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ABSTRACT

The ever increasing size of wind turbines poses a number of design issues for the industry, like increasing component
mass and fatigue loads. An interesting concept for reducing fatigue loads is the implementation of spanwise distributed
devices to control the aerodynamic loading along the span of the blade, thus mitigating fluctuations in loading and adding
damping to the blade modes. This is usually referred to as the smart rotor concept. In the design of such a rotor, as com-
pared to a traditional one, the integration of sensors and actuators poses additional design challenges. In the research
discussed in this paper, a scaled smart rotor was designed and constructed to study its fatigue load reduction potential. A
1.8 m diameter rotor was manufactured and equipped with trailing-edge flaps. The flaps were based on piezo electric
Thunder actuators that allow for high-frequent actuation. The dynamic strain behaviour of the blade was analysed for
optimal placement of the sensors. Several sensors that record the strains and accelerations at different locations along the
blade were implemented, but the controller was based on a piezo electric strain sensor. The rotor blades were mounted
on a small turbine in the Delft University’s Open Jet Facility wind tunnel and a mathematical state space model was
obtained by using dedicated system identification techniques. Single-Input Single-Output, Multi-Input Multi-Output H..
feedback and feedforward controllers were designed, each focusing on different parts of the load spectrum. The rotor was
tested at 0 and 5° yaw angles, with and without load control. A significant reduction of the dynamic loads was attained.
Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Currently, horizontal axis wind turbine (HAWT) manufacturers are facing several challenges related to both a fast increase
in turbine size and market growth. The trends force manufacturers to rapidly increase production capacity and to upscale
existing blade designs. However, the boundaries of current technologies are being approached. The increase in size is
driven by the fact that the power conversion by a wind turbine increases with the square of the rotor’s diameter. However,
component costs will also increase. For instance, historically, the mass of blades has increased with the radius to the
power 2.4' to 2.65,> depending on how the trend line is fitted. Thus, the mass, and with it the costs regarding materials
and installation of a blade, increased faster than the power it captures. This is more acceptable for off-shore turbines than
for their on-shore counterparts because a large part of the costs, such as foundations, is related to the number of turbines.
Increasing the yield per turbine will, therefore, decrease the costs per kilowatt-hour.

For large turbines, one of the biggest design drivers is fatigue. This is because on top of the mean aerodynamic load,
there are several disturbances that cause dynamic deflections of the blade and, thus, fluctuations in the stress distribution.
Blades are dimensioned for at least 10° cycles. These disturbances are the result of both spatial and temporal changes in
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the air speed and direction that the rotor experiences. The causes of these changes are, i.e. wind shear, yaw misalignment,
tower shadow and turbulence in the wind. Thus, with ever increasing turbine size, mass effects will also play a larger
role. It also adds to fatigue because of the blades’ rotation with respect to the gravitational field. Fluctuations in aerody-
namic loading will also increase with increasing size, for instance through the more severe wind shear experienced by
large machines. In the future, rotors on very large machines might also be mounted downwind, eliminating the tower
clearance issue, but increasing the tower shadow effects.

Mitigating the amplitude of the fatigue loads could, therefore, lead to a longer service life of blades, but also possibly
to lighter blades. Some features are already applied to control the loads on wind turbines. Passive systems like stall control
have been in use for a while. Today, most large turbines are installed with the possibility to control their rotational speed
to operate at optimal Tip Speed Ratios (TSRs) at wind speeds below the rated wind speed and pitch control to alleviate
loads above rated wind speeds.** Individual Pitch Control (IPC)*” also has the potential to mitigate fatigue loads, but
continuous pitching puts a heavy strain on hydraulics and bearings.

Also, a passive concept, called bend-twist coupling, exists. In this concept, the unidirectional (UD) laminate in the
main bending load carrying spar caps is placed at an angle to the blade’s longitudinal axis. This way, as the blade bends,
it will twist, changing the angle of attack.*”' However, the concept is passive and it requires very accurate fibre placement
and the implementation of expensive carbon fibres to be successful.

