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Abstract 

Wind turbine blades in parked position can 
experience extremely high flow angles of attack 
in the region of ±90o, depending on the direction 
of the incoming wind. Under such conditions the 
flow is massively separated over the entire blade 
span and therefore stall induced vibrations are 
likely to occur with obvious implications on loads 
and stability. The present paper focuses on the 
stability problem. The linear stability tool of CRES 
and NTUA is employed with the aim to 
investigate the aeroelastic stability of isolated 
parked blades for winds coming from all possible 
directions with respect to the rotor plane and 
wind speeds ranging from the cut in up to the 
survival speed. Results are presented for a 
reference blade (around 40 m) designed in the 
framework of the EU project UPWIND, under the 
Work Package 1B1 led by GAMESA. The results 
obtained indicate that more severe stall induced 
vibrations take place when the incoming wind 
direction is such that the local to the blade angles 
of attack are either around ±90o or close to the 
maximum CL value. 

Keywords: aeroelastic stability, parked 
conditions, wind turbine blades 

 

1 Introduction 

The blades of a parked wind turbine are usually 
exposed to local flow angles of attack in the 
vicinity of ±90o. At such extreme angles of attack 
massive flow separation occurs over the whole 
blade span and hence stall induced vibrations 
are very likely to follow. Such vibrations might 

generate load variations that can substantially 
contribute to the fatigue of the machine. Also, in 
conjunction with extreme winds of 50 years 
recurrence, they can result in critical loading 
situations that drive design loads. 

The problem of stall induced instabilities has 
been given a lot of attention by the wind energy 
community during the last 15 years. Big effort 
has been put in the investigation of the edgewise 
vibrations occurring on stall regulated rotor 
blades when operating at high wind speeds, 
beyond rated conditions [1],[2],[3],[4]. This effort 
was combined with the in parallel development 
and implementation of various engineering 
dynamic stall models into the state of the art 
aeroelastic tools [3],[5],[6]. Moreover, substantial 
understanding of the underlying physical 
mechanisms was also provided through the use 
of CFD analysis in investigating dynamic stall 
phenomenon [7],[8],[9]. Of course all the above 
developments focused on instability problems 
occurring under normal operation, which 
inevitably limits angles of attack to values slightly 
above CLmax angles. Recently the problem of stall 
induced instabilities, occurring on parked rotors, 
has been introduced as one of the topics that 
need to be dealt with in the near feature [10]. 
However, until today very limited work has been 
reported on this topic [11], at least to the 
knowledge of the authors. 

The greatest uncertainty in the aeroelastic 
modelling of a standing still wind turbine is the 
prediction of the aerodynamic loads of the fully 
separated flow over the blades. All existing 
engineering dynamic stall models provide 
aerodynamic loads in deep stall conditions for 
angles of attack lying in the region of the 



maximum lift (CLmax) angle. However, none of 
them is properly tuned or validated in cases 
where the local flow incidence reaches 90o. On 
the other hand, calculation of the wake induced 
effects of the non-rotating blade requires a 
different treatment than that offered in the context 
of the actuator disk theory. Despite the above 
uncertainties, the wind turbine standards require 
that manufacturers are able to demonstrate that 
their parked wind turbines can withstand the 
loads resulting from high winds coming from all 
possible directions (including extreme yaw 
misalignments of ±180o). The above requirement, 
in combination with the uncertainties associated 
with determining loads in deep stall flows, 
emerges a substantial gap in the prediction 
capabilities of modern aeroelastic, even state-of-
the-art, tools. 

In the present paper, the aeroelastic stability of a 
parked wind turbine rotor is addressed. The work 
has been carried out in the framework of the EU 
funded project UPWIND, under Work Package 
1B1. The analysis is performed for a paper case 
blade (around 40 m) of a 2MW pitch regulated–
variable speed wind turbine, specifically designed 
for the purposes of the project. 

