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Closed-Loop Control Wind Tunnel Tests on an
Adaptive Wind Turbine Blade for Load Reduction

Thanasis Barlas *, Jan-Willem van Wingerden T, Anton Hulskamp *and Gijs van Kuik
Delft University Wind Energy Research Institute, Delft, 2629 HS, The Netherlands

Wind tunnel tests on a non-rotating, dynamically scaled wind turbine blade equipped
with variable trailing edge geometry were carried out. The effectiveness of the system for
active load reduction purposes, with the interaction between structural dynamics, aero-
dynamics and control was tested. The actuation of the adaptive trailing edge was based
on a piezoelectric bender actuator. The full aeroservoelastic system was identified based
on input and output measurement signals. A feedback controller, using strain signals on
the blade root, was designed, tuned and applied on the system in order to minimize root
bending moments. The results show remarkable performance in reduction of blade root
strains for both open-loop and closed-loop tests. The sensitivity of various design and con-
trol parameters are analyzed both in the prescribed cases and in the feedback-controlled
system.

I. Introduction

Reducing loads on wind turbine rotors can offer great reduction to the total cost of wind turbines. With
the increasing size of wind turbine blades, the need for more sophisticated load control techniques has gener-
ated the interest for locally distributed aerodynamic control systems with built-in intelligence on the blades
(often named in popular terms ”smart structures” or ”smart rotor control”). Recent inventory of research
for such systems has been performed by Barlas and van Kuik?*. Various national and European research
programs deal with this subject, including the work package ”Smart rotor blades and rotor control” in the
Upwind EU framework program, the project ”Smart dynamic control of large offshore wind turbines” spon-
sored by the the Dutch Technology Foundation STW and the Danish project ”ADAPWING”. Active load
control utilizing trailing edge flaps or deformable trailing edge geometry is considered a feasible and efficient
solution, especially because of advances in smart material actuator technology.

Previous work at various research groups with CFD simulations (see Troldborg®), 2D aeroelastic models
(see Basualdo”, Buhl et al® and Buhl et al’) and extended BEM models (see Andersen et al'), has shown
the potential of applying active control through variable geometry trailing edge airfoils on wind turbine
blades for load reduction purposes. Also, wind tunnel tests (see Buhl et al?) have quantified unsteady aero-
dynamic phenomena associated with prescribed excitation and control actions for certain configurations.
Consequently, small scale experimental setups proving the active load control concept are needed, which
take the interaction of aerodynamics and dynamics of the structure into account and show a realistic per-
formance in reduction of structural loads. This paper describes a successful wind tunnel experiment on a
dynamically scaled wind turbine blade with feedback controlled deformable trailing edge geometry, based on
smart material actuation, for load reduction. The load reduction potential with a representative scaled blade
model is shown and various design and control parameters are analyzed, indicating their influence in a suc-
cessful ”smart” blade system and providing insight in important physical phenomena. This paper presents
additional information with respect to the article of van Wingerden et al'! concerning the investigated wind
tunnel tests.
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II. Experimental Setup

In Delft University Wind Energy Research Institute (DUWIND) an experimental wind tunnel setup was
prepared. A prototype of a scaled wind turbine blade was designed with embedded load reduction control
devices and feedback control was applied during experiments at the TU Delft Low Speed Low Turbulence
Wind Tunnel. The design of the adaptive blade from the structural point of view is shown by Hulskamp et
al'2. The ultimate goal of the approach was to show that vibrations in a scaled down blade due to unex-
pectedly varying aerodynamic loads can be significantly reduced using trailing edge devices with an active
control system. The 90cm long blade model with a 12 cm constant chord (DU96-W-180 airfoil), constant
thickness and no twist along the span was attached to a pitch system at the wind tunnel roof and it was
free to deflect over a table at the free end (Fig. 1). The table ensured that no tip effects would occur that
add uncertainties to measurement data. The pitch system could change the angle of attack of the blade
with high speed and precision using any arbitrary signal from the control system. The characteristic length
(chord) and the wind speeds used in the experiments (30-45 m/s) correspond to Reynolds numbers in the
range of 2.4x10° to 3.6x105.

Figure 1. The adaptive blade at the TU Delft LSLT wind tunnel test section.

