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1 I NTRODUCTION
The size of modern utility-scaled horizontal-axis wind turbines shows a continuously increasing trend. As the rotor
size increases, the loads affecting the wind turbine scale up,
not only as an effect of the increased mass of the structure,
but also as a consequence of larger variations in the flow
field spanned by the wind turbine blades; such variations
originate, for instance, from atmospheric turbulence, wind
shear, tower shadow, and wakes from other turbines.
Future generations of wind turbines would benefit from, and
maybe necessitate, a control system able to alleviate the
loads on the structure, for instance, by, for instance, actively
controlling the aerodynamic forces along the blades so to
compensate for variations in the flow field.
The concept is known as smart rotor: the active control system collects information on the current wind turbine state
through different sensors, the informations are then processed by a control algorithm, and sent to actuators modifying the aerodynamic forces along the blade.
Several institutions in Europe and US are investigating smart
rotor potentialities [1, 2], and different control strategies and
actuator devices have been proposed. Some solutions point
at using already existing actuators, as the pitch system, and
integrate it with sensors and control algorithms so to control each blade pitch individually [3]. Other studies propose
to use actuators that modify the aerodynamic forces locally
along the blade span, as, for instance, micro-tabs[4], rotating
flaps, or adaptive trailing edge flaps [5, 6].
The current work focuses on an adaptive trailing edge flap
(ATEF) active control system, where the flap actuator deflects the aft part of the airfoil section by applying a smooth
and continuous deformation shape to the airfoil camber line.
Compared to a classic rotating flap, the continuous deformation shape results in better lift over drag performances, and
lower noise emissions.
The paper briefly presents the aerodynamic model for lift,
drag and moment on an airfoil undergoing arbitrary motion
and flap deflection. In the following section, indications on
the design process and requirements to the active flap control system are retrieved from a preliminary load analysis on

the NREL 5-MW wind turbine in its baseline configuration
[7]. Future work will then aim at designing an active flap
control solution for the studied wind turbine, and assess the
benefits of the active control system on the overall loading
conditions.
2 M ODEL AND M ETHOD
The presence of active flap devices poses new challenges in
the modeling of the aerodynamic forces that generates along
the wind turbine blades. CFD tools like Reynolds Averaged
Navier Stokes (RANS) solvers provide accurate solutions,
but the computation requirements are still too demanding
for the tool to be efficiently integrated in an aeroelastic simulation tool.
Most simulation tools used to compute the aeroelastic response of a wind turbine in the time domain are based on implementations of the Blade Element Method (BEM) [8]. Under the BEM assumption of independent annular elements
on the rotor plane, the rotor aerodynamic is determined from
the lift and drag forces along the blades; the aerodynamic
forces are then computed independently for each 2D airfoil
section in which the blade has been discretized into.
This work presents an aerodynamic model to compute
lift, drag, and moment coefficients for an airfoil section
equipped with an Adaptive Trailing Edge Flap. The model
reproduces both steady and dynamic characteristics of the
forces on the airfoil undergoing arbitrary (within the limits
of plane wake assumption) motion and flap deflection. The
dynamic effects reproduced by the model can be split into
three categories.
Added mass effects, or non-circulatory contributions, describe the forces that arise simply as a reaction of the fluid
accelerated by the airfoil (or the flap) motion. The term has
no memory effects, and only depends on the instantaneous
motion of the airfoil or flap.
Effects from wake dynamics, or potential flow effects, describe the memory effects of the vorticity shed into the wake,
following a change of the airfoil aerodynamic loading, as,
for instance, due to a variation in angle of attack or flap deflection.
Dynamic stall effects represent the dynamics of the forces
on an airfoil undergoing flow separation (stall).