Therefore, the following new concept is proposed: by controlling the aerodynamics at different stations along the
blade’s span, by e.g. trailing edge flaps, the way the blade is loaded can be controlled, counter-acting the disturbances
and mitigating fatigue loads. This, in combination with appropriate sensors that measure the loads or deformations and
a controller that computes an actuation signal, is defined as the ‘smart’ rotor concept. Such an aerodynamic load control
system has been intensively investigated for helicopter blades, and feasibility studies for wind turbine blades have also
been made recently.'”" The goals of the system would be to react both to deterministic loads, such as wind shear and
tower shadow, as to stochastic loads such as gusts.

Previous research on the concept mainly focuses on aero-elastic simulations or experiments on 2D sections, In
experiments that were conducted prior to this research,”' the blade dynamics were also taken into account, but the blade
was still clamped to the tunnel wall and the disturbances were induced by a predefined pitch motion. In the research
described in this paper, a scaled smart rotor was constructed and operated in a wind tunnel to investigate the load alle-
viation potential of the concept, taking into account the dynamics of the blade and rotationally induced disturbances. This
paper will focus on the design of the system and its performance with regard to its potential for load reduction. The main
contribution of this paper to the smart rotor research is to expound the design procedure of smart rotor blade design, as
well as showing the feasibility of the concept on a rotating set-up.

2. DESIGN AND MANUFACTURING OF AN AERO-ELASTICALLY
TAILORED BLADE

In order to investigate the load reduction potential of the concept, a scaled rotor was built on which to perform load
reduction experiments in the TU Delft’s Open Jet Facility (OJF) wind tunnel. In this section, we discuss the design of
the different components of the blades, which include the design of the base structure of the blade, the actuators and the
Sensor array.

An important issue in the design of the system was the load spectrum that was under consideration. In this case, the
rotor did not only have to be scaled with respect to the size and operational settings, but also to the dynamics of the blade.

A turbine is subjected to several disturbances, most of which are related to the rotation of the rotor through a wind
field with spatial variations. Thus, they occur with the rotational frequency of the rotor. Examples of these variations are
tower shadow and wind shear. Due to sampling of these 1P (once per rotation) disturbances and because multiple blades
are mounted to one hub, the blades also experience multiple P loads. The interaction between the first flapwise bending
mode and these multiple P excitation loads is an important aspect in the control of the rotor and for the reduction of
fatigue loads. After all, disturbances for which the frequency is close to a natural mode excite the blade more severely,
as compared to low frequency, quasi-static disturbances. This should be incorporated in the scaled experiment.

Summarizing, the load spectrum and dynamic behaviour of the scaled turbine should reflect that of the full-scale refer-
ence design. This was achieved by scaling the first flapwise bending mode frequency of the blades with the rated rotational
frequency of the turbine:

Srer Omodei
= fnoder == (1)
Dpodel wrcgf wref

fmodel — fref

in which frelates to the frequency of the first flapwise bending mode and @ to the rotational frequency. The subscript ref
refers to the SMW UpWind reference turbine and model to the scaled model. See Table I for the operational and design
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Table I. Operational parameters that are used for scaling and the aerodynamic design.

Reference turbine Scaled turbine
Rated rotational speed (rpm) 12.1 430
Rated wind speed (ms™) 1.4 10
Rotor diameter (m) 60 1.8
Design TSR (=) 7 5
First flapwise bending mode (Hz) 0.68 24
20
0.3
025 15
E o2 =
2 2 10
20.15 flap locations E
()
0.1 5
0.05
0 0
0 0.5 1 0 0.5 1

Radial position [m] Radial position [m]

Figure 1. Twist and chord distribution of the blade.

parameters that were used in scaling. The rotational speed of the rotor was set to 7Hz, which set the target for the first
bending mode to 24 Hz. Reynolds scaling was not used, nor scaling to the reduced frequencies.

2.1. Aerodynamic design

The aerodynamic design was based on the operational parameters, with keeping the structure and the actuator design in
mind. The design parameters that determined the shape were the twist and chord distribution along the span and the shape
of the profile at different radial stations.

