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Abstract

In the effort of finding sustainable ways to meet the global energetic demands, wind energy
plays a major role. Modern wind turbines with tower top height at 100 m and rotor diameter at
180 m produce power of MW in order of magnitude, while they generate clean energy for more
than two decades. In such machines, the flap deflection at the tip of the blade exceeds 10% of the
turbine's radius. Thus, modern research concentrates on an effort to reduce the aerodynamic loads
induced on them.

A means of doing so is by reducing the fluctuating loads of the blades, which come from a
variety of sources such as turbulence in the wind, vertical and horizontal wind shear, yaw
misalignment and flow inclination, shaft tilt, wind gusts, tower shadow and gravity effect.

The main two methods for fluctuating loads reduction are passive and active control. In this
thesis, we assessed the capabilities of active control techniques. The main idea of active control lies
in regulating the aerodynamic properties of the blades (change of angle of attack or lift coefficient
curve) based on information that comes from appropriate sensors (strain gauches, accelerometers,
pitot tubes, LIDAR, spinner anemometers etc).

One of the most promising ways to achieve that is by utilizing the ability to rotate the whole
blade through the pitch mechanism (change of the angle of attack) or by utilizing shape morphing
techniques (leading & trailing edge flaps, smart materials) at the blades of the wind turbine (change
of the lift coefficient curve). These techniques have been respectively known as Individual Pitch
Control (IPC) and Individual Flap Control (IFC) and their own potential, as well as the one of their
combination (IPFC), is the first subject to investigate on this thesis.

The above control methods and their combination belong to the feedback control
techniques. Conventional feedback controllers can compensate the wind excitations only with a
delay. This problem can be overcome by utilizing inflow sensor measurements (LIDAR, spinner
anemometers a.s.0.). In this thesis, we also assessed the capabilities of an Individual Flap Controller
with Spinner anemometer (IFCS) and its combination with the conventional IPC (IPFCS).

Finally, a comparison between the conventional feedback and the novel feedforward
control technique has been carried out, as an effort to understand the applications on which each
technique prevails.



The results are much promising, indicating that this modern kind of active control should
continue to be investigated in future as it shows great potential for low turbulence intensity cases.
From the simulations carried out on deterministic runs using IFCS, it followed that an alleviation of
up to 70% on the fatigue loads seems well feasible with today’s technology.
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1. Introduction

In recent years, renewable energy technologies are being rapidly developed worldwide.
Especially wind energy is now the second fastest-growing source of electricity in the world, with a
global installed capacity of 432,883 MWW at the end of 2015.

With the intention of lowering the cost of energy produced by wind, new control techniques
are being investigated with the aim reduce the loads experienced by wind turbines during
operation, so that their lifetime increases.

A means of doing so is by reducing the fluctuating loads of the blades, which come from a
variety of sources such as turbulence in the wind, vertical and horizontal wind shear, yaw
misalignment and flow inclination, shaft tilt, wind gusts, tower shadow, gravity effect e.t.c.

The main two methods for fluctuating loads reduction are passive and active control. The
premier concept of passive load control is based on the counteraction of wind speed changes
through passively adapting aeroelastic response of the rotor blades, or other methods like tension-
torsion coupling, bending-twist coupling and sweep-twist coupling, which, however, are still under
investigation. On the other hand, the main idea of active control lies in regulating the aerodynamic
properties of the blades (change of angle of attack or lift coefficient curve) based on information
that comes from appropriate sensors (strain gauches, accelerometers, Pitot tubes, LIDAR, spinner
anemometers etc). The prevailing trend of active control methods is the Individual Pitch Control
which utilizes the pitch actuator in order to change the angle of attack of the blade. Recently, there
are studies in which IPC method has been augmented with the Individual Flap Control method [1].
In this approach, local aerodynamic surfaces (Trailing Edge Flaps) are distributed along the span of
the blade. An actuator moves the Trailing Edge Flap, which brings about change on the lift
coefficient and in this way controls the loads dynamically. Such concepts are generally referred to
as Smart Rotor Control.

As overviewed in [2] , Andersen (see [3]) finds out the potential of flaps to compensate 34%
of the fatigue equivalent damage in flapwise loading, while Barlas [4] reports slightly lower values
up to 27%. Andersen pays attention to loads in the blade only, while Barlas also results in a
reduction potential in the tower fore-aft bending moment and the tower tip deflections. Lackner
and van Kuik [5] combined flaps with individual pitch control (IPC), thus expanded the approach to
smart rotor control, leading to maximum blade root moment reductions of 22%. Bergami and
Poulsen [6] have utilized a linear-quadratic controller leading to a 16% fatigue load reduction of the
root bending moment. Castaignet and Wedel-Heinen [7] where the first to to also take into account
a limited set of ultimate load cases corresponding to power production conditions in their analysis.
Unfortunately, no further specified generic turbine was used, nor were the flap dimensions
mentioned in detail. Therefore, no qualitative comparison with the results presented in this paper
is possible. A general trend was that extreme 25 loads are reduced as well, but not as efficiently as
fatigue loads.
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Along with numerical simulations, experimental work has been performed at Delft
University of Technology, on which the feasibility of the smart rotor concept ([8], [9]) was proven.
In the wind tunnel experiments with a scaled rotor, fatigue loads were reduced up to 59%.
However, the low turbulence level of the wind tunnel environment has to be kept in mind.
Therefore, it could not be reasonable concluded that utility sized turbines share the same load
reduction potential. Castaignet [10] has actually been the first one to test a controller on a utility
scale smart rotor in a field test. A Vestas V27 was rebuilt with three flaps with a span of 70 cm each
on one of the blades, of which a single flap was operational during the experiment. The blade root
moment reduction was up to 14% at a 38-minute simulation, which is less than the achieved values
in numerical simulations of Barlas [4] or Markou [11]. However, in Table 1.1 is clear that the size of
the flap is significantly smaller than in all other efforts. Castaignet [12] also tried a full scale smart
rotor experiment, but found significantly lower load reductions.

Baek [13] is the first to approach the load reduction potential in a more global sense, as an
effort to evaluate the whole wind turbine with all its components. Baek performs two types of
analyses:

Firstly, the stochastic nature of turbulence and its effect on the load reduction was
investigated. For this purpose, 100 simulations at 11.0 m/s were performed. The standard deviation
of load reduction in the blade root bending moment for 10-minute simulation is up to 3%.

The second analysis step, was the evaluation of power production load cases with a normal
and extreme turbulence model for wind speeds from 5.0 to 25.0 m/s. Once more, a 10-minute
simulation was performed on each wind speed. The advantage of Bak ‘s analysis is that more wind
turbine components are taken into account. Alongside with the traditionally evaluated flapwise and
edgewise blade root moments, the moments at the tower base, shaft torsion, hub moments, and
the three moments at the tower top were taken into account as well. The reduction of the damage
equivalent flapwise blade root bending moment was up to 15%. Significant reduction of fatigue
loads at the hub and the tower top were found as well. Similar to Lackner and van Kuik [14], Ba&k
also investigates the effect of combining individual pitch control and individual flap control. He
finds out that the combined control technique can considerably improve the performance of smart
rotors, with hub fatigue load reductions of more than 40%. However, Bak did not pay much
attention to extreme. The most significant extreme load reduction, of up to 30%, is achieved for the
tower top tilt moment.
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Author Flap chord ratio % | Flap width % of radius | Wind [m/s] | Shear exp.
Andersen [3] 10% 15-30% 11.4 0.14
Barlas [4] 10% 18% 7,11.4,15 0.2
Lackner and van
. 10% 20% 8,12,16,20 0.2
Kuik [5]
Bergami and
10% 20% 12-24 0.2
Poulsen [6]

Castaignet [12] 13-18% 5% Field test Field test
Castaignet [10] 13-18% 5% Field test Field test
Baek [13] 10% 20% 5-25 0.2
Turbulence .

Author . . DEL reduction Controller
intensity
Andersen [3] 0.06 25-37% PD/HPF
Barlas [4] 0.06 10.9-27.3% MPC
Lackner and van
. NTM 5.7-22.4% PID
Kuik [5]
Bergami and
0.14-0.17 15.5% (average) LQ
Poulsen [6]
Castaignet [12] Field test 14% (measured) MPC
Castaignet [10] Field test 5% (simulated) MPC
Baek [13] 0.06-0.18 15-20% IBC

Table 1.1: Simulation set-up peer-reviewed papers and PhD theses.

NTM — Normal Turbulence Model

PD - Proportional-Derivative controller

HPF — High-Pass Filter

MPC — Model Predictive Controller
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LQ - Linear Quadratic controller
PID — Proportional-Integral-Derivative controller

IBC — Individual Blade Control

So far, the conventional IFC method is being applied via actuators which drive the Trailing
Edge Flaps and through the combination of sensors and controllers that provide feedback load
control. The controller is based on the decomposition of the blade root out-of-plane moments of
the three blades (measured in the rotating reference frame) into yaw and tilt moments in the hub
fixed system (expressed in the non-rotating frame) through application of Coleman’s
transformation. The hub fixed moments represent the control input variables through which two
output cyclic flap angles are defined. Re-modulation of the output cyclic flap angles by means of the
inverse Coleman transformation provides the individual flap angles of the three blades.
Nevertheless, the benefit of utilizing inflow sensor measurements (LIDAR, spinner anemometers
a.s.0.) has not yet been fully explored. This research target is pursued in this thesis.

In particular, the main subject of this thesis is the comparison between the conventional IPC
& IFC method, notated as IPFC, and a novel IPC & IFC method, which will take advantage of a
spinner anemometer’s ability to measure the wind inflow condition (hereinafter referred to as
“IPFCS”). The main control idea of the innovative IFC with spinner lies in the inflow measurements,
alongside with a look-up table that indicates the movement of the TEFs. The controller uses flap
actuators with the aim to remove any deterministic source of load variation on blades, associated
with the characteristics of the inflow. Such load variations are concentrated on multiples of the
rotational frequency (P multiples) and they are mainly due to i) wind yaw misalignment - within the
range that yaw control is not activated ii) vertical and horizontal wind shear and iii) wind
inclination.

The analysis is performed on the DTU 10MW Reference Wind Turbine and the comparison
will be based on two factors: the load reduction potential (the flapping Moment at the root of the
blade is taken into account as a representative sample) and the duty cycle on the pitch actuator
that each method causes.

The structure of this report is as follows:

On the first chapter (Introduction) is made a simple reference to the main two methods of
control (passive and active) that lead to reduced loading on the wind turbine. Moreover, the
introduction is accompanied by a brief bibliographic review of active control methods and their
results and concludes with a clarification of the main subject of this thesis.

On the second chapter (Simulation Tools) is given a detailed description of the main tools
(a. Aeroelastic solver, b. Reference Wind Turbine, c. Inflow measurement device) that are used.
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On the third chapter (Conventional Individual Pitch and Flap Control) is performed a
detailed analysis of the methodology of the Individual Pitch and Individual Flap Control techniques.
Furthermore, the methodology that should be followed, in order to achieve an effective
combination of IPC and IFC is analyzed. The method analysis of each control technique is
accompanied by their results in terms of load reduction for different load patterns.

On the fourth chapter (Innovative Individual Pitch and Flap Control with Spinner
anemometer) is performed a detailed analysis of the innovative Individual Flap Control with
Spinner anemometer (IFCS). A detailed procedure for a correct combination of IPC and IFCS follows.
Once more, the method analyses are accompanied by their results in load reduction.