2.1 Potential flow part
In this part of the model, the aerodynamic forces are computed assuming the airfoil always operates in fully attached
flow conditions; viscous effects on the aerodynamic forces
are thus neglected (potential flow assumption).
The deficiency, or time lag, on the lift force, caused by the
vorticity shed into the wake, is modeled through an equivalent effective downwash speed, as in the model from Hansen
et al. [9].
Gaunaa [10] shows that, under the assumptions of potential
flow and thin-airfoil theory, the effective downwash speed
for an airfoil undergoing arbitrary motion and camber line
deformation can be evaluated as a superposition of indicial
step responses. The indicial response function is expressed
in an exponential form, similar to Jones’s function for the
flat plate response, thus allowing for an efficient time step
integration algorithm.
The effective downwash speed is then split into an equivalent effective angle of attack αeff and flap deflection βeff contributions; the effective angle of attack and flap deflection
are used in the look-up of the input steady data, returning
thus aerodynamic forces that account for the wake memory
effects.
2.2 Dynamic stall part
The flow separation part of the model follows the BeddoesLeishmann dynamic stall formulation given in Hansen et al.
[9]. The circulatory lift is expressed as a weighted sum of a
fully attached and a fully separated contribution:
Circ.Dyn
CL

= CLatt f dyn +CLfs (1 − f dyn ).

(1)

The dynamics of the flow separation along the airfoil are described through the separation function f dyn , which assigns
the weight between the fully attached and the fully separated
component. The value of the function depends on the potential flow lift, and on a steady separation function f st .
The steady values of the separation function f st , fully attached CLatt , and fully separated CLfs lift coefficients are retrieved from the steady input data CLst . All the quantities are
now function of both angle of attack and flap deflection, and
their computation is not as straightforward as in the rigid
airfoil case. The computations are performed in an external
‘preprocessing unit’, which allows the user to check, and,
eventually, correct the steady data that will be used as input
in the aerodynamic model.
In the preprocessing unit, the steady state input lift CLst is
split into a fully attached and a fully separated contribution,
assuming that the fully attached part has a linear dependency
on both angle of attack α and flap deflection β :
CLlin =

∂CL st
∂CL st
(α − α0 ) +
β .
∂α
∂β

(2)

The steady separation function is then computed from the

expression for the flat-plate lift in Kirchoff flow, as:
s
st

f (α, β ) =

2

!2
CLst
−1 .
CLlin

(3)

The separation function should be real and bounded 0 ≤
f st ≤ 1, thus singularities arise whenever CLst /CLlin < 0 or
CLst /CLlin > 1. The singularities are avoided by simply rounding the function to the closest boundary value; further ‘manual adjustments’ will need to be applied by the user to avoid
discontinuities in the lift coefficient and separation function
input data.
Once the separation function f st is determined, three flow
regions are identified.
Fully attached region, where the separation function is f st =
1. Here, CLatt is taken equal to CLst , rather than CLlin , so to
maintain the steady lift coefficient equal to the input one:

CLatt = CLst
st
;
(4)
f =1 →
CLf s = CLst /2
Fully separated region, where the separation function is
f st = 0:

CLf s = CLst
st
;
(5)
f =0 →
CLatt = CLlin
Transition region:
(
0 < f st < 1

→

CLatt = CLlin
CLf s

=

CLst −CLlin f st
1− f st

.

(6)

The model has been validated by comparison with RANS
solutions for an airfoil undergoing harmonic pitching motion and flap deflection, and it has been implemented in the
multi-body aeroelastic simulation tool HAWC2 [11].
2.3 Method
The aeroelastic simulation tool HAWC2 is used to evaluate the aeroelastic response of the NREL 5-MW baseline
wind turbine [7] in the time domain. A wide set of simulation conditions is outlined following the design load cases
(DLC) prescribed by the IEC standard [12]; simulations include both stochastic, and deterministic wind fields inputs,
normal operation and extreme events. The resulting simulated loads are summarized in terms of ultimate loads, and
equivalent fatigue loads.
The equivalent fatigue loads are computed from the simulated time series by applying a Rain Flow Counting algorithm, and Palmgren-Miner rule for linear fatigue damage.
The equivalent fatigue loads account for the amount of time
the wind turbine is expected to spend in each simulated condition. A relative fatigue contribution k is evaluated as the
ratio between the fatigue damage accumulated in a specific
operation condition, and the total life-time fatigue damage.