The profile shapes along the length of the blade, which determined the absolute thickness of the blade, were initially
left open to be determined in the structural optimization process because these had a large influence on the stiffness of
the blade. However, after some iteration, we determined that a slender DU96-W 180 profile along the whole span of the
blade was needed in order to obtain the desired structural properties, i.e. a relative low frequency for the first eigenmode.

The twist and chord distribution were primarily based on the aerodynamic performance of the turbine and derived
using a Blade Element Method (BEM)-based optimizer. In this optimization procedure, a restriction was formed by the
installation of the actuators. To successfully implement the actuators in the tip, a straight tip—without twist and taper—
was desired. A chord of 12 cm was chosen for this section. These specific dimensions were chosen because of experiences
obtained in previous experiments.?*> Here, it led to a tip Reynolds number of 2.4-10°, which was much lower than the
reference turbine. However, as mentioned before, we were not trying to use Reynolds scaling in this work. For the per-
formance of the aerofoil sections with actuators, XFOIL* calculations were performed on the adapted aerofoil shape (also
see ‘Actuator design’ below). The calculations were corrected for rotational effects.”

With these requirements and the turbines operational settings in mind, the aerodynamic design could be optimized.
Due to the restrictions mentioned above, attaining an aerodynamically optimal design turned out to be impossible.
However, obtaining an optimally performing turbine was not the goal of this project, so the design was adapted to fit the
shape requirements. Moreover, the predicted loading was enough to drive the turbine and provide an observable and
distinctive sensor signal. The derived twist and chord distribution can be seen in Figure 1.

2.2. Structural design

2.2.1. Conceptual design

The blades were designed to be of a glass—epoxy laminate, which was infused in a double rigid mould, after being
wrapped around a solid foam core. Thereby, the gap between the mould surface and the foam core was filled with resin
and the preform was infused. Through this process, a strong but flexible blade with a smooth outer surface could be
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obtained. The glass reinforcement was a S303 8H-satin weave (Ten Cate Advanced Composites, Nijverdal, The Nether-
lands), which was used for its fine tows and good drapability. The resin used was an Epikote 04908 resin with an Epikure
04908 hardener (Hexion, Rotterdam, The Netherlands). This is a resin that is used in the wind turbine industry, but it was
specifically used here for its long pot life, which was needed for infusion. The chosen foam was a 200kg/m® Airex C70.200
(Airex AG, Sins, Switzerland). This high-density foam was chosen because it allowed for high accuracy milling and
because it provided good support for the skin.

The foam core was fitted with a steel foot, which was used to mount the blade to the hub. Two 5 mm holes were drilled
through the foam, one on and the other just behind the pitch axis along the length of the blade. One hole was used to fit
the sensor and actuator cables and the other to fit a safety cable. The straight outboard section was equipped with a glass-
epoxy spar. The spar was prefabricated and assembled with the foam core and steel inserts before infusion of the skin.
The spar acted as mounting point and reinforcement where the actuator slots were cut out after resin infusion of the skin.
It consisted of eight plies of the same glass-reinforcement and epoxy materials as the skin.

2.2.2. Laminate detailing

The laminate lay-up was used to tune the blade dynamics, stiffness and strength to the desired values. As mentioned,
a target eigenfrequency of 24 Hz for the flapwise bending mode was the goal. This meant that quite a flexible blade had
to be attained. However, strength and buckling requirements also had to be met at the same time. The blade was analysed
using a finite element (FE) model in Ansys. The FE model consisted of quadratic shell for the skin and solid elements
for the steel and foam core. The material properties were obtained from manufacturers’ data or from previous experi-
ments.” The properties of the laminate were adjusted for a lower fibre volume fraction V; using micromechanical model-
ling. V, was relatively low because the fabrication process leads to a lower compaction of the glass weave.