The glass-epoxy composite blade was designed to be representative of the dynamics of a large scale wind
turbine blade. The scaling parameter used was the reduced frequency k #. It was used to scale the wind
field disturbance (multiples of angular frequency - 1P and 3P were considered important) as well as the
first flapping natural frequency on the blade (since the devices will aim at reducing the vibrations in the
out-of-plane direction). The first flapping natural frequency was tailored during the structural design of the
blade (by tuning the stiffness and mass distribution). The aerodynamic excitation was simulated by the
pitch excitation system. The scaled 1P, 3P excitations and the first flapping natural frequency of the blade
were 3.5, 10.5 and 12.5 Hz respectively.

The aerodynamic control devices used were based on the concept of deformable trailing edge (or partial
camber control). Four Thunder© TH-6R piezoelectric bender actuators were used, forming two different flaps
of 50% chord length and 10.5 cm spanwise length, placed near the tip. The thin actuators were covered with
soft foam, in order to keep the trailing edge aerodynamic shape, and a latex skin, which can expand under

aThe reduced frequency k is defined as k = w.c/2V, where w is the angular frequency of the unsteadiness, c is the blade’s
chord and V' is the wind speed.
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Figure 2. Design and mounting of the actuators.

the actuator deflection, providing a reasonably smooth aerodynamic surface (Fig. 2). Two piezoceramic
(PZT) sensors were used in the blade root in order to measure the change in blade root bending strains.
Because of the positioning of the two sensors (one far from the neutral axis for flapwise bending and one close
to it, close to the trailing edge), strains both in the flapwise and edgewise directions could be measured. The
piezoelectric effect at the PZT transforms deformations by elongation in two directions into voltage. In the
two different positions, the strains in the flapwise or edgewise directions are dominant, although the signal
is still a combination of both. Control and data acquisition were applied using a dSpace'~ system linked to
the Control Desk GUI in Matlab Simulink©. Through the ADC (analogue to digital converter) interface
of the unit all measured signals were passed, whereas through the DAC (digital to analogue converter)
interface, command signals were applied to the pitch system (to induce arbitrary disturbances) and to the
flap actuators (to cancel out disturbances). This concept was used in both an open-loop and a closed loop
fashion as described in the following sections.

ITII. Results

III.A. Feed-forward control cases

The main tests that have been carried out were feed forward (open loop) and feedback (closed loop) control
cases. For the feed forward cases, prescribed sinusoidal motions of the pitch and the counter-acting (both)
flaps for different amplitudes and frequencies were carried out. Furthermore, measurements at different mean
angles of attack of interest were performed and the sensitivity of the phase angle between the two motions
(pitching and flapping) was examined. The prescribed measurement cases are considered appropriate for
investigating the parameters associated with the experiment

The different unsteady motions involved in this experiment are: the pitching motion of the blade intro-
duced by the linear pitch actuator (pure harmonic variation in angle of attack), the plunging motion of the
blade due to bending under unsteady aerodynamic loading, and, the trailing edge flap deflection. In the
prescribed (open-loop) cases the flap is subject to a harmonic motion with the same frequency as the blade
pitching, configured to act with a specific phase delay in relation to the pitching excitation.

Since the measurements are performed in a dynamic way, the unsteady motions introduce unsteady
aerodynamic forces. The reduced frequency corresponding to each motion describes the unsteadiness of the
aerodynamic phenomena which are crucial for any design, analysis and control of such an aeroservoelastic
system. The reduced frequencies associated with the pitching motion at scaled 1P and 3P frequencies are
0.03 and 0.09 respectively (at V=45 m/s). The same holds for the flapping action. The plunging motion of
the blade because of its bending under unsteady aerodynamic loading will have a spectrum of frequencies
associated with the blade natural frequency and the frequency of excitation. For the case of 3P loading,
the dominant frequency determining the aerodynamic unsteadiness will be the scaled 3P frequency (which
is close to the natural blade frequency in the flapwise direction), so the reduced frequency will have again
a value of 0.09. Also, a range of other excitation (pitching) and control (flapping) frequencies have been
investigated in an open loop manner, leading to a range of reduced frequencies from 0.0084 to 0.1173 for
wind speed of 45 m/s. For 0<k<0.05, the flow can be considered quasi-steady. For larger reduced frequencies
the unsteady effects (like varying response amplitudes and phase delays) should be considered, especially for
control investigations.
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For the feed-forward cases, prescribed sinusoidal motions of the pitch and the counter-acting (both) flaps
for different amplitudes and frequencies were carried out. The time plot of the reference case is shown in
Fig. 3. In this result the reduction in the root strain signal between the uncontrolled and the flap controlled
case can be seen, which is in the order of 95%. Also, the influence of the placement of the two different
strain sensors can be seen. The first sensor (measuring mostly flap-wise strains) has a reduced signal in the
flapped case. The excitation is a harmonic pitching motion on the blade with an amplitude of 0.5 degrees at
the scaled 3P frequency (10.5 Hz) at angle of attack of 3 degrees at wind speed of 45 m/s. The flaps motion
(same for both flaps) has been prescribed as a harmonic signal with the same frequency as the pitching, a
maximum amplitude of flap deflection (amplitude of 400 V on the piezoelectric actuators) and a tuned phase
delay. The phase delay has been set by tuning it to provide optimal load reduction. The harmonic signal
of the flaps was configured to act with a phase delay of 8.5 degrees compared to the excitation. Because of
the specific operating conditions (reduced frequency of 0.09) the phase delay between the excitation (pitch)
and the response (aerodynamic forces) is expected to be quite small. Also the resultant plunging motion
produces an additional small delay in the response. Estimations of the these phase lags can be derived by
simple frequency domain potential flow aerodynamic models for a reduced frequency of 0.09 for the specific
operating conditions (see Ref.10 or Ref.3). Of course the structural phase delay should be also taken into
account, especially with an excitation close to the natural frequency. All these effects are added, making
the estimation rather complicated, so in the experiment the optimal activation of the flap is tuned manu-
ally. This also shows the necessity for feedback control based on measured signals rather than tuning of a
prescribed control excitation.