On the fifth chapter (Comparison of different control strategies and conclusions) is
performed a comparison of all the control techniques for various load patterns. The comparison is
based on two factors: i) the load reduction and ii) the duty cycle on the pitch actuator that each
method brings about. The primary focus is on the comparison between IFC and IFCS, as well as with
the applications to which each control technique suits better.

On the penultimate chapter (Future work) have been made suggestions about some ways of
improving the IFCS technique and combining it with the IFC.

Finally, the last chapter (References) contains all the references to other projects that have
been made in this thesis.
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2. Simulation Tools

2.1 Description of the aeroelastic solver

Non-linear time domain aeroelastic simulations are performed using NTUA’s in-house servo-
aero-elastic solver hGAST [15]. In hGAST solver, the full wind turbine is considered as a multi-
component dynamic system having as components the blades, the drive train and the tower; all
approximated as Timoshenko beam structures. Assembly of the above components into the full
system is carried out in the framework of the so called multibody approach. It consists of
considering each component separately from the others but subjected to specific free-body
kinematic and loading conditions that are imposed at the connection points of the components.

In the multibody context, a local coordinate system Oy, (see Figure 2.1(a)) is assigned to
each component/body with respect to which local elastic displacements are defined. In hGAST the
local frame of each body is subjected to rigid body and elastic motions communicated by preceding
bodies as kinematic conditions imposed at their connection points. Rigid body motions can be
either prescribed or controlled while elastic motions consist of the total deflection of the previous
components “transferred” to the current component. For example, the blades are subjected to
pitch motion (rigid body motion directly imposed to the blade), azimuthal rotation and yaw rotation
(rigid body motions indirectly imposed to the blades through the drive train and the nacelle) and
the elastic translational and rotational motions of the drive train and the tower.

Let er denote the position of a point on the k — th component with respect to the inertial
(global) frame Ogx;ysz, R* the position vector of the origin Oxyz of component “k” and T* is the

local to global rotation matrix (see Figure 2.1(a)). Then,

¥ =Rk + Tk -1k (2.1)

(TET - #f = (TT-R¥ + (T - Tk -r + 2. (T - ATy - 76 + 7% (2.2)

LY_}\Yj\ ~ J

acceleration centrifugal Coriolis

of the origin acceleration acceleration

where (T*)T - er is expressed in local coordinates. The motion of the local body system will give
rise to extra inertial terms - centrifugal and Coriolis terms defined in Equation 2.2 through the time
derivatives of T¥, which must be added in the equilibrium equations.

In defining R¥ and T* a sequence of displacements and rotations dj and T; is followed that
connects Oxyz to OgXgYsZg:
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'rg = dm + tm . { [dz + tz ) (dl + tl ) rk)]} =>

100 (2.3)

Rk = dm+tm{[d2 +t2 'dl]}) Tk = 1_[1:]
j=1

Each of d; and t; is connected to either a single displacement or a single rotation in a certain
direction. By collecting all displacements and rotations that are involved in the definition of R¥ and
Tk, for all components, the vector of kinematic DOFs q is introduced. Each element of g is
associated to a certain direction of rotation or translation and so d; = d;(qy; dir;,) corresponds to a
dn displacement in the dir;, direction and similarly for t;.The elements of g are in general time
dependent and therefore R¥ = R¥(q,;t) and T* = T*(q,; t) where g, denotes the restriction of g
for the k — th component. If g,, refers to a controlled rigid body motion, then the corresponding
dynamic equation is added to the system. If g,, is an already existing elastic DOF then a simple
assignment equation is added. For example, the blades follow the elastic motion of the tower
(z2ddaApa! To apyeio npoéAeuong tng avadopdg dsv Bpédnke..1(b)) and so the tower top deflections
are included in q. Also the blades will follow the yawing of the nacelle, the rotation of the shaft and
the pitch rotation, which are all included in g as DOFs of controlled motions. The motions of the
supporting structures of a floating wind turbine and the teetering angle of two bladed rotors are
also included as DOFs of free motions (see Figure 2.12¢daApa! To apxeio npoéheuong tng avadopdig
Sev BpéBnke.(c)).

In addition to the kinematic conditions that are imposed at the connection points, loading
conditions must be also satisfied. In particular, at each connection point, one of the connected
bodies contributes the displacements and rotations to all others, which in turn contribute their
internal (reaction) loads. So, in the previous example the tower will receive the loads from the
nacelle.

The advantage of the above formulation in comparison to other multi-body formulations
applying the Lagrange multipliers approach is that the resulting dynamic equations of motion can
be easily linearized analytically and thereafter linear eigenvalue stability analysis can be performed
with respect to a highly deflected steady or periodic state.
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! A flapwise
\ . bending

qgenerator

tower for aft
g bending
rotation

(a) (b) (c)

Figure 2.1: (a) Wind turbine inertial frame and local frame of the various components, (b) Realization of multibody
kinematics, examples of elastic q-DOFs, (¢) Realization of multyibody kinematics, examples of controlled of free motion q-
DOFs.

The same multi-body formulation is also extendable to the component level which is
actually implemented in hGAST. Highly flexible components, such as the blades, are divided into a
number of interconnected sub-bodies, each considered as a single beam element or as an assembly
of beam elements. Each sub-body has its own coordinate system Oxyz, which follows the
deflection of the body. The first end (P1) of the sub-body is considered as the origin O while the
second end (P2) is free. As illustrated in Figure 2.2, the co-ordinate system Oxyz of the v — th sub-
body of the k — th body, is defined with respect to the co-ordinate system O x Yz} of the major
body by the position vector of its origin ﬁ,’ﬁ and a rotation matrix T,’ﬁ. Large deflections and rotations
are gradually built and non-linear dynamics are introduced by imposing to each sub-body, the
deflections and rotations of preceding sub-bodies as rigid body motions. In particular, a vector Ei,'j is
defined for each v — th sub-body of the k — th body that contains the deflections (translations
and rotations of the free ends) of the preceding sub-bodies: Rk = RX(q%; t) and T = T%(q¥; t).

If the main body is divided into a sufficiently large number of sub-bodies, then deflections
and rotations, with respect to the sub-body system, are considered small and linear beam
equations can be employed. The position vector of the arbitrary point on the v — th sub-body of
the k — th body is written with respect to the inertial frame Ogxsys2Z¢ as:

&, = R¥(qi; t) + T*(qi; t) - {RE(G%; ¢) + TX(gk; ) - ik} (2.4)

where 7,¥ is the position vector of the arbitrary location on the sub-body with respect to
Oxyz. Dynamic coupling of the sub-bodies is introduced by communicating the reaction loads (3
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forces and 3 moments) at the first node of each sub-body to the free node of the previous sub-body
as external load (see Figure 2.2).

Rotor aerodynamics is simulated using a Blade Element Momentum (BEM) model. In hGAST
an elaborated BEM model is employed that accounts for dynamic inflow, yaw misalignment, and
dynamic stall effect through the ONERA dynamic stall model [16].

Yk
Zk

body k

koo .
Zc T (q k> t)
R* (qk : t) Xk

X6

Figure 2.2: Realization of multibody kinematics at the level of the component.

2.2 Description of the Reference Wind Turbine

The Reference Wind Turbine that is used in this project is a 10MW, 3-bladed wind turbine
developed at the Light Rotor project as cooperation between DTU Wind Energy and Vestas [17].
The Wind Turbine is equipped with the “Basic DTU wind energy controller” [18], that implements a
variable speed / variable pitch control strategy. For the sake of controller performance verification,
a simple wind step condition run was performed (see Figure 2.3), on which is obvious that the
controller performs well.

As far as some characteristics of the whole wind turbine and its components are concerned,
the nacelle and hub properties are summarized in Table 2.1. The drivetrain properties are
summarized in table 2.2 and the full information on the drivetrain modes are summarized in Table
2.3. The tower properties are summarized in Table 2.4 and Table 2.5. The blade natural frequencies
are summarized in Table 2.6 and the natural frequencies and damping values for different modes of
the whole turbine are summarized in Table 2.7.
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Figure 2.3: A wind step case. Red line: wind speed. Black line: pitch angle. Blue line: generator power.
Elevation of Yaw Bearing above Ground 119m
Vertical Distance along Yaw Axis from Yaw Bearing to shaft 2.75m
Distance along Shaft from Hub Center to Yaw Axis 7.07m
Distance along Shaft from Hub Center to Main Bearing 2.7m
Hub Mass 105520 kg
Hub Inertia about Low-Speed Shaft 325671 kgm?
Nacelle Mass 446036 kg
Nacelle Inertia about Yaw Axis 7326346 kgm?
Nacelle CM Location Downwind of Yaw Axis 2.687m
Nacelle CM Location above Yaw Bearing 245m

Table 2.1: Nacelle and hub Properties.
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Rated Rotor Speed 9.6 rpm

Rated Generator Speed 480 rpm

Gearbox Ratio 50:1

Electrical Generator Efficiency 94

Generator Inertia about High-Speed Shaft 1500.5 kgm?

Equivalent Drive-Shaft Torsional-Spring Constant 2317025352 Nm/md

Equivalent Drive-Shaft Torsional-Damping Constant 9240560 Nm/(rad/ )
sec

Table 2.2: Drivetrain Properties.

Shaft torsion mode Natural Frequency Logarithmic Damping Critical Damping
[Hz] [%] [%]
Frree—free flexibie 1.803 5.614 0.894
Frree—free rigid 4.003 31.455 5.000
Frree—free flexible 0.502 3.013 0.480
Frree—free rigia 0.612 4.762 0.758

Table 2.3: Natural frequency for the shaft torsion mode.

Height [m] Outer diameter [m] Wall thickness [mm]
0.000 8.3000 38
11.500 8.0215 38
11.501 8.0215 36
23.000 7.7431 36
23.001 7.7430 34
34.500 7.4646 34
34.501 7.4646 32
46.000 7.1861 32
46.001 7.1861 30
57.500 6.9076 30
57.501 6.9076 28
69.000 6.6292 28
69.001 6.6291 26
80.500 6.3507 26
80.501 6.3507 24
92.000 6.0722 24
92.001 6.0722 22
103.500 5.7937 22
103.501 5.7937 20
115.630 5.5000 20

Table 2.4: Wall thickness distribution of the tower.
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Height [m] Cross section Mass per Radius of Second Torsional
area [m?] length gyration moment of | stiffness

[kg /ml [m*] area [m*] | constant

0.000 0.98632 8383.74 2.921 8.41605 | 16.83210
11.500 0.95308 8101.16 2.823 7.59342 15.18684
11.501 0.90314 7676.68 2.823 7.19909 | 14.39819
23.000 0.87165 7409.00 2.725 6.47197 | 12.94394
23.001 0.82343 6999.18 2.726 6.11710 | 12.23421
34.500 0.79369 6746.37 2.627 5.47792 10.95583
34.501 0.74720 6351.21 2.628 5.15979 | 10.31958
46.000 0.71921 6113.27 2.529 4.60134 9.20267
46.001 0.67444 5732.78 2.530 431732 8.63463
57.500 0.64820 5509.71 2.432 3.83271 7.66541
2.57.501 0.60516 5143.87 2.432 3.58027 7.16053
69.000 0.58067 4935.68 2.334 3.16290 6.32580
69.001 0.53935 4584.50 2.335 2.93961 5.87921
80.500 0.51661 4391.17 2.236 2.58319 5.16638
80.501 0.47702 4054.66 2.237 2.38671 4.77342
92.000 0.45602 3876.20 2.138 2.08525 4.17049
92.001 0.41816 3554.35 2.139 1.91334 3.82669
103.500 0.39891 3390.76 2.041 1.66114 3.32229
103.501 0.36277 3083.57 2.041 1.51168 3.02335
115.630 0.34432 2926.71 1.937 1.29252 2.58504

Table 2.5: Cross section stiffness and mass properties of the tower.