As a starting point for the evaluation of the 
performance of the parked blade, its stability 
during operation is presented for uniform inflow. 
Then, the stability of the parked blade is 
considered in the context of the linear eigenvalue 
analysis, assuming steady state aerodynamics 
(unsteady vortex shedding is not taken into 
account). Stability computations are performed 
for an isolated, parked blade, for wind speeds up 
to the survival speed of 70 m/s and for yaw error 
angles ranging from 0-180  to 0+180 . As already 
mentioned, the use of steady state aerodynamics 
in predicting highly separated flows corresponds 
to the prediction status of all existing state-of-the-
art aeroelastic design tools employed in the 
certification of modern wind turbines. 

Given the difficulties described above, associated 
with the prediction of the aerodynamic loads in 
deep stall conditions, the analysis is aimed at 
providing some first estimate of the incoming flow 
angle regimes for which stall induced vibrations 
become more pronounced. The results of the 
steady state analysis are also compared against 
stability predictions obtained using the unsteady 
aerodynamic model ONERA. This comparison is 
only applicable at relatively low yaw error angles 
where local flow angles of attack remain 
moderate and therefore ONERA model 
predictions are still valid. 

 

2 The Stability Tool 

Stability computations are performed by solving 
the eigenvalue problem of the linearized system 
of the coupled structural dynamic and 
aerodynamic equations of motion. The model is 
capable of treating the complete wind turbine 
configuration including the controls (servo-
aeroelastic system) [12], [13]. In the baseline 
aeroelastic tool, structural dynamics are 
modelled using beam theory for all flexible 
components (i.e. the blades, the shaft and the 
tower) undergoing bending in two directions, 
torsion and tension. The approximation is based 
on the finite element method which results in 
beam elements of twelve degrees of freedom 
(DOFs). The dynamic and structural coupling of 
the different components is performed in the 
context of a multi-body analysis. Therefore in 
addition to their structural deformations, each 
deformable component is allowed to undergo 
rigid body motions under kinematic and load 
constraints specified by its connection to the 
remaining structure  [14]. 

Rotor aerodynamics is modelled using blade 
element momentum theory employing quasi-
steady or unsteady aerodynamic modelling 
(including dynamic stall modelling). In the first 
case, the 2D steady-state polars of the airfoils 
are introduced. On the other hand, localised 
unsteady aerodynamics is accounted for by the 
Extended ONERA Lift, Drag and Moment model 
[15]. Blade element momentum theory was 
devised for operating rotors. In parked 
conditions, wake effects are neglected and 2D 
strip theory is applied. 

For the combined treatment of the aerodynamics 
and the structural dynamics, additional, 
aerodynamic states, corresponding to the 
circulation DOFs of the ONERA model, are 
introduced. They are combined with the structural 
ones in the so-called ‘Aeroelastic Beam Element’ 
[3]. 

The linearized system of the coupled aeroelastic 
equations of motion is written in the following 
form:
⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎧ ⎫⎧ ⎫ ⎧ ⎫ ⎧ ⎫ ⎪ ⎪⋅ + ⋅ + ⋅ =⎨ ⎬ ⎨ ⎬ ⎨ ⎬ ⎨ ⎬⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎪ ⎪⎩ ⎭ ⎩ ⎭ ⎩ ⎭⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎩ ⎭

uu uq uu uq uu uq u

qu qq qu qq qu qq q
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m m d d c c fq q q

(1) 

In (1), u  are the local structural and 
aerodynamic DOFs. In the case of a rotor blade, 
u  will include the local bending (flapwise and 
edgewise), tension and torsion DOFs plus the 
additional circulation states introduced by the 
ONERA aerodynamic model [12]. The vector q  
contains all the rigid body translations and 
rotations, determining the origin and orientation 



of the local to the body co-ordinate system with 
respect to the inertial frame. In particular, for the 
blade, vector q  can both include large rotations 
and translations (e.g. azimuth rotation, pitching 
motion, yaw of the nacelle) but also structural 
deflections of preceding bodies (e.g. bending 
displacements and rotations at the tower top and 
hub centre attachment points). In the context of a 
multi-body approach these are all treated 
uniformly as rigid body motions. 

Given the above definitions of u  and q , it 
follows that the off-diagonal elements in the 
mass, damping and stiffness matrices in (1), 
designated with the subscript ‘ uq ’, correspond to 
the coupling terms resulting from the relative 
motion of the local system with respect to the 
global inertial frame while those indicated by ‘ qu ’ 
correspond to the kinematic or structural 
dependency of the q  DOFs on the local u  
DOFs. 

