5 m/s, wind and associated rotational speeds
are kept constant. Fig. 11 shows that the expansion in the torsional deformation is
comparable with the initial expansion in torsional deformation obtained by overspeed
analysis with increasing wind and rotational speeds, shown in Fig. 5.
Figs. 12 and 13 show time responses of the angle of attack and the lift coefficient
of the blade tip section of the baseline blade GFRP_1 obtained by the overspeed
analysis with fixed wind and rotor speed values of 16.5 m/s and 22.17 RPM. It should

Angle of attack (Deg.)

be noted that at the blade tip, angle of attack is negative due to high torsional
deformation at the blade tip whereas inboard sections of the blade have positive angle
of attack.
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Fig. 12 Aerodynamic angle of attack of the blade tip of the baseline blade GFRP_1
obtained by the overspeed analysis with fixed wind and rotor speeds of 16.5 m/s and
22.17 RPM
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Fig. 13 Lift coefficient at the blade tip of the baseline blade GFRP_1 obtained by the
overspeed analysis with fixed wind and rotor speeds of 16.5 m/s and 22.17 RPM
Time responses of the angle of attack and the lift coefficient curves both present
high amplitude oscillations of the angle of attack and the lift coefficient similar to the
torsional deformation of the blade tip. In the present study, the airfoil at the blade tip is
NACA64-A17. The boundaries of the angle of attack and the related lift coefficient (CL)
for the dynamic stall of the NACA64-A17 airfoil are given as:

Angle of attack: -15o < α < 16o
Lift coefficient: -1.1 < CL < 1.4
In Figs. 12 and 13, angle of attack and lift coefficient limits are indicated by the
red lines. It is noted that for the 16.5 m/s wind speed case, angle of attack and lift
coefficients just cross the limits, and this behaviour is a sign of the dynamic stall which
would be expected in case of classical flutter. If the rotational speed is increased by an
additional 0.3 RPM to 22.4 RPM, then angle of attack and lift coefficient fluctuations
exceed the limits indicated by the red lines in Figs. 12 and 13. Thus, it is concluded that
for the wind turbine system with the baseline blade GFRP_1, flutter occurs when the
wind speed is about 16.5 m/s.
For the wind turbines with bend-twist coupled blades GFRP_2 and HGCFRP_3,
flutter speeds are also determined by the overspeed analysis at constant wind
rotational speeds. Following the same step by step approach, flutter wind and rotational
speeds determined for the three blades are presented in Table 5. Table 5 shows that
bend-twist coupled blade HGCFRP_3 has significantly lower flutter wind and rotational
speeds compared to the baseline blade and the bend-twist coupled blade GFRP_2.
Table 5 Flutter wind speed and rotational speed of the baseline and the bend-twist
coupled blades GFRP_2 and HGCFRP_3 / Overspeed analysis at constant wind and
rotational speed / Fiber angle=15o
Blade
Baseline blade (GFRP_1)
Bend-twist coupled blade (GFRP_2)
Bend-twist coupled blade (HGCFRP_3)

Flutter wind speed
(m/s)
16.5
15.4
12.1

Flutter rotational
speed (rpm)
22.17
21.34
16.6

For the wind turbine systems with the baseline and bend-twist coupled blades,
Table 6 gives flutter speeds obtained by the overspeed analysis with increasing wind
and rotational speeds. To determine flutter speeds by the overspeed analysis with
increasing wind and rotational speeds, Fig. 5 is used for the baseline blade GFRP_1
and relevant figures are used for the bend-twist coupled blades GFRP_2 and
HGCFRP_3. The flutter initiation is decided based on the start of the diverging
oscillations of the torsional and the flapwise bending deformations of the blade tip. For
all cases, diverging oscillations of the torsional deformation of the blade tip starts
slightly earlier than the diverging oscillations of the flapwise deformation of the blade tip.
It is seen that flutter speeds determined by the overspeed analysis with increasing wind
and rotational speeds are very close to the flutter speeds determined by the overspeed
analysis with constant wind and rotational speeds. With the overspeed analysis with
increasing wind and rotational speeds, slightly lower flutter speeds are determined.
In Table 6, in the last column, flutter frequencies are also presented. After the
diverging oscillations start, time histories of the flapwise and the torsional deformations
of tip of the blades are processed via Fast Fourier Transform (FFT) to obtain the
frequencies associated with the flapwise and torsional modes of vibration