Mode Natural frequency [Hz] Logarithmic Damping [%]
1° flap mode 0.61 3.0
1*" edge mode 0.93 3.0
2" flap mode 1.74 8.4
2" edge mode 2.76 8.9
3" flap mode 3.57 17.0
3" edge mode 5.69 20.8
4™ flap mode 6.11 26.4
4™ edge mode 6.66 5.0

Table 2.6: Natural frequency for the isolated blade.
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Mode Natural frequency [Hz] Logarithmic Damping [%]
1% Tower side-side mode 0.25 1.9
1* fix-free mode 0.50 3.1
1* asymmetric flap with yaw 0.55 2.3
1* asymmetric flap with tilt 0.59 2.8
1* collective flap mode 0.63 3.1
1* asymmetric edgel 0.92 2.9
1* asymmetric edge2 0.94 3.0
2" asymmetric flap with yaw 1.38 4.8
2" asymmetric flap with tilt 1.55 6.1

Table 2.7: Natural frequency of the whole wind turbine.

2.3 Description of the inflow sensor measurement (spinner
anemometer)

As overviewed in [19], the spinner anemometer is an innovative inflow measurement sensor
that is often used for control purposes. Normally, it is placed on the spinner, in the front of the
turbine [20]. There, the measurement is almost undisturbed by the rotor and the nacelle, although
they may be influenced by some disturbance from the blade roots and the overall inflow of the
rotor as well.

The spinner anemometer exploits the aerodynamics of the spinner of a wind turbine and
thus measures the wind conditions at the centre of the rotor. The measurements are performed by
3 sonic sensors at 3 fixed positions above the boundary layer over the spinner surface (see Figure
2.4). As a result, the spinner anemometer is able to measure the three directional wind velocities at
a point in front of the turbine.

Each one of the three sonic wind speed sensors has also a built-in sensor that is used to
determine the azimuth angle of the rotor. A plane flow over a spinner is shown in Figure 2.5. From
the stagnation point in the centre of the spinner, the wind flow accelerates over the surface and
reaches wind speeds above the free wind speed. The sonic sensors are positioned on the spinner
where the flow speed is the same as the free wind speed.

To sum up, inflow yaw and inclination (tilt) angles can be directly calculated through the
three components of the wind velocity measured by the spinner anemometer. Moreover, an
estimation of both the vertical and horizontal wind shear exponent can be obtained through cross
correlation characteristics of the axial and vertical or the axial and horizontal wind components
respectively.

13
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Figure 2.4: The concept of a spinner anemometer with three sonic sensors mounted on the front part of the spinner.

Figure 2.5: Wind speed contours around a spinner with wind from the right, at a flow inclination angle of —10°, which means
flow coming from below.
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3. Conventional Individual Pitch and Flap Control
3.1 Individual Pitch Control
3.1.1 Introduction

Individual Pitch Control is a method where each blade has its own pitch angle. This is
possible when each blade has an independent pitch actuator, which is common for modern multi-
MW wind turbines. Hence, implementing an individual pitch control does not require an expensive
redesign.

Collective Pitch Control is used for speed and power regulation, where a common pitch
angle is set by a central controller to all blades at the same time. Individual Pitch Control
supplements this Collective Pitch Control signal and is designed to reduce the fluctuating loads on
the wind turbine.

The sensible question that arises is how do these fluctuating loads occur. The understanding
of their origin will indicate the means of their abatement too. When wind inflow varies over the
rotor plane, loads appear on the blades only at the once-per-revolution frequency (1P) (0.16 Hz,
which corresponds to a rotor speed of 9.6 rpm), and its harmonics (twice-per-revolution (2P),
three-times-per-revolution (3P) and so on), as shown in Figure 3.1. The 1P frequency is the most
significant one.

Fourier transformation
45

a0t
35t
0t
25t
20t
15}

10F

| | JU L

0 i
0.001 0.01 0.1 1p 2P 3P 4P5P 1 10
frequency (Hz)

Flapwise moment at 1st blade's root [kNm]

Figure 3.1: Fourier transformation of the signal of the flapwise moment at the root of the first blade.

The stochastic nature of the wind (turbulence), vertical and horizontal wind shear, yaw
misalignment and flow inclination, shaft tilt, wind gusts, tower shadow and gravity induce 1P
fluctuating loads on the blade, as shown in Figure 3.2.
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Figure 3.2: 1P variation of the flapwise moment at the root of the first blade due to wind turbulence.

In Figure 3.2, higher harmonics (2P, 3P, ...) are visible as well, but 1P is the dominant one.

Therefore, a Fourier analysis can be applied on the fluctuating loads, so that they are
represented as cosinusoidal signals:

Mpiap = Z Cocos(n- Y + @) (3.1)
n=0

n = 1 correspondsto 1P frequency,n = 2to 2P and so on.
C,, corresponds to the amplitude of each harmonic and ¢,, is its phase.

As Y denotes the azimuth angle of each blade and particularly for a 3 bladed rotor:
21
=0+ (0-1D—, i=1,3 (3.2)

£ is the wind turbine’s rotational speed, t is the simulation time.

The 1P (and higher harmonics) variation induces fatigue loads. In order to mitigate the
fatigue loads, a control strategy that compensates 1P amplitude (and higher harmonics if possible)
fluctuations needs to be applied. The attenuation of these loads is possible through a cosinusoidal
movement of a flap (IFC), or the whole blade (IPC) described by:

Br or B, = Z A, cos(n-y + AY) (3.3)
n=1
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Again, A,, corresponds to the amplitude of the movement for each harmonic component
and Ay is its phase.

The cosinusoidal movement brings about a cosinusoidal load. By detailed regulation of the
amplitude A,, and the phase correction Ay, the induced by the control mechanism load, can fully
compensate the dominant 1P azimuthal fluctuation of the load of the blade, as shown in Figure 3.3.

Flapwise moment at the 1'st blade's root
25.10° . . - . - .

ﬂluctuat\'ng load
control load
20103} ; : : fluctuating load + control W‘/_

15.103

m]

10-103

5.10°

Flapwise moment [kN

0-103

-5.10%

_10.103 i i i i i i i
0 50 100 150 200 250 300 350
azimuth angle [deg]
Figure 3.3: 1P variation of the flapwise moment at the root of the first blade, a 1P fluctuation load that is induced by the
control mechanism and the result of their superimposition.

The compensation of the 2P azimuthal fluctuation will reduce the fatigue loads even more.
However, an attempt for even higher harmonics compensation provokes the control mechanisms
to move on really high frequencies, thus triggering higher harmonics of the blades and therefore
increasing their amplitude and the fatigue loads. For this reason, only 1P and 2P fluctuations are
suitable for compensation.

3.1.2 Method Analysis

IPC is based on the signal of flapwise and edgewise bending moments at the root of the
blade (Mf;qp, and M4, respectively), that are usually calculated through strain gauches. Its main
target is to reduce the amplitude of these fluctuating loads. My, is the most significant one,
whereas M4, is dominated by the blade weight and not by variations of the wind.

As the wind speed increases the Collective Pitch Controller is activated and the common
blade pitch angle travels from 0 to 30 degrees (in normal operation). As a result, a significant
component due to blade weight is transferred to Mg,,,,. To do away with that, the two bending
moments are not d directly used. A rotation from the local section system of the blade to a system
attached to the rotor disk is performed and so the out-of-plane bending moment at the root of the

17
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blade (M,,;) is used instead, as shown in equation 3.4 and in Figure 3.4. The indicator i refers to
each blade (i =1 - 3).

Moy i = Mflap,i Cosp; — Medge,i sin p; (3'4‘)

Medge | / mMflap

\\
.,
e

u
Z
AND

Figure 3.4: Bending moments on local section system of the blade (red) and the system attached to the rotor disk (yellow).

Subsequently, a rotation from the rotating system to the non-rotating system of the rotor
disk (hub fixed system) is applied, so that the tilt and yaw moments (M;;: and M,,,, respectively)
can be calculated, as shown in Equation 3.5 and in Figure 3.5.

2 2 2
{ M, } |5 cos 3 Cos Y, 3 Cos Y5 {%oug} 35
= ou .
Myaw z in 2 in 2 in M
3 siny, 3 siny, 3 siny; out3

The above described method is known as Coleman Transformation. It needs to be highlighted here, that the
correct calculation of My, and M, requires information about the twisting moment of each blade

(M,itch)- However, these control methods aim at reducing the bending moments of the blades

(M4 and Mg 4.), not the twisting moment (M), so during Coleman Transformation M.y, is
neglected.
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Plane of rotor disk

Figure 3.5: Moments on rotating and non-rotating frame of rotor disk.

The two non-rotating moments My;;; , M,,4,, must then be filtered, so that their signal is clear
of the higher harmonics. Thus, two bandstop filters with cut-off frequencies of 6P and 3P are
sequentially applied. The state space matrixes of the two filters that were used on this thesis are
shown for the 3P filter in equation 3.6 and for the 6P filter in equation 3.7. The result of their
combination is shown in Figure 3.6.

0.0000 1.4209 2.3840 0.0000 0.0000
Aun = —1.4209 -1.6616 0.0000 2.3840 B., = [ 14209
3P —2.3840 0.0000 0.0000 0.0000 3P 710.0000
0.0000 —2.3840 0.0000 0.0000 0.0000

(3.6)

C3p =[-0.6838 —1.1694 0.0000 0.0000] Dsp=1.0000
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0.0000 2.8431 4.7683 0.0000 0.0000
A = —2.8431 —3.3247 0.0000 4.7683 B.. = |2:8431
6P —4.7683  0.0000 0.0000 0.0000 6P~ 10.0000
0.0000 —4.7683 0.0000 0.0000 0.0000

(3.7)

Cep =[—0.6838 —1.1694 0.0000 0.0000] Dgp =1.0000

The result of filtering a signal

20-103 T T 10-10°
unfiltered signal
filtered signal 5103 F
103k
15.10 0_103
-5.10°
10_103-.... JRU | T
-10-10% |
—_ -15.10% L L L
E 5.10% 180 185 190 195 200
4
=
£ 0.10°
=

-5-103 - [f

-10.103}

-15.103 L 1 H ; . ;
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time [sec]

Figure 3.6: Comparison between filtered and non-filtered signal of Mtilt.

The magnitude of the moments in the non-rotating frame of the rotor disk (M¢;;¢ , M,,4,,)
depict the wind inflow asymmetry on the disk. As shown in Figure 3.7, the magnitude of M;;;; and
M,,,,, are proportionate to the fluctuation’s amplitude of the bending moments on the local

rotating system of the blade (|Mﬂap| , |Medge|), which emanate from azimuthal asymmetries, such

as yaw misalignment and flow inclination, vertical and horizontal wind shear, etc.
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Figure 3.7: The magnitude of M;;; and M,,,, is proportional to the amplitude of M.