In open loop operation, fixed value conditions are 
appointed to the q  DOFs, associated with 
specific control output variables. For example, for 
a pitch regulated–variable speed wind turbine it is 
assumed that the generator speed and the pitch 
angle of the blades are time-invariant. The fixed 
values imposed to these DOFs are 
representative of the average operation 
conditions for a specific wind speed. Such an 
assumption will of course constrain the loads 
associated with the specific kinematic DOFs, i.e. 
the torque of the generator and the pitching 
torque at the root of the blades. 

To obtain the linearized system of equations (1) 
the non-linear servo-aeroelastic equations of 
motion are linearized with respect to a reference 
state.  

The linearized system (1) is reformulated into a 
first order system: 

( , )= ⋅ +0 0x A x x x B  (2) 
In (2) 0x  denotes the reference state and x  are 
perturbations of the state variables about this 
reference state. The reference state can either 
be periodic or steady depending on the type of 
the dynamic system considered and its 
excitation. In the present work where the isolated 
parked blade problem is dealt with, the reference 
state is steady and it is obtained by solving the 
static problem stemming from (1) when deflection 
velocities and accelerations are set to zero. The 
eigenvalues of the constant coefficient matrix A  
provide the natural frequencies and damping 
characteristics of (2). On the contrary, when the 
stability of the blade is examined during 

operation, the reference state is a periodic 
equilibrium solution defined by integrating the 
non-linear set of equations in time until a periodic 
response (with respect to the rotor speed) is 
reached. In this case a multi-blade transformation 
of the rotating DOFs is introduced to eliminate 
the periodic coefficients arising and treat the 
linear system with reference to the non-rotating 
frame. 
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Figure 1: Power curve and operational 
characteristics of the reference rotor. 



3 The reference blade 

The analysis presented in this paper concerns a 
reference blade (around 40 m) designed within 
the context of Work Package 1B1 of the UpWind 
project. In the analysis, the blade is assumed 
infinitely stiff in torsion, and this is the reason why 
no information for the torsional structural modes 
of the blade is presented hereafter. Also, 
structural damping is not taken into account. 

In Table 1 the natural frequencies of the 
reference blade in vacuum for the rotor speeds of 
0 rpm and 16.7 rpm (nominal speed) are included 
for the first six modes (three flapwise and three 
lagwise). It is noted that the first flapwise and 
lead-lag eigen-frequencies are quite close to 
each other. The former is found in the vicinity of 
4 P (slightly higher), while the latter is near 5.5 P. 
This design approach slightly deviates from the 
common design practice, which places first 
flapwise frequency near 4 P (or slightly lower) 
and the first lead-lag frequency near 6.5–7 P (or 
slightly lower). 

The operational characteristics of the reference 
rotor (rotational speed and pitch angle) are 
presented in Figure 1, along with its power curve. 
An isolated rotor stability analysis has been 
performed, in which it is assumed that the wind 
turbine operates in open loop. This means that at 
each wind speed, the rotational speed of the 
rotor and the blade pitch obtain constant values 
that correspond to the average conditions 
presented in Figure 1. In these computations 
structural damping has not been taken into 
account. Whilst this analysis is not strictly within 
the frame of the present work, it provides the 
necessary evidence that the blade is stable in 
normal operation. 

The distribution of the aero-elastic frequencies 
are presented in Figure 2 for the first four 
structural modes (two flapwise and two lagwise). 
The first flapwise and lead-lag eigenfrequencies 
are quite close to each other, as already noted in 
the vacuum frequencies. The effect of the flap 
lead-lag frequency coincidence on the stability of 
a rotor has been extensively investigated in  [16]. 
There it was shown that as a consequence of the 

proximity of the two frequencies high damping 
values are expected for the, usually low damped, 
first lead-lag mode. 

