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Abstract:

This work investigates how adaptive trailing edge
flaps and classical blade pitch can work in concert
using a model-based state space control formula-
tion. The trade-off between load reduction and ac-
tuator activity is decided by setting different weights
in the objective function used by the model-based
controller. The combined control approach allow to
achieve higher load alleviations, furthermore, in the
presence of e.g. deterioration of an actuator, it en-
ables an online re-tuning of the workload distribution
of blade pitch and trailing edge flaps, thus potentially
increasing the smart rotor reliability.

Keywords: aeroelasticity, active load control, smart
rotor

1 Introduction

Wind turbines are constantly exposed to unsteady
loads due to turbulence and gusts in the incoming
flow and this increases significantly the cost. There-
fore, researchers and industry are aimed at finding
technical solutions that can alleviate the loads on the
turbines. Local control of the aerodynamic forces
along the blade span, as well as active pitching of
the whole blade, can be used to compensate for the
variations in the incoming flow, and thus reduce the
loads arising on the turbine rotor, a concept often re-
ferred to as smart-rotor [1]. Local aerodynamic con-
trol with Adaptive Trailing Edge Flaps (ATEF) with a
smooth and continuous deformation shape has been
under development in several research institutions;
the load alleviation potential is confirmed by several
aeroelastic simulations [2—6], and experiments [7, 8].

Most of the investigations documented in the lit-
erature follow a control design approach where the
turbine power control part is developed separately
from the active load alleviation control, which is often
designed in a second phase and exclusively man-
ages the flap activity. Mutual interference between
the two control algorithms is then avoided by fre-
quency separation, with the power control targeting
low frequency variations, and the active load control
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the rest of the range. This paper presents an inno-
vative control design approach, where both load al-
leviation and power control objectives are managed
by the same model based control algorithm, which
returns the control signals for the turbine generator
torque, for the blade pitch angles, and for the deflec-
tion of the adaptive trailing edge flaps (ATEF) dis-
tributed along the blades. The control problem is
solved in a model predictive formulation, where the
control design model is retrieved from first principles.

The proposed control algorithm is applied to the
NREL 5 MW reference turbine [9] in a smart rotor
configuration with ATEF; the turbine response is sim-
ulated with the aero-servo-elastic code HAWC2 [10].
The paper is structured as follows: the control design
model is presented in Section 2, with particular focus
on the modeling of the Adaptive Trailing Edge Flap
(ATEF) contributions. A brief introduction to the con-
troller is found in Section 3. Finally, results are pre-
sented and discussed in Section 5 and conclusions
are drawn in Section 6.

2 Model for controller design

The control design model is derived from first prin-
ciples considerations, and follows a similar formula-
tion to the one presented in Henriksen et al. [11].
The structural model includes: 1 drive-shaft torsion
degrees of freedom (DOF), 1 tower fore-aft DOF, 1
tower side-side DOF, 2 blade edgewise and 2 flap-
wise DOFs. Furthermore the blade-wide turbulent
wind speed as well as the induced wind speed nor-
mal to the rotor plane is included in the control design
model.

The aerodynamic part of the model is extended to
include the effect deformable trailing edge flaps. In
Henriksen et al. [11] the lift and drag coefficients, C;
and Cy, are only functions of the angle of attack «;
the model is now extend to include dependency on
the ATEF angle 3, [12]. In the model used in this
work, the effect is approximated as a linear effect:
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Figure 1: Bode plots of the frequency response at a mean wind speed of 16 m/s, comparison of the response
given by the linearized model (dashed lines) with the response simulated by the aeroelastic code HAWC2

(black dots).
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The change in lift and drag forces cause a change
in induction factors, which are now function of pitch
angle 6, tip-speed ration )\, and flap deflection 5. The
dependency on the flap deflection is also simplified
by a linear approximation:
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The control model is then transformed from a time-
varying system to a linear time-invariant system us-
ing the Coleman transform [13]. The correct imple-
mentation of the linearized model, and its ability to
capture the relevant system dynamics are verified by
comparing the frequency response predicted by the
linear model against the response simulated with the
multi-body time-marching aeroelastic code HAWC2.
Figure 1 reports the corresponding Bode plots of
the frequency response from harmonic pitch actions
(on the left column), and from harmonic flap deflec-
tion (right column); the response is measured at the

an (6, A, B) = an(0,,0) + EA )

at(ev)‘aﬁ) ~ at(ea)‘vo) + ﬁ (4)

blade root flapwise bending moment (first row), and
at the tower top acceleration in the fore-aft direction
(second row). The linearized model used in the con-
trol formulation (response indicated by the dashed
lines) is able to describe sufficiently well the dynam-
ics of the system to be controlled, especially in the
low frequency region.