Therefore, the controller aims at lowering the values of M;; and M,,4,, and by thus in
reducing the amplitude of the fluctuating loads at the root of the blade. Therefore, the current
values of My;;; and M,,,,, are used as the controller’s input signal (error to eliminate). The output of
the controller are 2 angles on the hub fixed system, 6;;;, and 6,,4,, respectively, which are notated
as Cyclic Angles. These 2 angles can be transformed to a single pitch correction angle on the local
rotating system of each blade. This process is known as Inverse Coleman Transformation and is
described in equation 3.8. After a short time delay, due to the time response of the actuators, this
pitch correction angle will be superimposed on that current pitch angle.

ﬁpi = Oyccosy; + GyawSinl/)i (3.8)

The whole process is depicted in Figure 3.8.

Dut-of-plane moments at the
root of the blades

Jgp_ M Transformation

outl v, matrix (Colleman's)

—Fr— hGAST Mo
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’B P hl{Du[B
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W, 4 W, Jgiilt :\"[mtﬁnga{i Band Band
Inverse Integral  |< stop stop
Transformation control 3p.6p 3p,Bp

matrix {Colleman's) r I
18 I‘Lpl M}'av-'ﬂltaad
=W

Figure 3.81: Block diagram of the IPC method.

The type of controllers that are commonly used on such control techniques are Proportional
Integral (Pl) and their operation is described by the equation 3.9, where the input signal u refers to
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the filtered cyclic moments My;;; and M,,,, and the output signal y refers to the cyclic angles 6;;;;
and 6,4, .

t
y = Kpu+K,f udt (3.9

0

The proportional term regulates the compensation of the current time step’s error, whereas
the integral term deals with the accumulated error of all former time steps. The differential term
controls the actuator’s output with regard to an error’s forecast and usually has a negative impact
on the system’s stability. This is the reason why the differential part is not used in this project:

Kp = 0. Furthermore, the proportional term is optional as well, as the integral part is usually able
to provide good load reduction by itself. For the sake of simplicity the proportional term is
neglected too: Kp = 0.

Due to the system’s wide number of degrees of freedom, the rank of the state space
matrixes is too high. Thus, there is no deterministic procedure which indicates the exact optimum
value of the control gains. As a result, a lot of simulations have to be carried out and the control
gains are going to be determined through a “trial and error” method. The integral term is chosen
based on the value that manages to reduce fluctuating loads the most. More precisely, the
optimum K; is the one that leads to the lowest damage equivalent load of the flapwise moment
(Mf4p) at the root of the 1% blade on a 10 minutes simulation.

The simulations are performed for values of wind speed that exceed the rated one. Usually,
pitch control is avoided at below rated speeds, since IPC interact with the standard power-speed
controller, leading to reduced power capture in partial load conditions.

3.1.3 Results and Discussion

The wind turbine that was used as a simulation model is the DTU 10MW RWT. Its rated wind
speed is 11.4 m/s. Therefore, the IPC will get enabled from 12 m/s wind speed and above.

In Table 3.1 the damage equivalent loads and load reductions for various values of wind
speed ( Uy) and integral gains (K;) are shown.
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Uo=12 m/s
IPC (*.e-10)
Ki % LOAD RED |EQV LOAD
] 0%| 18558.5293
1 -7%| 17348.9668
7 -18%| 15195.06836
10 -20%| 14759.02148 Uo=20m/s
15 -22%| 14507.71582 IPC (*.e-10)
18 -22%| 14466.77637 Ki %_LOAD RED|EQV_LOAD
0%)| 30710.11719
Uo=14m/s 1 -9%| 27954.11523
IPC (*.e-10) 7 -22%| 23857.73828
Ki % LOAD_RED |[EQV_LOAD 10 -206%| 22871.46094
1] 0%| 23067.14453 15 -29%| 21953.95508
1 -16%| 19303.47461
7 -20%| 18422.375
10 -22%| 18087.85352 Uo=25m/s
15 -24%| 17485.99414 IPC (*.e-10)
23 -26%| 17053.60156 Ki %_LOAD RED|EQV_LOAD
0%| 32684.26172
Uo =16 m/s 1 -10%| 29437.15625
IPC (*.e-10) 7 -15%| 27700.70703
Ki % LOAD_RED |[EQV_LOAD 10 -16%| 27370.06641
0 0%| 24273.09375 15 154%| B82908.1875
1 -13%| 21117.47656
7 -26%| 18067.20703
10 -29%| 17138.37109
15 -31%| 16826.93555
25 -31%| 16673.7207

Table 3.1: Damage equivalent loads and load reduction at the root of the first blade for various above rated wind speed values

. . . . rad
and for various integral gain values compared to no control (K ; = 0 kN—) case.
- - m-sec

T

ad
——— was adopted,
kNm-sec

as it provides stability and satisfying reduction at a very wide range of wind speed values.

In order to avoid a gain schedule, the value K,,; = 10 - 1071°

Figures 3.9 — 3.11 show the load reduction of the out-of-plane, flapwise and edgewise
moments at the root of the first blade for a 10 minutes simulation. The wind speed value is 16 m/s,
the vertical shear exponent is 0.2, the horizontal shear exponent is 0, and there is no yaw
misalignment and flow inclination.
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Figure 3.9: Out-of-plane moment (Mout) at the root of the first blade. Comparison between no control and Individual Pitch
Control.
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Figure 3.10: Flapwise moment (Mflap) at the root of the first blade. Comparison between no control and Individual Pitch
Control.
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Figure 3.2: Edgewise moment (Medge) at the root of the first blade. Comparison between no control and Individual Pitch

Control.

It is obvious from the 3 above Figures, that the fluctuating loads are significantly reduced,
when the IPC method is enabled. In fact, according to Table 3.1, the damage equivalent load of the
flapwise moment is 29% less. The reduction of the edgewise moment is almost negligible, because
as already mentioned, the edgewise moment is mainly driven by gravity force.

On the other hand, the pitch activity rises, as it can easily be noticed in Figure 3.12 and
3.13, where the pitch angle and standard deviation (sdv) of the pitch angle are depicted
respectively for no control and Individual Pitch Control cases. This can lead to increased pitch

bearings wear.

U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 0 deg - Inclination = 0 deg

20

T
no control

18

16.

14.

’”'l H'\‘ l,i‘[!l'l”'l“m'

—t
——<
I

Pitch angle [deg]

0 100 200 300 400 500 600
time [sec]

Figure 3.3: Pitch activity of the first blade. Comparison between no control and Individual Pitch Control.
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Figure 3.4: Pitch angle variation.

3.2 Individual Flap Control
3.2.1 Introduction

Concern over the excessive use of the pitch actuator, which could lead to excessive pitch
bearing wear, was the driving factor for investigations of a more advanced concept of active control
that could assist IPC. In concrete terms, the possibility of alleviating wind turbine blade loads by
means of camber line morphing techniques is gaining ground rapidly, in terms of investigation. A
means of doing so is through active control of the camber line shape in the Trailing Edge region of
the blade, where the chamber line changes induce substantial variations on aerodynamic (Lift,
Drag) loads.

One way for accomplishing that, is by implementing Trailing Edge Flaps (TEF) along the span
of the blade. TEFs, when used alongside with adequate actuators and sensors, are capable of
undergoing significant geometry adaptations, to optimally and timely respond to wind fluctuations
and consequently attenuating the fluctuating loads.

3.2.2 Method Analysis

Aeroelastic control of the blade fluctuating loads via TEFs is realized through the use of the
same technique as the IPC method and is known as Individual Flap Control (IFC). The IFC method is
also based on the decomposition of the blade root out-of-plane moments of the three blades
(measured in the rotating frame of the rotor disk) into yaw and tilt moments in the hub fixed
system (expressed in the non-rotating frame of the rotor disk) through application of Coleman’s
transformation. The filtered hub fixed moments represent the PI control input variables through
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which two output cyclic flap angles are defined. Re-modulation of the output cyclic flap angles by
means of the Inverse Coleman Transformation provides the individual flap angles of the three
blades, as described in equation 3.10.

Bri = Oriccosy; + Oyqysiny; (3.10)

The whole process is depicted in Figure 3.14.

Out-of-plane moments at the
root of the blades

M Transformation
B outl v, matrix (Colleman’s)
N
ﬁ/‘z hGAST Vout2
ﬂf3 out3
yaw
\Vl \VQ \V3 IBtilt Mtilt filtered Band Band
Inverse 2 Integral stop stop
Transformation ( T control 3p,6p 3p.6p
matrix (Colleman’s) K
ﬁ fl Myaw filtered
yaw

Figure 3.5: Schematic of the IFC method.

The two methods (IPC and IFC) use the exact same filters (bandstop 3P and 6P) and their
only difference is encountered in the control gains, so that the control angles f,,, and Sf; do not
share the same values. The differential and proportion gains K, and Kp have been set to zero
again, but the integral gain K; has to be selected over the whole range of wind speeds, but in the
same way as described above. A compromise between great load attenuation and stability at all
wind speed values has to be reached, so that a gain schedule can be avoided.

The two methods share the exact same procedure. They also share the same goal, namely
regulation of the aerodynamic properties of the blades (change of angle of attack or lift coefficient
curve) based on information that comes from appropriate sensors (strain gauches). IPC is
responsible for changing the angle of attack of the blade, whereas IFC aims at shifting the lift
coefficient curve. However, these two actions have the same impact on the system. Therefore,
similar amplitude of loads attenuation is to be expected.

Camber line morphing is performed on the outer part of the blade of the DTU 10 MW RWT.
The blade of the reference turbine comprises FFA-w3 series airfoils. The relative thickness of the
outer 35% of the blade is constant and equal to t/c=0.24 while further inboards the relative
thickness increases to t/c=0.30 at r/R=0.4.
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Different morphing shapes of the TE region have been tested. All deformation shapes
extend to 30% of the chord length. Longer flaps can be more easily realized by a modular section
type. In this case, it is possible to extend the deformable part of the flap to a larger chordwise
length and at the same time build the deformation of the camber line more gradually as shown in
Figure 3.15. The articulated shape of the mechanism and the way that the moving parts are
arranged, provides greater flexibility than other types of actuators. The morphing mechanism

structure consists of pinned moving parts that are designed in a way that can be adjusted and
arranged so as the target shape is best followed. Moreover, each part can be activated
independently. Thus it is possible to achieve different complex target shapes. Details on the
functional characteristics and operation of the actuator can be found in [21].

Different morphing shapes (see Figure 3.16) based on spline curves are assessed in terms of
the achieved change in C_ (AC, in Figure 3.17) for different flap deployment angles. As Aerodynamic
polars have been computed with FOIL2W code [22]. Among the various shapes those exhibiting a
monotonic behavior (no change of curvature) are qualified and finally the one that provides the
maximum AC, (slope 3°) is down selected as baseline configuration for the present analysis.

A.