25 500
4001
300
g s 200}
o g 10of
j=2) < L
& 3 °
S g -100(
a =
2001
300
400}
0.5 06 0.7 08 09 1 505 Y 07 08 Y 1
time [s] time [s]

no control (sensor 1)
no control (sensor 2)
flap control (sensor 1)
flap control (sensor 2)

blade root strains [V]

05 0.6 0.7 0.8 0.9 1
time [s]

Figure 3. Reduction in root strain fluctuations in the case of a sinusoidal pitch excitation of 10.5 Hz with 0.5 degrees
amplitude around angle of attack of 3 degrees at 45 m/s with prescribed counter-acting (8.5 degrees out of phase) flaps
motion (feed forward control) (1V~21.3u strain).

The sensitivity of various operating and control parameters has been investigated in the open-loop cases.
All results are shown for the case of a scaled 3P excitation, since this is considered a more interesting case
in terms of higher-harmonic control of fast fluctuations in a realistic rotor blade. The influence of the use
of one or both flaps for control, and their spanwise position, in load reduction is shown in Fig. 4. It can be
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seen that the flap close to the blade tip (outboard) has a greater influence in the reduction of the blade root
strains and the addition of the inboard flap doesn’t affect the reduction considerably. The outboard flap has
a bigger influence on the blade root strains, since it provides substantial bending moment changes because of
the larger leverage. The influence of the input voltage at the flap actuators on the load reduction can be seen
in Fig. 5. Maximum voltage amplitude results in maximum flap deflection (in these measurements estimated
around 2mm flap tip deflection which corresponds to 2 degrees flap deployment angle). The voltage range
for the piezoceramic actuators, although not optimal, has been chosen to be in a normal operating range,
avoiding strong non-linear effects. From the sensitivity analysis it can be seen that reducing the maximum
voltage range of the piezoelectric actuators, and thus the flap deployment angle range, has a strong effect
on the final load reduction performance. So optimizing the smart structure (actuator-control surface) is
essential for maximum load alleviation.

5 T T
only outboard flap
4t only inboard flap H
both flaps

blade root strains [V]

5
05 055 06 065 07 075 08 08 09 095 1
time [s]

Figure 4. Sensitivity of blade root strains reduction to the number and position of flaps. Pitching 10.5 Hz with 0.5
degrees amplitude around angle of attack of 6 degrees at 45 m/s with prescribed counter-acting flaps motion (feed
forward control) (1V~21.3y strain).

The sensitivity of the phase delay between the pitching action and the flap motion is shown in Fig. 6.
It is interesting to see that the maximum load reduction is achieved around a specific opposite flap phase
(-0.15 rad or 8.5 degrees out of phase), when the flap action is lagging the pitching. This was explained
previously considering the unsteady aerodynamic behavior at the specific operating conditions. The correct
timing between the aerodynamic response due to the excitation, the structural response and the control
action response determine the resultant load reduction. In a feedback control case, all of these effects are
already taken into account during the control design based on system identification, so the stability and the
load reduction capability of the system depend on the efficiency of the controller design and tuning.