3 Controller

The controller presented in the work is based on the
one described by Henriksen et al. [11], further ex-
tended to include Adaptive Trailing Edge Flap control.
The controller setup is sketched in Figure 2, where
an extended Kalman filter estimates the states of the
control design using the following set of sensors:

e Pitch angle of each blade

e Generator torque

e Generator power

e Generator speed

e Rotor Speed

e Tower top fore-aft acceleration

e Tower top side-side acceleration
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Figure 2: Setup of the hybrid controller. An extended Kalman filter (EKF) provides estimates of states used
by other blocks in the diagram. Supervisor block provides partial or full load control objectives to controller
depending on switching conditions. Reference and reference filter blocks provide references for the controller
to track depending on whether partial or full load operation is active.

e Flapwise blade root bending moment of each
blade

e Edgewise blade root bending moment of each
blade

The estimated states are used by a Model Predic-
tive Control algorithm, which calculates the optimal
control actions that minimizes a cost function that in-
cludes the following weight elements:

e Weight on generator power

e Weight on generator speed

e Weight on tower top fore-aft velocity

e Weight on tower top side-side velocity

e Frequency dependent weight on collective pitch
angle

e Frequency dependent weight on cyclic pitch an-
gles

e Frequency dependent weight on generator
torque

e Frequency dependent weight on collective ATEF

e Frequency dependent weight on cyclic ATEF:
Weight ATEF act.

e Weight on cyclic flapwise blade root bending
moments: Weight AM, Cycl.

The weight on the last two elements of the cost func-
tion will be varied in the following investigations, so
to explore different control configurations and combi-
nations of pitch and flap activity.

4 Test Case

The NREL 5 MW baseline wind turbine in its on-
shore configuration is taken as reference model for

the aeroelastic simulations presented in this work.
The wind turbine, thoroughly described by Jonkman
et al. [9], is representative of modern multi-megawatt
models, it has a three bladed rotor of 126 m diame-
ter with upwind orientation, variable speed and pitch-
to feather control. Jonkman et al. [9] also define a
baseline PI control algorithm, where power regula-
tion above rated is obtained by collective blade pitch
actions based on low pass filtered measurements of
the drive train speed. The load results obtained with
the baseline PI control will be used as a term of ref-
erence in the following analysis.

The turbine rotor is equipped with adaptive trailing
edge flaps, which extend for 10 % of the airfoil chord
and cover 20 % of the blade length, from 47.7 m to
60.0 m span. The maximum flap deflection is lim-
ited to +10°, resulting in maximum steady lift coeffi-
cient variations of +0.42. All the flaps on the same
blade are controlled by the same signal, and no con-
straints are applied on the flap maximum deflection
speed; nevertheless, the frequency weighting on the
control cost function inhibits high frequency activity
of the flap, thus giving flap deflection signals that
very rarely require maximum deflection rates above
50 deg/s. The pitch and generator actuator dynam-
ics are modeled as second and first order low pass
filters, respectively.

Aeroelastic simulations are performed with the
HAWC2 code [10], reproducing the wind field condi-
tions prescribed by the IEC standard [14] for a class
A turbine. In this paper, only results referring to mean
wind speed 18 m/s are considered, and a total of 40
minutes (4 x 10 minutes seeds) turbulent wind is sim-
ulated for each control configuration.

5 Resulis

The performances of the combined model based
control are investigated by running aeroelastic sim-
ulations of the NREL 5 MW turbine under different
control weight configurations. Several combinations



of pitch and flap activity are obtained by acting on
two weight parameters in the control cost function in-
troduced in section 3:

o Weight ATEF act. determines the penalization
imposed on the flap activity. Low values corre-
sponds to a control setting that favor the flap ac-
tivity, whereas high values favor the blade pitch
action.

Weight AM, Cycl. determines the penaliza-
tion on cyclic variation of the blade root flap-
wise bending moment. Higher values indicate a
control configuration that focuses more on blade
root flapwise bending moment alleviation.
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Figure 3: Blade pitch activity for different combina-
tions of the control cost function weights. The actua-
tor activity is measured as the total traveled distance
(in degrees), normalized by the simulation time.

The blade pitch and ATEF activities are quanti-
fied as the total distance traveled by the actuators
(in degrees), then normalized by the simulation time.
The activity registered with the investigated control
weight combinations is reported in figure 3 for the
blade pitch, and figure 4 for the flap. As expected,
the highest pitch activity (dark red color in fig. 3) oc-
curs for weight settings that penalize flap action (high
ATEF act. weights), and focus on cyclic load allevi-
ation (high AM, Cycl weights); as a term of refer-
ence, the pitch activity with the NREL 5 MW baseline
Pl controller is around 0.3 deg/s, at the bottom of the
color scale. High flap activity is obtained with high
AM, Cycl weights, and low ATEF act. penalization;
the gray circles in the plots mark the weight combi-
nations where simulations were actually performed.