Figure 3.6: Morphing capabilities by applying a modular flap controlled by SMAs. Morphing Cases for the 10MW WT
Section. A. Independent Movement of 30% Flap and B. Combined Movement of 10% and 30% Modular Flaps.
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Figure 3.7: The various Trailing Edge camber line geometries Figure 3.17: ACy, vs. angle of attack for different camber
studied. line geometries. Flap angle +/-4 deg.
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Trailing edge (TE) camber line morphing is performed on the outer part of the blade of the
DTU 10 MW RWT. The spanwise extent of the flap was 22.5% of the blade radius (see details in
Table 3.2). The flaps have been placed at specific positions along the blade span. The reason for
that is the maximization of the steady root flapwise bending moment variation that can be
achieved by the flaps. The variation of the bending moment due to aerodynamic forces (on a stiff
blade) is proportional to the cube of the radius time the section chord. Following this
approximation, in order to obtain the maximum flapwise root bending moment variation the flap
are located from 67% to 97% of the blade span, as shown in Figure 3.18.

Flap bonfiguration

Chordwise extent 30%

Deflection angle limits +10°

Deflection speed limit 20°%/s

Spanwise length 20 m (~22.5% of blade length)
Spanwise location 60 m-80 m (from rotor centre)
Airfoil FFA-W3-241

Table 3.2: Trailing edge flap configuration of conventional IFC loop.

o
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Figure 3.18: Analytical equation for the variation of the blade root bending moments for flap located at different positions

along the blade span.
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3.2.3 Results and Discussion

In the present analysis constant controller gains have been used for Individual Flap Control.
They have been decided on the basis of a sensitivity analysis performed over the wind speeds range

of 12 — 25 m/s. After a couple of simulations the value K¢, = 7 - 107° kN:Ziec was adopted. In
Table 3.3 the percentage load reductions for various values of wind speed ( U,) are shown.
Ki =7%e-9
uo %_LOAD_RED
12 -22%
14 -16%
16 -8%
20 -13%
25 -16%

Table 3.3: Load reduction at the root of the first blade (compared to no control Ks; = 0 #ﬁec case) for various above rated

).

rad

. . . . , — . -9
wind speed values and for the optimum integral gain value (K7 = 710 P

Figures 3.19 - 3.21 show the load reduction of the out-of-plane, flapwise and edgewise
moments at the root of the first blade for a 10 minutes simulation. The wind speed value is 16 m/s,
the vertical shear exponent is 0.2, the horizontal shear exponent is 0, and there is no yaw
misalignment and flow inclination.

U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 0 deg - Inclination = 0 deg
40-10° r r r

T
no control

IFC ——
35.10° : g

30-10°f : , ; , 1

25-10°

Mout [kNm]
oS
3 8

—

g
10-10° ‘ Il ’ v

5103}

0-103} :

-5.103 i i i L i i
0 100 200 300 400 500 600
time [sec]
Figure 3.19: Out-of-plane moment (Mout) at the root of the first blade. Comparison between no control and Individual Flap
Control.
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U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 0 deg - Inclination = 0 deg
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Figure 3.20: Flapwise moment (Mflap) at the root of the first blade. Comparison between no control and Individual Flap
Control.
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Figure 3.21: Edgewise moment (Medge) at the root of the first blade. Comparison between no control and Individual Flap
Control.

Again, the reduction of the edgewise moment is almost negligible, because when the

collective pitch angle is low, the edgewise moment is mainly driven by gravity force.

A comparison of the flap moment attenuation achieved by IPC and IFC for various wind
speeds above rated is shown in Table 3.4.
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% _LOAD_RED
Uo |FC IPC
12 -22% =208
14 -16% -22%
16 -8% -29%
20 -13% -265%
25 -16% -16%

Table 3.4: Comparison between the attenuation of IPC and IFC for various above rated wind speeds.

The conclusion that is clearly drawn by Table 3.4 is that, contrary to what stated before, at
higher wind speed values IFC is not as effective as IPC. The reason for that is that due to the
constraint of 10 deg on the maximum flap angle, the capabilities of the flap actuator are not fully
exploited. At low wind speeds, e.g. U, = 12 m/s, where the fluctuating loads are not too high, the
flap angle rarely exceeds this maximum angle. As the wind speed rises, e.g. U, = 16 m/s, the
loads get higher and this angle range of £10 deg is no longer enough for the flap to effectively
mitigate loads.

This is definitely shown in Figure 3.22, where the timeline of the flap angles is depicted and
it is clear that the flap angle at the U, = 16 m/s simulation is constantly on the saturation limits.
This means that the controller aims at higher values of flap angles, but due to the saturation, the
flap is restricted within the range of £10 deg and cannot fully compensate the DEL. On the other
hand, at the U, = 12 m/s simulation, the wind speed is lower, so the fluctuating loads are lower
too. As a result, the maximum angle that is needed for an efficient DEL reduction lies in the range of
110 deg and so the controller is well exploited.

In general, as the wind speed increases, the fluctuating loads rise too. Thus the flap activity
needs to get higher. So, not only does the maximum flap angle rise (till the saturation limit), but
also the same thing happens with the sdv of the flap angle, which is proportional to the flap activity
value. The above are shown in Figure 3.23.
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flap angle - contrast between high and low wind speed
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Figure 3.8: Flap angle at the root of the first blade. Comparison between high (Uy = 16 ™/) and low (U, = 12 ™Y/) wind
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Figure 3.9: Flap angle variation.

3.3 Individual Pitch and Flap Control
3.3.1 Introduction

—o—sdv
=#-max

=A=min

As stated before, IFC's main purpose is to assist IPC, so that the pitch angles, velocities and

accelerations will not get too high. In this way, the pitch actuators and bearings will be preserved

against wear and the duration of their lifetime will get extended.
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A combined Individual Pitch-Flap Control (IPFC) is expected to be as effective as IPC and IFC,
in terms of DEL reduction, as those three control methods share the same control target, that is the
regulation of the aerodynamic properties of the blades. Its primary asset though, lies in the reduced
activity of both pitch and flap mechanisms, compared to simple IPC and IFC respectively.

3.3.2 Method Analysis

The combination of IPC with IFC is a simple procedure. We apply the control techniques of
IPC and IFC simultaneously, in the exact same way as described above. The only difference is on the
gain values which have to be lower, so that the system is not overexcited. As IPFC’s goal is to
reduce the duty cycle of the pitch mechanism, the IFC control gain will retain its value (the value
that was found for the simple IFC method), and the gain reduction will be applied only on the IPC
control gain. The greater the pitch gain reduction, the less the pitch mechanism activity. The
procedure is depicted in equations 3.11, 3.12 and Figure 3.24.

—
Ky =K, , 0<A<1 (3.11)
| A—
Ker = Ky (3.12)
Y
Dut-of-plane moments at the
LT root of the blades
. Transformation
£ ﬁp | M outl W matrix {Colleman's}
W, P " | Pt B an
Inverse Integral stop
Transformation control 3p,6p
matrix (Colleman’s) 1 }'_"_I
'3?-'-“D
Wl e v J"‘?IEI:' Mgt siperm
Inverse e Integral |&————
Transfarmation (\D cantrol
matnx (Caolleman's) K_'_
2 1 Y S
g - h

Figure 3.10: Block diagram of the IPFC method.

3.3.3 Results and Discussion
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In Table 3.5 the damage equivalent loads and load reductions for various values of wind
speed ( Ujy) and pitch integral gains (K;) are shown.

IPFC
Uo=12m/s Uo =16 m/s Uo =25 m/s
A %_LOAD_RED| EQV_LOAD A %_LOAD_RED| EQV_LOAD A %_LOAD_RED| EQV_LOAD
0 0% 18558.5293 0 0% 24273.09375 0 0% 32684.26172
0.2 -24% 14133.49414 0.2 -23% 18669.57422 0.2 -10% 29501.04297
0.4 -24% 14144.53906 0.4 -31% 16796.35352 0.4 -17% 27278.54492
0.6 -23% 14210.37109 0.6 -32% 16585.99414 0.6 -19% 26395.08789
0.8 -23% 14287.66699 0.8 -32% 16558.02148 0.8 -21% 25980.54297
1 -23% 14362.22656 1 -32% 16535.42773 1 -22% 25623.7793
Table 3.5: Damage equivalent loads and load reduction at the root of the first blade for various above rated wind speed
values and for various pitch integral gain values compared to no control (K ; = 0 —) case.
In order to avoid a gain schedule, the value A = 0.6 was adopted, as it provides low pitch
activity and satisfying reduction at a very wide range of wind speed values. Therefore, the pitch
. . _ _ d
integral gain value results K,; = A K; = 0.6 - 10-107'° = 6-1071° Tz
kNm-sec
Figures 3.25 - 3.27 show the load reduction of the out-of-plane, flapwise and edgewise
moments at the root of the first blade for a 10 minutes simulation. The wind speed value is 16 m/s,
the vertical shear exponent is 0.2, the horizontal shear exponent is 0, and there is no yaw
misalignment and flow inclination.
U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 0 deg - Inclination = 0 deg
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Figure 3.11: Out-of-plane moment (Mout) at the root of the first blade. Comparison between no control and Individual Flap
Control.
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Figure 3.12: Flapwise moment (Mflap) at the root of the first blade. Comparison between no control and Individual Flap
Control.
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Figure 3.27: Edgewise moment (Medge) at the root of the first blade. Comparison between no control and Individual Flap
Control.

A comparison of flapwise moment attenuation levels achieved by IPC, IFC and IPFC for
various above rated wind speeds is shown in Table 3.6.
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no control IPC IFC IPFC
Uo |%_LOAD RED| EQV_LOAD |% _LOAD RED| EQV_LOAD |% LOAD RED| EQV_LOAD |% LOAD RED| EQV_LOAD
12 0% 18558.5293 -20% 14759.02148 -22% 1444465332 -23% 14210.37105
16 0% 24273.09375 -29% 17138.37109 -8% 2241434766 -32% 16585.99414
25 0% 32084.20172 -16% 27370.06641 -16% 27444.11914 -19% 26395.08789

Table 3.6: Comparison between the attenuation and the activity of IPC, IFC and IPFC for various above rated wind speeds.

In general, the three techniques share the same type of control method (aiming at the same
target), therefore they achieve the same level of DEL attenuation. At U, = 16 ™/, IFC s not that
effective, but the pitch mechanism of IPFC manages to close the gap, so that IPFC is as effective as
IPC.

The asset of IPFC lies in the reduced activity of both the pitch and the flap mechanism,
compared to IPC and IFC respectively. Figures 3.28 and 3.29 depict this contrast. Not only do the
pitch and flap angles get lower values, but their movement is also much smoother, which means

lower values of velocity and acceleration as well.

In particular, as shown in Figure 3.30, the pitch activity of IPFC is only slightly increased,

compared to the no control case.
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Figure 3.28: Pitch angle of the 1* blade. Comparison between IPC and IPFC.
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Figure 3.13: Flap angle of the 1* blade. Comparison between IFC and IPFC.
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Figure 3.140: Pitch angle variation.
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4. Innovative Individual Pitch and Flap Control with Spinner anemometer
4.1 Individual Flap Control with Spinner anemometer

4.1.1 Introduction

So far, the conventional IFC method is being applied via actuators which drive the Trailing
Edge Flaps and through the combination of sensors and controllers that provide feedback load
control. In terms of control theory, transients such as gusts and directional changes in the inflow
wind field represent an unknown disturbance. Conventional feedback controllers can compensate
such excitations only with a delay, (a) because the disturbance has to pass through the entire wind
turbine dynamics before showing its effects in the outputs and (b) because actuators need time to
react. This usually results in undesired loads for the wind turbine and high actuator rates.