Several analyses were performed with the FE model. Firstly, a static analysis was performed to analyse the strength
of the blade. The loads for the analysis were obtained from the BEM analysis. To evaluate laminate strength, a maximum
strength criterion was implemented and Plantema’s theorem was used to evaluate for skin wrinkling.” An iterative design
procedure proved that with a laminate thickness of 0.5mm, the stresses stayed within the allowable stresses and skin
wrinkling would not occur. A linear modal analysis predicted a first flapwise bending mode frequency of 33 Hz, which
was higher than the target frequency of 24 Hz, but linear modal analyses typically overestimate eigenfrequencies. More-
over, the blade mounting to the hub was more flexible than modelled.

2.3. Actuator design

Camber control was achieved by sawing slots at two locations in the blade’s straight outboard section, as indicated in
Figure 1. The outer slot was placed as far outboard as possible in order to have as large an effect as possible on the root
bending moment when actuating the flap. The second slot was placed as far inboard on the straight section as possible
so the actuators can also control higher modes, which would require exerting a moment at the tip by opposite flap motion.
But here we focused on the first bending mode. The slots were fitted with the actuators. These so called Thunder (Face
International Corporation, Norfolk, VA)*" actuators were placed in line with the suction side of the aerodynamic profile
(see Figure 2).

The actuators are much larger in chordwise sense than would be needed on full scale blades, but here they were imple-
mented as 60% of the chord for the purpose of producibility of the flaps and flap authority. The curvature of the actuators
coincided fairly well with the curvature of the profile (see Figure 3). Placing the actuators here would assure a smooth
and solid surface on the suction side. This was needed for more predictable performance of the actuator and to have a
qualitative good boundary layer over the actuator. Previous experience with placing the Thunder in the centre and match-

Blade's base structure
(GFRP around PVC foam core)
Thunder actuator

Dissected PVC foam

Mounting bracket Soft polyether foam
with PP skin

Figure 2. Design of the morphing camber control surface.
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Figure 3. Installed Thunder actuators, suction side view.

ing the shape of both the pressure and suction side with foam that was covered with an elastomeric skin gave unsatistac-
tory results. Here, the slight mismatch in surface curvature between the baseline profile and actuator surface was
considered acceptable.

The remainder of the shape of the aft part of the profile was achieved by filling the slot with foam and covering it with
a polypropylene (PP) film. Two types of foam were implemented: dissected rigid foam filled the largest part of the space;
this was covered with a soft polyether foam patch to smoothen the sections of the rigid foam (see Figure 2). The rigid foam
was implemented to prevent the suction side from denting under the aerodynamic pressure, which was also observed in the
previous experiments. The Thunder actuators were attached to the blade by means of an aluminium bracket to which it was
adhered. This method of mounting increased the first eigenfrequency of the bender to about 90 Hz, compared to the 40 Hz
that was observed when using a bolted connection. A weak part of the actuator design is still the flexible skin on the pres-
sure side. Predictions on flap performance were based on XFOIL calculations for rigid flaps. The shape of the profile was
obtained using measurements of the actuator shape and deflections. It was, though, quite hard to estimate actual flap angles.

2.4. Blade and sensor testing

A different set of experiments was conducted to evaluate the blade’s behaviour and the sensor performance. Three strain
sensors were evaluated; strain gauge, PVDF-patches® and MFCs (Smart Material Corp., Sarasota, FL).”* The blade was
subjected to several dry tests outside the wind tunnel to test the sensor performance and to validate the FE model. Firstly,
the blade was excited at the outboard section by a sinusoid signal and the sensor signals were recorded.

All sensors seemed to capture the excitation signal well, although with different signal to noise ratio’s. In addition, a
free vibration test was performed. From the different tests, conclusions about the performance of the different sensors
can be drawn. In Figure 4, the response of different sensor signals to a transient vibration can be seen.

The magnitude of the sensor signals could be amplified, but several conclusions can be drawn about the quality of the
signal. First of all, the PVDF film showed a clear spike at 50 Hz. Because of its low capacitance it easily picked up electro
magnetic interference. The MFC signal followed the behaviour of the captured strain well. Actually, the MFCs proved to
give the best signal and, in contrast to strain gauge, the signal required no amplifier. However, because of their high imped-
ance they are quite susceptible to electromagnetic noise, but not as severe as the PVDF. Here, proper shielding and filtering
mitigated the noise. The electrodes of the MFC were bridged by a resistor and a capacitor. This way, a sensor with a high-
pass filter was obtained effectively. Two MFCs were adhered to each blade—one on the pitch axis to measure normal
stresses that arose from a flapwise bending moment and one on the leading edge to measure the strains associated with an
edgewise bending moment. The optimal location was determined using a harmonic analysis. From this analysis, the ampli-
tude and phase of stress and strain in the blade in response to an excitation load was derived. Using this analysis a sensor
location on the blade that would provide a high stress amplitude and good phase behaviour was determined.