corresponding to the flutter condition. Fig. 14 shows the cosine part of the FFT of the
flapwise and the torsional deformation responses of the blade tip of the baseline blade
GFRP_1. Frequency response plots show that flapwise and torsional responses flutter
almost at the same frequency.
Table 6 Flutter wind speed and rotational speed of the baseline and the bend-twist
coupled blades GFRP_2, and HGCFRP_3 / Overspeed analysis with increasing wind
and rotational speed / Fiber angle=15o
Flutter
wind speed
(m/s)
16.3
15.1
11.83

Blade
Baseline blade (GFRP_1)
Bend-twist coupled blade (GFRP_2)
Bend-twist coupled blade
(HGCFRP_3)
1

0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0
5.75

2

T: Torsion

Cosine part of the FFT of
torsional deformation (Deg.)

Cosine part of the FFT of
flapwise displacment (m)

FB: Flapwise bending

6

Flutter
Flutter
rotational speed
frequency
(rpm)
(Hz)
22
6.50(FB1)- 6.51(T2)
21
7.14(FB) – 7.15(T)
16.53
6.45(FB)- 6.59(T)
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7
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Fig. 14 Frequency response plots of the time history of the flapwise and the torsional
deformations of the blade tip of the baseline blade GFRP_1 / Fiber angle=15 o
To understand the reason for the reduction in flutter speeds of bend-twist coupled
blades, flapwise bending and torsional stiffness of bend twist sections of the blades are
compared with each other in Fig. 15. Since the bend-twist coupled blade design
HGCFRP_3 is based on maintaining the almost same flapwise bending stiffness of the
bend-twist coupled sections of the blade GFRP_2, flapwise bending stiffness of the
bend-twist sections of blades GFRP_2 and HGCFRP_3 are nearly same. It is also
noticed that torsional stiffness of bend-twist coupled sections of the blades GFRP_2
and HGCFRP_3 are also very close to each other. Based on the flapwise and torsional
stiffness comparisons, it can be concluded that lower flutter speed of bend-twist
coupled blade is mainly due to the kinematic coupling effect of bending and torsional
deformation. It is inferred that higher bend-twist flexibility has lowering effect on the
flutter speeds.

3.5E+08

GFRP_1
GFRP_2
HGCFRP_3

3.0E+08
2.5E+08
2.0E+08
1.5E+08
1.0E+08
5.0E+07
0.0E+00

GFRP_1
GFRP_2
HGCFRP_3

1.0E+08
Torsional stiffness (Nm2)

Flapwise bending stiffness (Nm2)

Bending-twisting coupling flexibility coefficients of the reference and bend-twist
coupled blades in the outboard 30 m of the blade are given in Table 7. Because the
CFRP material has higher bending-twisting coupling potential, bending twisting
coupling flexibility coefficients of the blade HGCFRP_3 are higher than twice the
bending-twisting coupling flexibility coefficients of bend-twist sections of the blade
GFRP_2. On the other hand, bending-twisting coupling flexibility coefficients of the
reference blade GFRP_1 are almost negligible compared to the bend-twist coupled
blades. It should be noted that although the bending twisting coupling reduces the
effective angle of attack that the blade sections see, kinematic coupling effect overrides
the lowering of the effective angle of attack of the blade sections due to bending
twisting coupling and flutter speeds of bend-twist coupled blades decrease.
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Fig. 15 Comparison of the flapwise bending and torsional stiffness of the bend-twist
coupled sections of the baseline and bend-twist coupled blades / Fiber angle=15o
Table 7 Bending-twisting coupling flexibility coefficients of the reference and bend-twist
coupled blades in the outboard 30 m of the blade / Fiber angle=15 o
Blade
Section
10
11
12
13
14
15
16
17
18