3 P RELIMINARY L OAD A NALYSIS
A preliminary analysis is carried out on the NREL 5-MW
baseline wind turbine. The analysis of the wind turbine in
its baseline configuration allows to identify the DLC that
are critical in terms of fatigue or ultimate loads. Active load
alleviation in these specific cases would directly benefit the
whole wind turbine structure. The critical cases provide thus
a convenient set of simulation conditions for designing, testing, and assessing the performances of the active load control system.
Fatigue loads have been monitored at the blade root, in flapwise (Mx ), edgewise (My ), and torsion (Mz ), at the tower
base flange in fore-aft (MFA ) and side-to-side (MSS ) directions, and for the main shaft torsion (MDT ).
Relative contributions to the total life-time fatigue damage
are grouped according to the operation condition that has
generated the fatigue damage, figure 1. Operations in normal power production (DLC 1.1) are responsible for most of
the fatigue loads on the structure, mainly because of the time
the turbine is expected to spend in these conditions. Therefore, an active load alleviation system operating during normal power production can yield to a sensible reduction of
the overall fatigue damage.
Figure 2: Ultimate load analysis. Maximum loads reported in
each simulation condition.

obtain an equivalent fatigue damage rate from the load spectrum. The relative contribution from each frequency range
is determined by setting to zero its spectral energy content
and comparing the resulting fatigue damage rate with the
original-full spectrum fatigue damage.

Figure 1: Fatigue damage relative contributions grouped by operation condition.

The same load-measuring locations are used to monitor ultimate loads; the maximum loads reported in each operation condition are plotted in figure 2. The highest simulated
loads occur for operations under an extreme coherent gust
(DLC 2.3), extreme turbulence (DLC 1.3), or extreme coherent gust with direction change (DLC 1.4). These cases
should be thus considered during the design process of the
active load control system, since a reduction of these maximum loads might yield a beneficial reduction of the overall
structural requirements.
To obtain an overview on which frequency range the active
control should focus on, an attempt is made to determine
which frequencies returns the highest fatigue load contributions. A frequency spectrum is retrieved from the simulated
loads, and Benasciutti and Tovo’s [13] method is applied to

The result is presented as a ‘fatigue-spectrogram’ plot, figure 3, where the relative contributions to fatigue damage depend on both frequency and wind speed; red colors indicate
higher fatigue contributions. The relative contributions from
different wind speeds account for the time each wind speed
bin is expected to occur.
For the blade flapwise root moment, figure 3, the largest fatigue contributions originate at high wind speeds, and from
frequencies close to 1P (and its harmonics). Furthermore,
both for blade and tower loads (not shown here), frequencies
above 5 Hz yield only a modest contribution to the overall
fatigue damage.
To conclude, the preliminary load analysis allows to identify a set of load cases which are critical in terms of either
fatigue or ultimate loads. This reduced set of cases provides
a convenient test field for the future design of the active control system, as load alleviation in these design cases would
yield a direct benefit on the overall loading conditions.
Fatigue analysis in the frequency domain have highlighted
that the highest contributions to the fatigue damage originates from loads with frequencies below 5 Hz, giving thus
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Figure 3: Fatigue analysis in the frequency domain. Blade flapwise root moment, relative contribution to the total
fatigue damage from different frequencies and wind
speeds.

a clear indication on the frequency range the active control
system should focus on.
4 F UTURE WORK : ACTIVE LOAD CONTROL
An active load control system will be designed for the NREL
5-MW reference wind turbine, using Adaptive Trailing Edge
Flaps actuators, and structural loads sensors. First, the
placement of the ATEF sections along the blade span needs
to be optimized, accounting for factors as the flap effect on
the measured loads, time delay, and structural constraints.
Once the flap positions have been fixed, the ATEF control
algorithm is designed; the requirements outlined in the previous analysis, as well as the critical set of load cases will
help in the design process. The control algorithm will most
likely be a Model Predictive Control, and system identification techniques will be investigated in order to obtain the
linear model required by the MPC controller.
The flap actuators and the active load control algorithm will
be included in the aero-servo-elastic model of the NREL 5MW wind turbine, and simulation will be performed with
the HAWC2 code. As in the preliminary analysis, simulation conditions will be based on the design load cases prescribed in the IEC standard [12], and the loads will be evaluated in terms of equivalent fatigue loads and ultimate loads.
A comparison of the fatigue and ultimate loads resulting
from simulations with and without active flap control will directly measure the impact of the ATEF system on the overall
turbine loading conditions; as well as that, the comparison
will bring new elements to be considered in the (ineluctably
iterative...) design process. Finally, the comparison between
flap and baseline configurations will allow to quantify the
potential of the ATEF system for active load alleviation on
MW-sized wind turbines.
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