Finally, a static experiment was performed and only 4% deviation in stiffness between the FE model and the test blade
was observed.
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Figure 4. PSD of the sensor signals to a transient load.

3. WIND TUNNEL SET-UP

In this section the set-up in the wind tunnel is discussed, which includes the specifications of the tunnel itself, an overview
of the whole system and the design of the controller. The controller was based on a measured state space model of the
turbine, using system identification techniques. Thus, the controller was designed and tuned using data obtained from
experiments on the blades mounted on the turbine.

3.1. Wind tunnel and turbine

3.1.1. Wind tunnel

The experiments were conducted in the OJF wind tunnel.*® This tunnel has a closed circuit with an open test section.
The air travels through the circuit in the following manner. Starting just before the rotor plane, it enters the test section
through an octagonal nozzle, creating a steady jet with an effective diameter of 3m. There are little or no wall effects
because the section is 6 m wide and 6.5 m high; much larger than the jet (see Figure 5).

The air is collected at the back of the test section, cooled and fed back into the tunnel’s fan after the flow direction is
reversed around two 90° corners with a series of corner vanes. After the fan, the flow direction is again reversed around

Figure 5. The turbine in the test section, with the rotor in the jet. Picture was taken in the direction opposite to the airflow.
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Qutboard actuator
Inboard actuator

MFC sensor

Strain gauge

Figure 6. Wind tunnel set-up for load alleviation experiments. At the bottom the fully installed turbine can be seen. The air flows
from left to right.

a set of corner vanes. Before it is blown through the nozzle back into the test section, it enters a settling chamber with
several rows of wire meshes to reduce the turbulence levels. The tunnel’s fan is powered by a 500kW motor with which
a maximum air speed of 35ms™ in the jet is attainable.

3.1.2. Generator control and the nacelle

The blades were mounted to a small turbine in the wind tunnel, see Figure 6. The turbine is designed specifically for
model tests in the OJF. Its generator is actually a synchronous AC servo motor, with a maximum power of SkW. If the
turbine works as a wind energy conversion system (WECS) and the shaft torque is negative, then the motor works as a
generator and electric power is dissipated by a dissipator.

Feedback of the rotor speed and position is done through an encoder. The rotor plane is 1 m upwind of the tower so
the blades experience no tower shadow. The conical hub is mounted to a shaft that runs along the whole length of the
nacelle. The front end of the nacelle between the hub and the generator, which is installed on top of the tower, only
contains the drive shaft. The aft section contains the slip rings that transferred signals from and to the fixed world. The
hub has a diameter of about 30cm. The tower has a diameter of about 15cm and a helical cable is wound around the
tower (see Figure 6) to suppress flow separation and tower vibrations resulting from that. The turbine’s controller is
programmed through a LabVIEW system (National Instruments Netherlands BV, Woerden, The Netherlands), which acts
as a graphical user interface (GUI). The actual operational parameters, such as generator speed and torque, are also fed
into this LabVIEW system to be displayed on screen for monitoring purposes. In the experiments discussed here, the
control of the generator was set to speed control.

3.1.3. Rotor control system

All actuator and sensor cables of the blades were connected according to the scheme in Figure 7. The signals were fed
through the hub and then transferred over slip rings to and from the fixed world. The hub was also powered by a 7V DC
voltage. This was used to power the accelerometers in the blades and the strain gauge amplifiers. The signals of the MFCs
were transferred unamplified. The actuation signal for the flaps was amplified on the ground and then transferred to the
blades over the slip rings.