This problem can be overcome by utilizing inflow sensor measurements (LIDAR, spinner
anemometers a.s.o.). In this thesis, an ideal spinner anemometer is used. The inflow
measurements, alongside with a look-up table, that indicates the movement of the TEFs, and their
actuators constitute an individual flap control algorithm that is notated as Individual Flap Control
with Spinner anemometer (IFCS).

IFCS is superimposed on the standard power speed controller and its aim is to assist the
operation of the conventional feedback Individual Pitch Controller (IPC) and thereby reduce the
duty cycle of the pitch mechanism.

4.1.2 Method Analysis

The controller uses flap actuators with the aim to remove any deterministic source of load
variation on blades, associated with the characteristics of the inflow. Such load variations are
concentrated on multiples of the rotational frequency (P multiples) and they are mainly due to i)
wind yaw misalignment - within the range that yaw control is not activated ii) vertical and
horizontal wind shear and iii) wind inclination.

Inflow yaw and inclination (tilt) angles can be directly calculated through the three
components of the wind velocity measured by the spinner anemometer. Moreover, an estimation
of both the vertical and horizontal wind shear exponent can be obtained through cross correlation
characteristics of the axial and vertical or the axial and horizontal wind components respectively.

The instantaneous yaw and tilt angles provided by spinner anemometer measurements are
then low-pass filtered with the aim to remove the high frequency/low energy turbulent content, as
shown in Figure 4.1. Filtered yaw and tilt angle and shear exponent input characteristics are then
translated, through a predefined look-up table, into 1P and 2P periodic variations (higher harmonics
are not considered because they bring about high frequency movement, thus triggering higher
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harmonics of the blades) of the flap angle of the three blades. The amplitude of the flap angle
variation (1P and 2P) will be proportional to the load amplitude caused by the asymmetry of the
inflow. Of course, load amplitude does not only depend on yaw and inclination angle but also on
the wind speed. Flap angle variation should be imposed out of phase to load variation so as finally
load variation is counteracted. Look-up tables for the amplitude and phase of the flap angle
variations (as functions of the wind velocity, yaw and tilt angle and shear exponent) are created
through an automated tuning process described below which is based on deterministic runs over
the whole range of operational wind speeds and combinations of yaw, tilt angles and shear

exponents.
U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 30 deg - Inclination = 0 deg
o0 instant yaw anglle
filtered yaw angle
50t : :
aolt Il 1/ - | ‘ ‘ |
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Figure 15.1: Comparison between filtered and non-filtered signal of yaw angle.

The feed-forward control strategy described above is illustrated in equation 4.1 and Figure
4.2.

2
.Bf(UO' Sh' ayaw: Ainc lpl) = z .Bfn COS(Tl ’ l/)i + Alpn) (4'1)
n=1

i .Bfn = .Bfn(UOrShr Ayaw, ainc)
o Ay, = Alpn(UO'Sh: Ayaw, ainc)
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Figure 4.216: Description of IFCS.

The look-up tables for the amplitudes r; and B¢, and the phases 4y, and 4y, of the flap
angle variation (as functions of the wind velocity, yaw and tilt angle and shear exponent) shown in
Idpaipa! To apyeio npoéleuong tng avadopdg dev BpéBnke., have been generated through an
automated tuning process illustrated in Figure 4.3. The blade root out-of-plane bending moment
signals are transformed into yaw and tilt moments M,,,,,,; and My;;;; by applying the Coleman
transformation (1P and 2P):

{Mtiltn §COS(n lpl) §COS(n l/JZ) §COS(n 11)3) {Mouﬂ}

M } ~ |2 2 2 out2

yaw,n gsin(n Y1) gsin(n Y,) gsin(n Y3) | \Moues @2)
n=1,2

The yaw and tilt moment signals are then passed through an integral control element (1)
and the cyclic 0,,4,,; and 8;;;;; angles are obtained. These angles are then back transformed into
flap angle amplitudes B¢, and B¢, and the phases 4y, and 41, of the individual blades’ flap
motion, via an inverse Coleman transformation.
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2
= Z BOtiten cOS(n - ;) + Byawn cos(n - ;)
n=1

Bfn = \/(Btiltn)z + (Byawn)z,

0
AP, = —arctan (M) ,

tiltn

n=12

n=12

The flap motion of every blade is then obtained through:

.3,5 = Pr1 cos(P; + Ay) + Brp cos(2yY; + AY,),
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Figure 17: Description of the automated tuning process.
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Tuning is performed through deterministic runs over the whole range of operational wind

speeds and combinations of yaw, tilt angles and shear exponents. Although tuning is based on the
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standard feedback Individual Flap Control (IFC) loop, its main advantage over the conventional IFC
lies in the fact that the amplitudes fr; and B¢, and the phases 4y, and 4y, result from a
multistep, and so fully converged, procedure, so that the flap movement generates the exact
needed control load for maximum compensation of the fluctuating load. On the other hand, the
conventional IFC coefficients come from a one step correction, with the result that it would be
unlikely for them to mange to converge to the optimum values. For this reason, IFCS is expected to

be more efficient that IFC in deterministic simulations. Figure 4.4 and Table 4.1 verify the above
statement.

U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 0 deg - Inclination = 0 deg
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Figure 18: Deterministic simulation. Comparison between IFC and IFCS.

Uo=16 m/s
%_LOAD_RED| EQV_LOAD
no control 0% 8970.27832
IFC -18% 7373.00537
IFCS -38% 5573.62598

Table 4.1: Equivalent loads of M4, on deterministic simulations. Comparison between IFC and IFCS.

In Table 4.1 and Figure 4.4, it is clear that IFCS performs much better than IFC, both in
steady state, mainly due to the better converged motion coefficients (B, 4Y,), but also in
transient situations, mainly due to the feedforward character of the control loop. As a result, the
DEL reduction of My, is much greater when the IFCS is enabled.

IFCS is performed on the outer part of the blade of the DTU 10MW RWT. The blade of the
reference turbine comprises FFA series airfoils. The relative thickness of the outer 35% of the blade
is constant and equal to t/c=0.24. The camber line morphing shape presented in conventional IFC is
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used. The flap extends to 30% of the section chord length. The spanwise extent of the flap is 34% of
the blade radius. The basic characteristics of the flap are detailed in Table 4.2.

Flap motion is bounded in the range [—10°,+10°]. In addition, saturation limits have been
imposed on the velocity of the flap motion to 20°/s. In all configurations a delay of 0.1 s has been
imposed on the flap motion in order to account for the dynamics of the flap actuator (through a
first order filter in flap response).

Flap configuration CONF1

Chordwise extension 30%
Deflection angle limits +10°
Spanwise length 30m (~34% blade length)
Spanwise location 55.00m-85.00m (from blade root)
Airfoil FFA-W3-241

Table 4.2: Trailing edge flap layout of IFCS loop.

Examples of the maps produced for the amplitudes fr; and Bf, and the phases 4y, and
Ay, are presented in Figure 4.5 — 4.8 for the case of zero inclination angle and shear exponent 0.2.

Tuning for shear = 0.2 / Inclination = 0

14 L} L) Ll T L) T T
: Uub= 6mfs —— .
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g gt U0 = 16 m/s ——
S, U0 =18 m/s ——
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&
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Figure 19: Map of B, for zero inclination angle and shear exponent 0.2.
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Tuning for shear = 0.2 / Inclination = 0
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Figure 4.6: Map of B, for zero inclination angle and shear exponent 0.2.
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Figure 4.7: Map of Ay, for zero inclination angle and shear exponent 0.2.
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Tuning for shear = 0.2 / Inclination = 0
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Figure 4.8: Map of Ay, for zero inclination angle and shear exponent 0.2.

Figure 4.9 compares deterministic simulation results without flap control and with spinner
anemometer 1P and combined 1P and 2P flap control. The plot presents out of plane blade root
bending moment results at the wind speed of 16m/s for yaw angle of 30° and inclination angle of
0°. It is seen that 1P variation of the bending moment due to the effect of the yaw misalignment of
the flow is substantially reduced when flap control is applied. Further reduction of the load
amplitude is achieved when 2P flap control is superimposed on 1P control.

U0 = 16 m/s - Yaw = 30 deg - Inclination = 0 deg

24103 r r r T . . r
no control me—
1P attenuation me
22%103} 1P + 2P attenuation 4
20%103} ]
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=
14*10%f :
12*103F ]
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azimuth angle [deg]

Figure 4.9: Effect of flap controller on out of plane moment variation at the wind speed of 16m/s and for yaw angle of 30°.

In Figure 4.10 the effect of the spinner flap control on the amplitude of the out-of-plane
blade root bending moment is shown for the case that yaw angle follows a ramp variation. Yaw
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angle starts at -45° and linearly increases up to +45°. It is seen that although the amplitude of My
changes with the yaw angle when no control is applied, the amplitude of My, remains almost
constant when spinner flap control is applied.

U0 = 16ms / Inclination = 0 deg

50%103
40*103

30*103
20%10°
10*103
0*10°
-10*103

Mout [kNm]

-20*103

-30*103

no control

40*10° spinner .
50*103‘ L ) 1 L yaw angle (¥*10Q0)
- 100 200 300 400 500 600 700

time [sec]

Figure 4.10: Effect of flap controller on out of plane moment variation at the wind speed of 16m/s and for a ramp variation of
the yaw angle starting at -45° and increasing up to +45°.

4.1.3 Results and Discussion

In Table 4.3 the damage equivalent loads and load reductions for various values of wind
speed ( Uy), for vertical shear exponent equal to 0.2, for yaw angle of 0° and inclination angle of 0°
are shown.
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Uo=12 m/s Uo=16 m/s
yaw =0 deg / inc = 0 deg yaw =0 deg / inc = 0 deg
%_LOAD_RED |EQV_LOAD %_LOAD_RED |[EQV_LOAD
no_control 0% 15354 no_control 0% 24103
IFCS -B% 18285 IFCS -8% 22191
U0 =25m/s
yaw =0 deg / inc = 0 deg

°%_LOAD_RED |EQV_LOAD

no_control 0% 31836

IFCS -8% 25409

Table 4.3: Damage equivalent loads and load reduction at the root of the first blade for various above rated wind speed values,
for vertical shear exponent equal to 0.2, for various yaw angle of 0° and inclination angle of 0°, compared to no control case.

In Table 4.3, it is clear that IFCS can alleviate the fatigue loads, thus reducing the DEL, but
the reduction is not as big as expected. In the same situations IFC had managed to reduce the DEL
almost 3 times more than IFCS, even though the flap that is used in IFC is 10m shorter in spanwise
length than the one in IFCS. A much more detailed comparison between IFC and IFCS will be
performed in the next chapter.

In Table 4.4 the damage equivalent loads and load reduction levels for various values of yaw
angle, for wind speed of 16 ™/, for vertical shear exponent equal to 0.2, and inclination angle of
0° are shown.