Load alleviation performances of the combined
control system are measured in terms of fatigue
Damage Equivalent Loads (DEL), which are com-
puted under Palmgren-Miner linear damage assump-
tion by applying rain-flow counting to the simulated
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Figure 4: Adaptive Trailing Edge Flap activity for
different combinations of the control cost function
weights. The actuator activity is measured as the to-
tal traveled distance (in degrees), normalized by the
simulation time.
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Figure 5: Performance of the active control in terms
of alleviation of Fatigue Damage Equivalent Loads
(DEL) at the blade root flapwise bending moment,
Wéhler curve exponent of 10. Results given as per-
centage variation from the DEL measured on the
baseline NREL 5 MW turbine with its standard PI
controller [9]; simulations are performed in the points
indicated by the gray circles.

time series; a Wohler curve fatigue exponent of 10
is used for the blade DEL, and an exponent of 4 for
the tower loads. The load alleviation is expressed as
the DEL difference between the active load control
case, and the reference baseline one; negative val-
ues thus indicate a reduction of fatigue loads. The
difference is then normalized by the DEL in the ref-
erence case. Among the investigated control weight
combinations, higher fatigue load alleviation on the
blade root flapwise bending moment are obtained by



increasing the weight on the bending moment cyclic
variation, and the highest DEL alleviation is achieved
by using a combination of both flap and pitch control
actions, dark blue area in figure 5.
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Figure 6: Fatigue Damage Equivalent Loads (DEL)
alleviation at the blade root flapwise bending com-
pared to the baseline NREL 5 MW turbine, Wohler
curve exponent of 10. The load alleviation is plotted
as a function of both the blade pitch actuator traveled
distance (horizontal axis), and the flap actuator trav-
eled distance (vertical axis). Simulation data are only
available for the points indicated by the gray circles.

A more informative display of the controller perfor-
mances is obtained by remapping the load allevia-
tion results as a function of both the blade pitch and
the flap activity, figure 6. The plot immediately high-
lights that larger load alleviations require higher con-
trol activity, either with pitch or flap actuators. Active
load alleviation with exclusively blade pitch actuators
reaches to 18-20 % DEL reduction, whereas lower
figures (approximately 15 %) are achieved when the
flap actuators alone target the cyclic loads, a result
in-line with previous investigations featuring similar
smart rotor setups [6]. The highest load alleviation
performances are achieved when the controller em-
ploys a combination of both the blade pitch and the
flap actuators: load alleviation is increased from 18
% for the pitch alone, to nearly 30 % for the combined
control actions.

Another advantage of the combined control formu-
lation lies in the possibility of one actuator to partly
take over and reduce the work load of the other. For
instance, actively reducing the DEL by 16 % with
blade pitch alone would require an average activity
of 1.5° pitch variation every second of operation; by
including flap action in the task, the work load on the
pitch actuator is lowered down to one third, without
compromising on the DEL alleviation. The possibility
of one actuator relieving the work load of the other
could be exploited to decrease actuator wear, and

eventually postpone maintenance operations.
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Figure 7: Fatigue Damage Equivalent Loads (DEL)
alleviation at the tower bottom flange fore-aft bend-
ing moment compared to the baseline NREL 5 MW
turbine, Wéhler curve exponent of 4. Simulation data
are only available for the points indicated by the gray
circles.

To avoid increasing the loads on the tower as a
consequence of the alleviation on the rotor, estima-
tions of the tower top velocities are included in the
control cost function, section 3. The model based
control algorithm is thus able to reduce at the same
time the loads on the blades, and at the tower bottom
flange: in the fore-aft direction fatigue DEL alleviation
up to 30 % are achieved, with a distribution similar to
the one observed for the blade root flapwise DEL,
figure 7.

6 Conclusion

The paper presented an algorithm that combines
generator torque, blade pitch, and adaptive trail-
ing edge flaps in the same model predictive con-
trol framework. The control model is retrieved from
first principle models of the turbine structural com-
ponents and from a linearized BEM-based aerody-
namic formulation; comparisons of the frequency re-
sponse predictions with the results from aeroelastic
simulations show that the control linear model is able
to describe the dominant system dynamics.

The performances of the proposed control algo-
rithm are evaluated in terms of fatigue damage equiv-
alent loads alleviation on the NREL 5 MW reference
turbine, with a smart rotor configuration featuring
flaps on the outer 20 % span of the blades. Aeroelas-
tic simulations have highlighted some advantages of
a model based control strategy able to combine and
supervise both flap and pitch activity:

e Higher fatigue load alleviation is achieved by



combining flap and pitch control actions. Reduc-
tion of fatigue damage equivalent loads (DEL)
in the blade root flapwise bending moment up
to 30 % are reported when both pitch and flap
are in use; in comparison, active alleviation with
either flap or pitch actions alone bring DEL re-
ductions of 15 % and 18 %, respectively.

e The combined framework allows to shift the con-
trol activity required for load alleviation between
the pitch and the flap actuators. By includ-
ing flap actions, the blade pitch workload, and
thus the actuator wear, is significantly reduced,
while still achieving the same reduction of fa-
tigue damage.

Fatigue damage at the tower bottom flange is also
reduced by active load alleviation, the variation of the
tower fore-aft DEL from the reference case shows
a maximum reduction close to 30%, and an overall
trend similar to the blade flapwise load alleviation.

The combined model based control methodology
proved rather powerful and efficient in pursuing the
blade and tower load alleviation objectives; future
work should consider extending the methodology to
other objectives, as, for instance, increase of power
capture below rated conditions, or reduction of the
drive train loads and generator speed variations.
Independent flap actuators and sensors distributed
along the blade span are other topics that might be
worth consider in future investigations.
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