The controller for the flaps was designed and programmed in a Matlab and Simulink (The MathWorks, BV, Gouda,
The Netherlands) environment and compiled to the dSPACE real time control system (dSPACE GmbH, Paderborn,
Germany). Commands, such as manual flap control and controller gains, could be altered in the ControlDesk GUI.
Moreover, the measurement signals were also plotted in ControlDesk and recorded on the hard disk. All signals to and
from the blade as depicted in Figure 7 were transferred to the hub in two fold; one set for each blade.

As can be seen in Figure 7, the turbine and rotor control systems were fully separated, except for the recording of the
azimuthal trigger. The only task of the LabVIEW-controlled system was to maintain constant rotor speed. The dSPACE
system, on the other hand, was only concerned with the loads on the rotor blades. It had no control over the rotor speed
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Figure 7. Control scheme of the smart rotor.

or torque. The two systems were separated in order to have constant operational conditions of the turbine when the rotor
was subjected to different external fluctuations.

3.2. Operational conditions

A series of experiments was performed. Here we focus on the results of the rotor in yaw. 0 and 5° yaw were tested. The
no-yaw condition was tested as a baseline, but this case already posed a significant load case, as we will see later. The
rotational speed was set to 370rpm, although the rated rotational speed is 430rpm. This had to be done, because of
problems with controlling the rotor speed at high rpm. Although the rotational speed in the experiments presented here
was not the rated speed, a similar interaction between rotationally induced disturbances and the first flapwise bending
mode was kept because the 4P loads were still close to the first flapwise bending mode (see Figure 8). The wind speed
was changed to 7ms™". This resulted in a slightly higher TSR than as designed. This was done in order to increase the
power conversion.

The exact operation point of the turbine, in terms of thrust and power coefficient, was hard to determine because the
thrust and torque measurement capability of the turbine was not available when the tests were performed.

3.3. Controller design

A dynamic state space model was obtained through system identification.’ The system’s inputs were the control signals
to the high-voltage amplifiers that drove the Thunder actuators and the system’s outputs consisted of the MFC sensor
signals. The flaps were given a GBN-noise signal, a block signal with a fixed amplitude and a certain bandwidth, and
the response of the blade was measured through the MFCs. In all experiments reported here, the in- and outboard flap
were being controlled by the same actuation signal, as depicted in Figure 7. This effectively reduced both flaps to one
flap, but in future experiments, the flaps can be operated individually. The results can be seen in Figure 9. This figure
displays the transfer from a signal to the flaps on the respective blades, to the strain signal on both blades, as a function
of the actuation frequency. There was a considerable amount of coupling, indicated by the high values for the transfer
between flap actuation on one blade to the sensor on the other (see the top-right and bottom-left graphs in Figure 9).
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Figure 9. Bode plots of the measured flap actuation to blade load measurements and the fitted state space model. Grey
depicts the model for 420rpm and black for 370rpm. The dashed lines represent the measurement data and the solid lines the
obtained model.
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Several controllers were designed using this state space model. Firstly, a Single Input, Single Output (SISO) PID
controller, similar to those used in previous experiments®' was implemented. Two SISO controllers, one for each blade,
worked parallel to each other, but the two gains were tuned successively. The controllers took their input signal from the
MFC on each respective blade and provided a single actuation signal for both flaps on that same blade. Secondly, a H..
Multiple Input Multiple Output (MIMO) feedback controller with the same in and outputs was designed with a combina-
tion of notches at 1, 2, 3 and 4P loads, as well as added damping to the first flapwise bending mode.

In addition, the potential of feedforward control was investigated. The controller was tuned by Repetitive Control
(RC)* scheme. Because it is less common, its implementation requires some explanation. RC is a form of feedforward
control and can be applied to systems which are excited by the same disturbance over and over again. This is clearly the
case for rotating turbines. With RC, the error signal over a certain cycle, called a trial, is captured and after each trial the
controller parameters are updated. Moreover, the number of parameters that is to be tuned can be reduced by selecting a
certain set of base functions, resulting in a so-called structured feedforward signal. Here, we chose a sine and cosine
function with a frequency that was equal to the rotational speed of the turbine because we were trying to reduce the 1P
loads:

ut” = 6; sin(wr) + 6 sinn(wr) )

In equation (2), 6; and 67 are the parameters to be tuned and that are updated every trial, @ is the rotational speed of the
turbine and the subscript k denotes the k™ trial. The technique was attractive because an accurate dynamic model of
the system was not needed. A scheme for the feedforward controller, including a feedback controller, can be seen in
Figure 10.