=16 m/s =16 m/s
yaw = -30deg /inc = D deg yaw =+15deg / inc=0des
* LOAD RED |[EQV LOAD * LDAD RHEOV LOAD
no_control 13 22542 Uo =16 m/s no_control 13 25580
IFCS - 21661 yaw =0 deg / inc= Ddes IFCS -14% 23302
% LOAD RED|EQV LOAD
Uo=16 m/s no control 0% 21103 o =16 m/s
yaw = -15deg /inc = 0 deg IFCS -E% 27191 yaw =+30degz /inc=0des
*% LOAD RED |EQV LOAD % _LDAD RHEQY LOAD
no_control B4 21975 no_control B4 JEER
IFCS - 154 21EET IFCS -20Ra 21624

Table 4.4: Damage equivalent loads and load reduction at the root of the first blade for various values of yaw angle, for wind
speed of 16 M/, for vertical shear exponent equal to 0.2 and inclination angle of 0°, compared to no control case.

In Table 4.4, it is clear that IFCS gets much more efficient, as the yaw angle gets higher
positive values. The reason for that lies in the fact, that the effect of negative values of yaw angles
on DEL is counteracted by the effect of the vertical shear. The inclination angle is 0°, so its impact is
small. Thus, turbulence becomes the dominant generator of 1P, 2P, a.s.o. fluctuating loads.
However, IFCS is not able to compensate the fluctuating loads that come from turbulence, due to
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its stochastic nature, which makes it impossible to create a repeated load pattern and so, a
predefined look-up table for its compensation too. On the other hand, at high positive values of
yaw angle, the yaw impact gets amplified by the vertical shear impact, so that turbulence is no
longer the dominant factor. This gives IFCS the opportunity to deal with a repeated and already
tuned scenario, on which it can be effective.

Figures 4.11 - 4.13 show the load reduction of the out-of-plane, flapwise and edgewise
moments at the root of the first blade for a 10 minutes simulation. The wind speed value is 16 m/s,
the vertical shear exponent is 0.2, the horizontal shear exponent is 0, the yaw angle is 30° and
there is no flow inclination.

U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 30 deg - Inclination = 0 deg
40-10°

: : : i no control
35.103 ' : ' : IFCS = |

30-103
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20103}

——

15103

Mout [kNm]

10103

5103 F

0103

5103}

_10_103 i i i i i i
0 100 200 300 400 500 600
time [sec]
Figure 4.11: Out-of-plane moment (Mout) at the root of the first blade. Comparison between no control and Individual Flap
Control with Spinner.
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U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 30 deg - Inclination = 0 deg
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Figure 20: Flapwise moment (Mflap) at the root of the first blade. Comparison between no control and Individual Flap

Control with Spinner.

U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 0 deg - Inclination = 0 deg

20.10° r : r :

15103 }

10103

— 5103

0-10°

Medge [kNm

-5.10°

-10-10°

-15.103

no control
IFCS ——

-20-103 L i ; i
0 100 200 300 400
time [sec]

500 600

Figure 4.13: Edgewise moment (Medge) at the root of the first blade. Comparison between no control and Individual Flap

Control with Spinner.

A comparison between the attenuation of IPC and IFCS for various above rated wind speeds

is shown in Table 4.5.
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% LOAD_RED

yaw = 0 deg /inc = 0 deg
Uo IFCS IPC
12 -B% -20%
16 -8% -259%
25 -8% -16%

Table 4.5: Comparison between the attenuation of IPC and IFC for various above rated wind speeds.

The reason for the big difference in load reduction lies again in the fact that for this yaw
angle, the vertical shear impact counteracts the yaw impact and so turbulence becomes the
dominant generator of the fluctuating loads. However, IFCS cannot compensate turbulence, due to
its stochastic nature. IFCS is responsible for removing the deterministic source of load variation on
blades, associated with the characteristics of the inflow. That’s why it may be a good supplement to
the conventional feedback IPC, whose asset is the removal of the stochastic source of load
variation. The combination of these two control techniques is notated as Individual Pitch and Flap
Control with Spinner (IPFCS) and is going to be examined in the following chapter.

4.2 Individual Pitch and Flap Control with Spinner anemometer

4.2.1 Introduction

As stated before, the aim of the IFCS is to assist operation of the conventional feedback IPC
by removing the deterministic source of load variation on blades, and thereby reduce its control
duty cycle. Then, IPC control is only employed for removing 1P excitation due to the rotational
sampling of turbulence.

A combined Individual Pitch-Flap Control with Spinner (IPFCS) is expected to be even more
effective than IPC, in terms of DEL reduction. The reason for that, is that IFCS, contrary to IFC, has
now a different role than IPC. IPFCS’s primary asset though, lies again in the reduced activity of the
pitch mechanism, compared to simple IPC, whereas the flap activity retains its workload.

4.2.2 Method Analysis

The combination of IPC with IFCS is a simple procedure. We apply simultaneously the
control techniques of IPC and IFCS, with the exact same way as described above. The only
difference is encountered on the pitch gain values which have to be lower, so that the system is not
overexcited. The greater the pitch gain reduction, the less the pitch mechanism activity. The
procedure is depicted in equation 4.5.
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(4.5)

In Table 4.6 the damage equivalent loads and load reductions for various values of wind

speed ( Uy) and pitch integral gains (K;) are shown, for yaw angle of 30° and inclination angle of 0°.

Uo=12 m/s Uo =16 m/s Uo=25m/s
yaw = +30 deg [/ inc = 0 deg yaw =+30 deg / inc = 0 deg yaw = +30 deg [/ inc =0 deg
spinner+ A (% _LOAD_RED |EQV_LOAD |spinner+ A |%_LOAD_RED |EQV_LOAD|spinner+ A |%_LOAD_RED|EQV_LOAD
no_control 0% 15506|no contral 0% 26824/ no_control 0% AA582
spinner 1% 15601 |spinner -20% 21624 spinner -26% 325968
spinner+0.2 -3% 15040|spinner+0.2 -21% 21255(spinner+).2 -35% 27374
spinner+0.4 -T% 14450 |spinner+0.4 -25% 20065(spinner+).4 -A0% 26591
spinner+0.6 -7% 14404 | spinner+0.6 -28% 19424 spinner+0.6 -43% 25612
spinner+).8 -12% 13707|spinner+0.8 -25% 159166(spinner+).B -43% 25229
spinner+l -6% 14560 |spinner+l -25% 19078[spinner+l -44% 25111
spinner+l.2 -B% 14548 |spinner+1.2 -25% 18588|spinner+l.2 -A3% 25280
spinner+1.4 -B% 14503 |spinner+1.4 -30% 18863|spinner+l.4 -43% 25571

Table 4.6: Damage equivalent loads and load reduction at the root of the first blade for various above rated wind speed

values and for various pitch integral gain values compared to no control (K ; = 0

rad

kNm-sec

) case.

In order to avoid a gain schedule, the value A = 0.8 was adopted, as it provides low pitch

activity and satisfying reduction at a very wide range of wind speed values. Therefore, the pitch

integral gain value results K,; = 1K,; = 0.8 10107 =8-1071°

rad
kNm-sec’

Figures 4.14 - 4.16 show the load reduction of the out-of-plane, flapwise and edgewise

moments at the root of the first blade root for a 10 minutes simulation. The wind speed value is

16 m/s, the vertical shear exponent is 0.2, the horizontal shear exponent is 0, and there is no yaw

misalignment and flow inclination.
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U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 30 deg - Inclination = 0 deg
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Figure 4.14: Out-of-plane moment (Mout) at the root of the first blade. Comparison between no control and Individual Pitch
and Flap Control with Spinner.
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Figure 4.15: Flapwise moment (Mflap) at the root of the first blade. Comparison between no control and Individual Pitch and
Flap Control with Spinner.
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U0 = 16 m/s - shear = 0.2 - vear = 0 - Yaw = 30 deg - Inclination = 0 deg
20.10° . . - -
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Figure 4.16: Edgewise moment (Medge) at the root of the first blade. Comparison between no control and Individual Pitch and
Flap Control with Spinner.
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5 Comparison of different control strategies and conclusions

5.1 Comparison between all control methods

In order to perform a qualitative comparison between the control methods, the same flap
configuration that was used in IFCS will be also used in IFC and IPFC. More precisely, the spanwise length will
be 30m (~34% of the blade length ) and the spanwise location will be from 55m to 85m.

The integral gain K; of IFC retains its value.

rad
Key=7-107°% ———M— 5.1
f1 kNm - sec G-D

The pitch and flap integral gains K,,; and K¢, of IPFC retain their value as well.

rad
I 1 -10 52
pr =810 kNm - sec (5:2)
rad
K. =7-107°% ——m8— 5.3
1 710 kNm - sec :3)

A comparison between the attenuation of all the above mentioned control methods, for
various above rated wind speeds and for yaw angle of 0° is shown in Table 5.1.
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Uo =12 m/s
yaw = O deg
%_LOAD_RED |[EQV_LOAD |%_Pitch_sdv |Pitch_sdv |(%_Flap_sdv |Flap_sdv
no_control 0% 19354 0.00% | 2.599255454 - -
IFCS -6% 18282 -0.63%| 2.97365173 0.00%| 2.24584854
IFC -16% 16207 -0.30%| 2.598365713 52.08% | 3.41538823
IPC -18% 15868 B.03% | 3.17259469 - -
IPFCS -15% 15741 3.36% | 3.09318289 0.19%| 2.25013074
IPFC -18% 15529 0.19% | 2.95833623 17.45% | 2.63778540
Uo =16 m/s
yaw = 0 deg
%_LOAD_RED |[EQV_LOAD |%_Pitch_sdv |Pitch_sdv |%_Flap_sdv |Flap_sdv
no_control 0% 24103 0.00%| 1.67182187 - -
IFCS -B% 22161 -0.65%| 1.66101836 0.00% | 3.59435898
IFC -27% 17524 B.38%| 1.81196625 54.19% | 5.90239555
IPC -29% 17199 38.91%| 2.32279159 - -
IPFCS -27% 17644 28.90% | 2.15503109 0.21%| 3.60233302
IPFC -32% 16412 5.30% | 1.82734762 19.14% | 4.28319659
Uo =25 m/s
yaw = 0 deg
%_LOAD_RED |[EQV_LOAD |%_Pitch_sdv |Pitch_sdv |%_Flap_sdv |Flap_sdv
no_control 0% 31836 0.00% | 1.65643125 - -
IFCS -B% 29389 0.80% | 1.71005718 0.00% | 4.76965054
IFC -10% 28568 0.09% | 1.63800779 B4.62% | 7.85184245
IPC -20% 25384 51.32% | 2.56696585 - -
IPFCS -21% 25788 28.54% | 2.1B0B4099 0.76% | 4.80605649
IPFC -18% 26008 B.73% | 1.81065853 24.42%|5.93431182

Table 5.1: Comparison between the attenuation of all control methods for various above rated wind speeds, for shear exponent
equal to 0.2, for yaw angle of 0° and for inclination angle of 0°.

In Table 5.1 it is clear that IPC and IFC give similar reduction levels, contrary to IFCS which is
clearly less effective. As the wind speed rises, the performance of IFCS gets even worse and at really
high wind speed values (~25 m/s) even IFC is not able to perform as well as IPC, due to its angle
limit of +10°. On the other hand, the pitch activity on IPC rises dangerously at high wind speeds.
For this reason, the combination of IPC with IFC or IFCS is necessary, in order to reduce this pitch

activity.