Mode Description Natural frequency [Hz] 

 0 rpm 16.7 rpm 
1st flap 1.17 1.24 
1st lag 1.55 1.56 
2nd flap 2.95 3.04 
2nd lag 4.31 4.35 
3rd flap 5.95 6.03 
3rd lag 9.41 9.46 

Table 1: Natural frequencies in vacuum. 
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Figure 2: Aeroelastic frequencies of the blade. 
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Figure 3: Aeroelastic damping of the first (red 
curve) and second (green curve) flap (upper) and 
lead-lag (lower) modes. 



 
Figure 4: Definition of the yaw angle. 

The aerodynamic damping is plotted in Figure 3 
in terms of the logarithmic decrement of the first 

four structural modes (two flap and two lead-lag). 
It is important to note that even by neglecting 
structural damping in this analysis, the damping 
values that arise are positive for all modes. In 
particular flapwise modes are highly damped and 
lead-lag modes are low damped, as expected. 

As a result of the proximity of the first flap and 
lead-lag modes, high damping values of the first 
lead-lag mode are obtained in the vicinity of the 
rated speed. The slight dip on the damping of all 
modes near the rated speed is connected to the 
stalled operation of the rotor just before pitch 
starts to vary. Then, as the pitch angle increases 
the damping also starts to increase. This is 
especially true in the case of the flap modes. As 
regards the first lead lag mode the damping 
drops considerably at high wind speeds within 
the variable pitch region. 
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Figure 5: Aeroelastic damping of the first four structural modes for different yaw angles using quasi-
steady modelling. 

 



4 Results and discussion 

4.1 Isolated rotor analysis using 
quasi-steady aerodynamics 
The results of the analysis of the parked blades 
are presented in this section. As regards the sign 
of the yaw error the standard definition illustrated 
in Figure 4 is followed. According to the figure, 
when the yaw error is 090 , the incoming flow is 
perpendicular to the blade and the blade 
encounters large positive angles of attack while 
when 0-90  is again perpendicular but the angles 
of attack are negative. So 00  yaw angle 
corresponds to the case that the chordwise 
direction of the blade is aligned to the incoming 
wind flow. On the other hand 0180  and 0-180  
corresponds to the case that the flow comes 
backwards. 

The damping characteristics of the first four 
modes of the parked blade versus wind speed 
(ranging from 5–70 m/s) and for various yaw 
angles (ranging from 0-30 to 030 ) are presented 
in Figure 5. In Figure 6 the dependency of the 
modal damping on the yaw error is shown for the 
same modes and for four different speeds (25, 
35, 50 and 70 m/s). In these plots the yaw error 
varies from 0-180  to 0180 , which means that all 
possible directions of the incoming flow are 
considered. 

In this first set of computations stability analysis 
is performed using steady-state aerodynamics. In 
all computations zero structural damping has 
been assumed, so the damping values shown in 
the figures represent solely aerodynamic 
damping of the blade. For the pitch regulated 
wind turbine considered it is assumed that the 
blade, when parked, is in feather position ( 090  
pitched, see Figure 4). 
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Figure 6: Aeroelastic damping of the first four structural modes for different wind speed values using 
quasi-steady modelling. 

 



From the above results the following general 
conclusions are drawn: 

• The highest aerodynamic damping is 
produced at small (positive or negative) yaw 
angles and for backward flow. 
• The lowest aerodynamic damping is showed 
at angles of attack around CLmax and 090± . 
• The first flap mode becomes negatively 
damped at 010  yaw angle as a result of the 
blade operation in the “near” post stall region. 
However, the appearance of negative damping 
values is local and it is only limited to a narrow 
incidence band. 
• Edgewise vibrations (if any) would increase 
with the wind speed. This is true at all yaw error 
angles but the low and moderate negative ones. 
In the latter case, the damping tends to a 
constant negative value or even slightly 
increases at high wind speeds. 