Both the feedforward and the feedback controller acted on the error signal and provided an actuation signal, but the
feedforward controller provided a preselected signal—here the sum of a sine and cosine function—for which the gains
were tuned by an update law. The timer was added in Figure 10 to the update law to indicate that the update law was not
a continuous process, but was executed once every trial. On the smart rotor turbine, the timer was implemented in the
form of the azimuthal trigger that generated a pulse when the rotor was in a certain azimuthal position. This way, small
errors in rotational speed did not disturb the update process, as would be the case when the update law had been executed
every assumed time period.

The challenge was to tune 6° and 6°. This was done by minimizing an objective function V:

min =V (6,)
Ok

in which: 6 = [6° 6°]. The objective function was chosen to be the square of the 2-norm of the error signal over the k™
trial e:

V(6:)=ei (0)e (6;) 3)

A trial in this case was one time series over the repetitive period; in our case one revolution. The error was equal to the
output (the MFC signal) since the set point was zero for all z. We did not have to compensate for the static load because

Figure 10. Scheme for feedforward control, including a feedback controller. P denotes the plant and Ky, the feedback controller.
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the MFC did not capture this. The optimization algorithm used Newton’s method to which a forgetting factor 3 was
added. This led to:

Ori1 = PO — atLie(6,) 4)

o is the learning factor. L was derived off-line from the system identification data. See van der Meulen et al.* for details.

4. RESULTS

In this section, we will present the results obtained with the setup and the different controllers as discussed above. Three
cases are discussed. First, the load reduction attained with two uncoupled SISO controllers will be shown. Secondly, we
will show the results of the MIMO controller and finally, the load reduction attained by the MIMO controller, in combi-
nation with adaptive feed forward control on the 1P loads will be presented. An overview of the load cases and the dif-
ferent controllers used in those respective cases are depicted in Table II.

4.1. SISO control

The results obtained with the SISO controllers for different yaw angles can be seen in Figures 11 and 12. In these spectra
plots, the 1, 2, 3 and 4P load spikes, as well as the resonance peak at 24 Hz—as designed—are clearly visible. Also, the

Table Il. Different load cases with controller types.

Controller configuration Controller type Case 1 Case 2 Case 3
SISO PD with notch filter X
MIMO H.. X X
Feedforward Repetitive control X
First blade Second blade
10 10
— 8 8
&
n
2]
s 6 6
8
- 4 4
2
2AML -
0 0
0 10 20 30 0 10 20 30
Frequency [Hz] Frequency [Hz]

Figure 11. Load PSD with (black) and without (grey) SISO feedback control at 0° yaw.
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Figure 12. Load PSD with (black) and without (grey) SISO feedback control at 5° yaw.
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Figure 13. Load PSD with (black) and without (grey) MIMO feedback control at 0° yaw.
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Figure 14. Load PSD with (black) and without (grey) MIMO feedback control at 5° yaw.

amplification of the 4P spike because of the interaction with the first bending mode can be observed. Comparing both
figures, one would have expected a higher induced loading for the 5° yaw load case, but this is not the case. The exact
reason for this is yet to be determined, but it could be that in the 0° load case the induced disturbances were so large that
the added effect of a small yaw angle posed only little additional loads. Also, a difference of the behaviour of blade 1
and 2 can be observed. We believe that this could be attributed to small differences in blade manufacturing and a slight
unbalance of the rotor. Regarding the performance of the SISO controller, we can conclude from the figures that the SISO
controller failed to add damping to the first mode for blade 2.

However, the controllers on the two blades were acting independently, even though the action of each controller had
a large effect on the response of the other blade, because of the high degree of coupling present in the system. Therefore,
with parallel SISO control, the controllers might have been working against each other.