In the wind tunnel measurements a high speed camera also had been placed at the bottom of the test
section focusing on the tip of the blade. The variation of the position of the blade due to fluctuations of
aerodynamic loading (from excitations and control actions) could be measured in detail from processing
the captured digital camera frames. In this way the tip deflection variations have been measured. The
deflections were in the range of 1 to 10 mm depending on the excitation frequency and the wind speed. The
prescribed (opposite) control action has resulted in large reduction in both the peak value and variation of
the tip deflections. Results for various test cases are summarized in Table 1.
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Figure 5. Sensitivity of blade root strains reduction to the voltage on piezo flap actuators. Pitching 10.5 Hz with
0.5 degrees amplitude around angle of attack of 6 degrees at 45 m/s with prescribed counter-acting flaps motion (feed
forward control).

Table 1. Blade tip deflections with and without feed-forward flap control at various operating conditions.

V [m/s] pitch and flap freq. [Hz] pitch amp. [deg] o« [deg] tip defl. [mm] control % reduction
45 12 0.5 6 12.667 off -
45 12 0.5 6 0.952 on 92.48
45 12.25 0.228 1 5.8 off -
45 12.25 0.228 1 0.7 on 87.9
30 4 1 6 1.9 off -
30 4 1 6 0.7 on 63

III.B. Feedback control cases

Configuring an optimal control action for every operating condition, especially when disturbances are un-
known, is not feasible. In order to efficiently reduce unsteady loads (either periodic or stochastic) a feedback
control strategy must be applied. For controller design, knowledge of the dynamics of the full aeroservoelas-
tic system is necessary. Also, a reduced order linear system is required for linear control design. Designing
and applying a controller based on a model of the system (considering its complexity) is not recommended,
especially with respect to system stability. In these experiments a system identification method was used in
order to obtain the required knowledge of system dynamics. Specifically, the subspace system identification
method was used, which uses linear algebra to estimate a state space model from measured data (see Ref.
5). The identification is done with a step signal on the pitch actuator, while a white noise signal with a
bandwidth of 100 Hz is applied on the trailing edge flaps. The response of the system to the excitation and to
the control signals is recorded from the PZT strain sensors at the blade root. The validity and performance
of the subspace identification method is evaluated by the use of the Variance Accounted For (VAF) on a set
of measurements different from the one used in the identification. The VAF is defined as:

var(y — )

VAF = maz(1 — var(y)

,0) - 100% (1)
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Figure 6. Sensitivity of blade root strains reduction to the phase angle between flapping and pitching action. Pitching
10.5 Hz with 0.5 degrees amplitude around angle of attack of 6 degrees at 45 m/s with prescribed counter-acting flaps
motion (feed forward control).

where § is the output signal of the identified state-space system, y is the measured signal and var() is
the variance of a quasi-stationary signal. In Table 2 the VAF values for different wind speed and selected
strain signal settings are shown.

Table 2. VAF for different wind speeds and sensor signals (ID:with identification data,VAL:validation with measured
data).

V=30 m/s V=45 m/s
ID VAL ID VAL
sensor 78.6 < TT.7 82.5 83.3
sensor 86.9 86.2 91.7 91.6

In Fig. 7 the dynamic relation between the actuators and sensors is shown using a Bode plot. This
plot displays the response of the system (output of strains signals) to the pitch and the flaps excitation by
means of a gain and phase change in the frequency domain. Three resonance peaks can be identified, which
correspond to the fist flapwise bending mode, the 1st lead-lag mode and the second flapwise mode. Also, the
first sensor more easily identifies the first lead-lag mode because of its placement, even in low wind speed.
The wind speed affects the amplitude and the phase of the response although does not have a big effect on
the frequency of the resonance peaks. So, for efficient control design gain scheduling should be employed for
different wind speeds. The angle of attack does not affect the dynamics of the system in the linear lift region
(attached flow) as expected. So the identified system can be considered of the LPV form (Linear Parameter
Varying) with the wind speed being the varying parameter.

From the subspace identification, a state-space model is generated. This model is appropriate for control
design. A feedback controller was designed, which uses the strain signal at the blade root (voltage signal)
and generates a voltage on the piezoelectric actuators, which deflect the flaps. A smoothed proportional-
derivative (PD) controller with an additional notch filter was design based on the loop shaping method. An
additional filter was added on the feedback signal to suppress high frequencies (>200 Hz). Further details
on the system identification and control design techniques can be found in Ref.11.
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Figure 7. Bode plot of the identified system. Smart actuator 1,2: flaps, PZT 1,2: blade root strain sensors (Blue line:
V=30 m/s, Green line: V=45 m/s).