GFRP_1
(1/N.m2)
1.996E-15
2.495E-14
-8.844E-14
-1.014E-13
-1.173E-13
-1.558E-13
-2.057E-13
-1.372E-11
-4.266E-10

GFRP_2
(1/N.m2)
-1.038E-09
-1.677E-09
-4.051E-09
-5.940E-09
-1.198E-08
-2.032E-08
-3.870E-08
-1.552E-07
-4.156E-06

HGCFRP_3
(1/N.m2)
-2.108E-09
-3.433E-09
-8.647E-09
-1.304E-08
-2.692E-08
-4.421E-08
-8.111E-08
-3.465E-07
-9.741E-06

Based on the present study, the following items come out as main effects on the
flutter speed of wind turbine blades.






Higher flapwise bending and torsional stiffness increases the flutter speed.
Torsional stiffness of the blade is more effective on the flutter behaviour.
Bend-twist coupling accounts for reduction in effective angle of attack (AOA) in
the blade sections, thus it ultimately has increasing effect on the flutter speed.
However, due to the kinematic coupling, higher bend-twist flexibility also has a
lowering effect on the flutter speed of the bend-twist coupled blades.
Differences in the rotational speeds of the blades in the overspeed analysis
affect the effective angle of attack.
- Lower rotational speed increases the effective AOA – lowering effect on
flutter speed.
- Higher rotational speed decreases the effective AOA – increasing effect on
flutter speed.

In the present study, wind turbine system selected has a rotor radius of 63.5 m. It
should be noted that for the flutter speeds presented in Table 5, Mach numbers at the
blade tip of the baseline GFRP_1 and bend-twist coupled blades GFRP_2 and
HGCFRP_3 are 0.43, 0.42 and 0.32, respectively. Since the aerodynamic solver of
PHATAS is based on unsteady blade element momentum theory, especially for the
baseline blade GFRP_1 and bend-twist coupled blade GFRP_2, compressibility effect
is not negligible near the tip sections of the blade. However, in most of the blade
sections compressibility effect can be neglected. Nevertheless, present study shows
that time domain analysis methodology can be used for the determination of the flutter
boundary of wind turbine blades which enter into flutter in the incompressible flow
regime.
3. CONCLUSIONS
Flutter characteristics of bend-twist coupled blades, designed for load alleviation
in wind turbine systems, are investigated. For this purpose, a baseline full GFRP blade,
a bend-twist coupled full GFRP blade and a hybrid GFRP and CFRP bend-twist
coupled blade is designed for load reduction purpose for a 5 MW wind turbine model
that is set up in the multi-body dynamics code PHATAS. By performing overspeed
analysis at fixed blade pitch angle without any blade control and applying slowly
increasing wind velocity, time responses of the rotational speed of the rotor, flapwise
and torsional deformation of the blade tip and angle of attack and lift coefficient of the
blade sections are monitored to predict the flapwise bending-torsion flutter of the blades.
Based on the time domain overspeed analysis of the baseline and bend-twist coupled
blades, it is shown that bend-twist coupled blades have lower flutter wind and rotational
speeds than the baseline blade. The main reason for the lower flutter speed of bendtwist coupled blades is mainly attributed to the kinematic coupling effect due to bending
twisting coupling. Higher bend-twist flexibility has lowering effect on the flutter speeds
and in the time domain analyses performed, it is concluded that kinematic coupling
overrides the lowering of the effective angle of attack of the blade sections due to
bending twisting coupling and flutter speed of bend-twist coupled blades decrease.
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