4.2. MIMO control

As aresult of these issues that were encountered with SISO control, MIMO control was implemented; the results of which
can be seen in Figures 13 and 14. The same load spectrum (without controller) as with the SISO controller was observed
and the 5° yaw load case posed no significantly different spectrum. The load reduction was much higher than with paral-
lel SISO control and it maintained high load reduction at a 5° yaw angle for both blades. In particular, the blade dynam-
ics were damped much better, at the expense of the reduction of the 1P loads.

4.3. Combined MIMO and RC control

Subsequently, a combination of the MIMO feedback controller with a feedforward controller was tested (see Figures 15
and 16). As can be observed comparing Figures 13 and 14 to Figures 15 and 16, a better performance regarding the
1P loads was attained. For this controller, two time series plots for blade 1 are also presented (see Figure 17) for 0° and

for 5° yaw.
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Figure 15. Load PSD with (black) and without (grey) feedforward and MIMO control at 0° yaw.
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Figure 16. Load PSD with (black) and without (grey) feedforward and MIMO control at 5° yaw.
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Figure 17. Time series of blade 1 with feedforward and MIMO control for two yaw cases.
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Figure 18. Standard deviation, relative to the corresponding uncontrolled load case for the different controllers.

In these figures, the same observed behaviour as in the PSD figures can be seen. The 1P load with a period of about
0.16s was greatly reduced, especially for the zero yaw case, but there was a penalty to be paid in the form of high fre-
quency disturbances. The same holds for the 5° yaw load case, although there seemed to be a high frequency component
which was less mitigated.

4.4. Controller comparison

Finally, we present the standard deviation of the MFC signal, relative to the same load case without any controller. Thus,
a value of 1 equals the standard deviation for the respective load case without a controller:

Rel. standard deviation = SIMPC i com) ®)
std (MFCwithoul control )

Where std(MFC) is the standard deviation of a captured time series of the MFC signal. This provides a good estimation
of the reduction in dynamic loads (see Figure 18). The SISO controller obviously worked well for blade 1, but hardly
any reduction was seen for blade 2. This was also consistent with the PSDs in Figures 11 and 12 and it was because the
gains of the controller were tuned for blade 1 first. This way a good controller for blade 2 was hard to obtain. The MIMO
controllers with and without feedforward control showed similar results, although the one with feedforward control at 1P
seemed to perform slightly better in total standard deviation reduction.

5. SUMMARY AND FUTURE WORK

In this paper, we discussed the design procedure for a smart rotor, equipped with variable trailing-edge geometry. The
dynamic behaviour of the blades was analysed, also with sensor selection and placement in mind. Different controllers
were designed, based on the measured behaviour of the system. Both feedback and feedforward controllers were based
on the structural response of the blade to dynamic loading.

The rotor was tested under different yaw conditions with the different controllers. In general, significant reductions of
the dynamic amplitude were attained with all controllers. The SISO feedback control gave some load reduction, but mainly
for the blade to which the controller gains were tuned first. The MIMO controller gave better performance, but the per-
formance at 1P was slightly increased when an adaptive feedforward controller, aimed at the 1P loads, was added. However,
some penalty was paid for reducing loads at the multiple-P and around the first natural frequency of the blade by a slight
increase in loads in other parts of the spectrum. In general, the results showed that a large dynamic load reduction is
attainable, but that the coupling between the different blades on a rotor has to be taken into account in controller design.

Thus, through presenting a design procedure for—and experiments on—a smart rotor this research provided a frame-
work for successful implementation of load control to a rotor. However, for implementation on a full scale turbine
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several topics are still to be addressed, such as the design of the flaps on that scale and the reliability and stability of the
system.

In the future, load cases other than operating the scaled rotor in yaw will be tested. Also, different controllers will be
developed to target the different deterministic and stochastic loads. Increasing the flap authority through a better actuator
shape and greater deflection could greatly increase the load reduction potential of the system. In addition, analyses of the
turbine through aero-elastic modelling are planned.
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