This controller was initially applied to a periodic signal excitation to evaluate its performance. This test
case is similar to the feed-forward control case presented previously, but now the flap motion is determined by
the controller, which is effective for any operating condition (amplitude, frequency, angle of attack, but not
wind speed). In the measurement results we see a reduction in the blade root strains close to 90% especially
for the case of the 3P excitation . This result was expected, and it must be noted that maximum performance
can not be achieved because of practical limitations (maximum control device amplitude, signal limitations,
etc). The controller achieves maximum reduction around 1P and 3P excitation frequencies, although this
performance can not be excepted for all frequencies. Furthermore, tip deflections were measured based on
the digital camera captured frames. For case of the 3P excitation, the feedback controller reduced the tip
deflection by 95.7 %.

The second test case for the feedback control was a step excitation at the pitch actuator. Such a signal
resembles a wind gust (the worst case scenario, since the change is instantaneous). This comprises a good
test for the speed of the control system actions. The results are shown in Fig. 8. The flap feedback control
succeeds in damping the first flapping bending mode and reduces the peak values and the fluctuations in
root strains. At high angles of attack above the static stall angle of the airfoil (> 8°) we can clearly see in the
blade response the addition of frequencies caused by vortex shedding because of dynamic stall. The flap is
still effective and considerably reduces the increased fluctuations caused by dynamic stall. The controller is
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Figure 8. Feedback control on a step pitch excitation with amplitude of 1 degree at various angles of attack (1V~21.3pu
strain).

still designed based on the system identification for smaller angles of attack. The effectiveness of the control
system for such test cases proves the robustness of the controller design.

As a special test case, the aerodynamic table used to eliminate tip effects at the blade was removed. The
effects induced now at the tip strongly affect the outboard flap, which is the most effective in reducing loads.
The results without the table are shown in Fig. 9. The tip effects cause a reduction of loads due to smaller
induced angles of attack at the tip. Also, some additional frequencies appear at the blade load response due
to the 3D components of the flow, but such a case is considered hard to analyze given the type of data in
these experiments.

The last but very important test case concerned feedback control on a representative stochastic signal.
A filtered white noise signal was applied on the pitch actuator, simulating wind turbulence. In a real ro-
tating blade case, the blade samples the frequency spectrum of turbulence, so the resulting variations show
distinct peaks at 1P frequency and higher harmonics (2P, 3P). For that reason, the noise signal (resembling
a turbulence spectrum) was filtered in order to have peaks at 1P and 3P frequencies. Since a stochastic
excitation is crucial for the fatigue of the blade, the Power Spectral Density (PSD) of the input (excitation)
and output (response) signals were calculated. The results show that the 3P frequency response of the blade
is amplified more than the 1P because the 3P excitation is close to the blade first flapping frequency. With
the application of the feedback controller on the flaps, the loads are considerably reduced and a reduction of
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Figure 9. Feedback control on a step pitch excitation with amplitude of 1 degree at various angles of attack without
the use of the aerodynamic table at the blade tip (1V~21.3u strain).

37% and 55% in the strain standard deviation is obtained at the scaled 1P and 3P frequency respectively.
More details on the feedback test cases can be found in Ref.11.

Conclusions - Future work

The application of aerodynamic control devices on a scaled wind turbine blade for active load reduction
was tested in wind tunnel experiments. The prescribed control cases showed the effect of all parameters
involved and demonstrated the maximum achieved load reduction. The realistic feedback control cases pre-
sented the successful application of a feedback controller based on system identification on various unsteady
load cases, where the loads on the blade root were considerably reduced. Although the blade was tested in
a non-rotating manner with simplified blade design, the wind tunnel test show the potential associated with
the application of similar concepts on wind turbine blades for load reduction and give insight to various de-
sign and control parameters. The robustness of the controller was also proven, with significant performance
on realistic simulated wind excitations.

In the future, more detailed aerodynamic measurements will take place on similar setups, identifying the
unsteady aerodynamic phenomena associated with the excitations and control actions, which play a large
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role in the design of the control surfaces. Also, control tests with individually controlled flaps (spanwise
distributed control) will be performed. Finally, rotating experiments will soon take place, evaluating the
load reduction performance of a more realistic wind turbine rotor equipped with ”smart” control devices.
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