4.2 Isolated rotor analysis using 
unsteady aerodynamics 
The damping results obtained by the application 
of the unsteady aerodynamics model ONERA are 
presented in Figure 7. Unsteady aerodynamic 
computations are performed for the range of yaw 
angles of 0 0[ 15 , 30 ]− . This is because beyond 
that range the results of the ONERA model are 
no longer trustworthy. In Figure 7, the unsteady 
aerodynamic predictions are compared against 
the steady state results for the first flap and first 
lead-lag modes and for four wind speeds (25, 35, 
50 and 70 m/s). From this comparison it is 
concluded that in the use of unsteady 
aerodynamics: 
• the damping of the first flap mode remains 
positive at all yaw angles examined, as long as 
the wind speed does not exceed 25 m/s. At 
higher wind speeds, negative damping values of 
the first flap mode are obtained with some delay 
as compared to the steady state predictions. 
Minimum damping values are obtained at the 
yaw angle of 020 . 
• at low yaw angles, the damping of the first flap 
mode is lower than the one obtained with steady-
state aerodynamics. As the wind speed 
increases the difference between steady and 
unsteady predictions becomes smaller and 
smaller. The lower damping values obtained at 
low wind speeds is explained by the Theodorsen 
effect on the unsteady CL hysteresis loops. Of 
course as the wind speed increases damping is 
dominated by the wind velocity rather than the CL 
dependency on the local flow angle of attack. 

• negative damping values of the first lead-lag 
mode predicted by the ONERA model are higher 
than those predicted using steady state 
aerodynamics. 

The above predictions, although they clearly 
provide an indication of the flow conditions under 
which instabilities are more likely to occur, are 
still subjected to uncertainties especially when 
massively separated flows are dealt with. So they 
definitely need to be verified through 
computations using even more advanced 
aerodynamic models. Also, additional parameters 
that need to be addressed are the non linearity of 
the flow and its effect on the damping 
predictions, as well as the fact that, in most 
cases, parked rotors are not standing still but 
they idle. It is expected that both parameters 
would have a positive effect on stability that 
needs to be accounted for in future 
developments. 

In order to moderate these uncertainties, at a 
later stage, a free-wake aerodynamic model will 
be employed. It is based on vortex particle 
approximations of the wake, where free vorticity 
is released along the trailing edge and tip of the 
blade. In cases of massive separation, the 
release of vortex particles is extended along the 
leading edge resulting in a “double wake”  [17]. 
The two vortex sheets interact with each other 
and through their role up they form a separation 
bubble that extends over the suction side of the 
blade. Simulations using this kind of modelling 
will be performed in the time domain and stability 
analysis will be carried out on the resulting time 
series. 

5 Conclusions 

The aeroelastic stability of a parked wind turbine 
rotor is addressed in this paper in the context of a 
linear eigenvalue analysis assuming steady-state 
aerodynamics (unsteady vortex shedding is not 
taken into account) for yaw angles ranging from 

0-180  to 0180  or unsteady aerodynamic 
modelling for relatively low yaw angles, for wind 
speeds up to the survival speed of 70 m/s. It 
provides a first estimate of the angle of attack 
regimes for which stall induced vibrations might 
become more pronounced. These uncertainties 
will be addressed at a later stage, using a free-
wake aerodynamic modelling. 
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Figure 7: Aeroelastic damping of the first flap (left) and first lead-lag (right) modes for different wind 
speeds using unsteady aerodynamic (ONERA) modelling (comparison with steady-state predictions). 



From the analysis with the steady-state 
aerodynamic model it is concluded that the 
highest aerodynamic damping occurs at small 
(positive or negative) yaw angles and for 
backward flow. The lowest aerodynamic 
damping occurs at yaw angles of 020  (angles of 
attack slightly beyond CLmax angles) and 090± . 
The, generally highly damped, first flap mode 
becomes negatively damped at 010  yaw angle 
as a result of the blade operating in the “near” 
post stall region. However, the appearance of 
negative damping values is local and it is only 
limited to a narrow incidence band. 

In the case of the unsteady aerodynamic 
modelling the damping of the first flap mode 
does not become negative at moderate positive 
yaw angles (around 010 ) as long as the wind 
speed is lower than 25 m/s. At higher wind 
speeds negative aerodynamic damping values 
of the first flap mode are obtained with some 
delay at higher yaw angles (around 020 ). The 
negative damping values of the first lead-lag 
mode predicted by the unsteady model are 
higher than those predicted using steady state 
aerodynamics. 

The above predictions, although they clearly 
provide an indication of the flow conditions 
under which instabilities are more likely to occur, 
they are still subjected to uncertainties 
especially when massively separated flows are 
dealt with. 
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