Indeed, IPFC and IPFCS manage to achieve the same level of DEL reduction as IPC, while at
the same time retain the pitch activity at much lower level. More precisely, IPFC has greater and
more efficient flap activity than IPFCS, which leads to minimum pitch activity, only slightly higher
than no control state.
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A comparison between the attenuation of all the above mentioned control methods, for
various above rated wind speeds and for yaw angle of 30° is shown in Table 5.2.

Uo=12 m/s
yaw = 430 deg
%_LOAD_RED |EQV_LOAD |%_Pitch_sdv |Pitch_sdv |%_Flap_sdv [Flap_sdv
no_control 0% 15506 0.00%| 1.12255326 -
IFCS 0% 15451 -3.44%| 1.08355058 0.00%| 1.7204600
IFC -10% 14008 -8.22%| 1.03031782 4B8.56%| 2.5555327
IPC -6% 14505 28.70% | 1.44471708
IPFCS -12% 13707 18.01% | 1.32475714 2.51%| 1.7636589
IPFC -11% 13767 -6.21%| 1.05283604 19.92%| 2.0632468
Uo=16 m/s
yaw = 430 deg
%_LOAD_RED ([EQV_LOAD |%_Pitch_sdv |Pitch_sdv |%_Flap_sdv |Flap_sdv
no_control 0% 26854 0.00%| 2.01652221 -
IFCS -15% 21706 -7.45%| 1.86668105 0.00%| 4.55675501
IFC -27% 15555 5.19%| 2.12168712 28.18%| 6.35351038
IPC -25% 18570 36.10% | 2.74496269
IPFCS -25% 15166 14.41% | 2.30760720 -1.35% | 4.88579373
IPFC -31% 18581 7.54%| 2.16856348 -5.48% | 4.68510889
Uo=25m/s
yaw = 430 deg
%_LOAD_RED ([EQV_LOAD |%_Pitch_sdv |Pitch_sdv |%_Flap_sdv |Flap_sdv
no_control 0% 44582 0.00%| 1.85228635 - -
IFCS -26% 32509 0.32%| 1.85836813 0.00%| 7.91148855
IFC -36% 28568 -10027%| 1.69800779 -0.75% | 7.85184245
IPC -43% 25384 35.65% | 2.56696585 -
IPFCS -43% 25229 48.13%| 2.80311515 -0.82% | 7.84652701
IPFC -A2% 26008 -4.31%| 1.81065853 -24,599%| 5.93431182

Table 5.2: Comparison between the attenuation of all control methods for various above rated wind speeds, for shear exponent
equal to 0.2, for yaw angle of 30° and for inclination angle of 0°.

As the mean yaw angle rises, IFCS performs better and the difference on DEL reduction
decreases. However, IFCS is still less impactful than IFC. This leads again to greater pitch activity of
IPFCS than IPFC.

In general, it seems that IFC is more efficient that IFCS, thus leading to a combination with
IPC that reliefs the pitch activity more. As the mean yaw angle rises, the difference between IFC and
IFCS decreases, but remains significant.

As a result, in the next chapter, a more detailed comparison between only IFC and IFCS will
be performed.
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5.2 Comparison between IFC and IFCS

It is clear by Table 5.1 and Table 5.2, that IFC is more efficient than IFCS in terms of DEL
reduction.

When the mean yaw angle of the stochastic 10 minutes simulation is negative, or takes low
positive values, the vertical shear effect counteracts the yaw effect and so turbulence becomes the
dominant generator of fatigue loads. Due to the stochastic nature of turbulence, IFCS cannot
compensate its fatigue loads and so IFC is much more effective.

However, when the mean yaw angle takes high positive values, and even though the
difference gets smaller, IFC still performs better than IFCS. What is the point of that?

The problem lies in the procedure of tuning. The Individual Flap Controller with Spinner is
tuned through deterministic runs and for various combinations of wind speed (U,), vertical shear
exponent (sh), yaw angle (a4, ) and inclination angle (a;y.). So the flap motion coefficients
correspond to a specific quartet of these variables (Equation 4.1):

.Bfn = ﬁfn(UO' sh, Ayaw, ainc)
AP, = Alpn(UO' sh, Ayaw, ainc)

Thus, the flap can compensate the fluctuating loads of the blades’ roots, but only when the
wind inflow condition is uniform throughout the whole rotor disk.

When turbulence is enabled, the wind inflow condition differs throughout the disk. This
leads to 2 major problems:

1. The conditions on which IFCS is expected to operate are not the same with the ones that
was tuned on. Therefore, IFCS is, at the outset, bound to perform much less effective
than anticipated.

2. Asalso shown in Figures 5.2 — 5.5 , the values of wind speed, vertical shear, yaw or
inclination angle that spinner anemometer measures, are highly different from the ones
in the vicinity of the flaps. This means that the flap motion, does not correspond to the
conditions it undergoes, but to the ones the nacelle experiences, as this is where the
spinner anemometer is placed.

Figure 5.1 shows a wind inflow mapping in disk form. The disk is large enough, so that the
whole rotor disk can fit in. Each point consists of 2 coordinate values (x,y) and 3 wind speed
components values (Uy, Uy, U,).
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Figure 5.1: Wind inflow mapping in disk form and for wind speed of 25 m/s.
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From the whole mapping, 5 points have been chosen for comparison, as far as their value of
the axial velocity (U,), which has a mean value of 25 m/s, and yaw angle in Figure 5.2 and Figure

5.3 respectively. These 5 points are:

The center of the mapping, which is in the vicinity of the spinner anemometer.
The 4 horizon points (top, bottom, left, right) but at the 75% of the radial distance,
which corresponds to the vicinity of the flaps when they pass by the respective
azimuthal angles of 0°, 90°, 180° and 270°.

Figures 5.2 and 5.3 show the values that these 5 points have during a 10 minutes

simulation.
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Figure 5.3: Dissimilarity of yaw angle throughout the rotor disk, caused by turbulence.

The problem can partly be solved, by low-pass filtering these signals. Thus, as shown in
Figure 5.4 and Figure 5.5, the high frequency/low energy turbulent content is removed and the
non-uniformity caused by turbulence gets blunted. However, the issue still remains significant.
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Figure 5.4: Dissimilarity of low-pass filtered axial wind speed throughout the rotor disk, caused by turbulence.
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Figure 5.5: Dissimilarity of low-pass filtered yaw angle throughout the rotor disk, caused by turbulence.

In conclusion the 2 main problems that turbulence brings about in the IFCS method are:

1. IFCS cannot compensate the fatigue loads that come from turbulence, due to its
stochastic nature, which makes it impossible to create a repeated scenario and so a
predefined look-up table for its compensation too.

2. The values of wind speed, vertical shear, yaw or inclination angle that spinner
anemometer measures, are highly different from the ones in the vicinity of the flaps.
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On the other hand, it was shown in chapter 4.1.2 and specifically in Figure 4.4 and Table 4.1,
that IFCS performs better, in terms of DEL reduction, than IFC at deterministic runs, where there is

no turbulence.

It follows from the above and gets confirmed by Table 5.3 and Figure 5.6, that as the
intensity of turbulence gets lower, IFCS becomes more effective. Thus, there is a level of turbulence
intensity on which the two methods bring about the same level of DEL reduction. Below this level,

IFCS performs more efficiently than IFC.

Uo=16 m/s

%_LOAD RED |EOQV_LOAD %_LOAD RED |EQV_LOAD %_LOAD_RED|EQV_LOAD %_LOAD_RED|EON_LOAD
no_control 05 25880|no_control [ 21939 |no_control 05 18117|no_control 0% 14635
IFCS =145 22304|IFCS -235 15945 |IFCS -345 12011)IFCS -505 7280
IFC -305 18111|IFC =375 13B15|IFC -A3% 10251|IFC -5d5 6801

%_LOAD_R{EONV_LOAD %_LOAD_RHEONV _LOAD #_LOAD RHEQV_LOAD

no_control 05 13299|no_control 05 12857 no_control 0% 12670

IFCS -605 5302|IFCS -67% A258| IFCS -70% 3764

IFC -61% B152|IFC -63% A795| IFC -Bl% 45623

Table 5.3: DEL reduction at various levels of turbulence intensity. Comparison between IFC and IFCS.
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Figure 5.6: DEL reduction at various levels of turbulence intensity. Comparison between IFC and IFCS.

In conclusion it can be said, that in offshore applications, where the intensity of turbulence

is in general low, IFCS may be better suited than IFC.
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6 Future work

6.1 Adaptive Individual Flap Control with Spinner anemometer

The main problem of IFCS is that the look-up table gets tuned at deterministic runs, where
the wind inflow field is uniform, but is used in stochastic runs, where dissimilarity of the wind
inflow field throughout the rotor disk gets considerable. So, the problem could be solved if the
tuning was performed at stochastic runs.

With the use of Artificial Neural Network technology, the Individual Flap Controller with
Spinner can become self learning and create its look-up tables during the normal operation of the
wind turbine. In other words, IFCS can become adaptive (AIFCS).

AIFCS combines the feedforward and feedback logic in control. On the one hand, AIFCS
operates in a feedforward logic in the exact same way as IFCS does. On the other hand and in the
background, its operation can be performed as a conventional feedback controller (IFC). The
feedback scheme, alongside with a neural network, is responsible for building a proper look-up
table that corresponds sufficiently to the stochastic wind inflow field, so that the controller gets
better and better, by adapting to any change of inflow condition.

Another advantage of the Adaptive Individual Flap Control with Spinner over both IFC and
IFCS, is that the three control techniques (1. Simple IFC, 2. Simple IFCS, 3. Hybrid AIFCS) have the
ability to operate simultaneously (as Hybrid AIFCS) or independently (only simple IFC or simple
IFCS), with regards to the load pattern or the operating state of the wind turbine. For example,
when the turbulence intensity is high, the simple IFC will be preferred. On the other hand, when the
turbulence intensity becomes low enough (offshore applications) or when the wind turbine is in
Idling mode (in Idling mode IFC’s performance gets poor), the simple IFCS will be preferred.
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Ektetapévn EAAnVIKA NepiAnyn

Elocaywyn

Ta tedevtaia xpovia, oL AVAVEWGLUEG TINYEG EVEPYELOG avamtuooovTal paydaia. E8ka n
AloAkn Evépyela onuetwvel tn 2" peyaAltepn Tox0TNTA QVATTTUENG OE OXEON ME TIC UTIOAOUTEC
HoPdEC Tapaywyng NAEKTPLKNG EVEPYELAC.

‘EXOVTOG 0av 0TOXO TN UELWON TOU KOOTOUG Ttapaywyr NAEKTPLIKAG EVEPYELAG ATTO
OVELOYEVVNTPLEG, YivovTal HEAETEG yLa TNV avakaAudn kawvouplwy HeBodwv eAéyyxou, oL omoiot
ooV 0TOXO0 £XOUV VA HELWOOUV Ta GopTia IOV UPLOTAVTAL Ol AVEUOYEVVATPLEG KOTA TN AELToupyia
TOUC, oUTWC WoTe va avénBbel o xpovog Lwng Toug.

‘Evag TpOmog yla va emiteuxbel auto eival n peiwon Twv evallaooopevwy poptiwv ota
TITEPUYLA, Ta omoia odpeilovtal oe MAnBwpa alTiwy, OTWC N avopolopopdia Tou avavtn nediou
OVELOU KL N OTtola e TN OELpA TG TPOKAAE(TAL amd TNV TUPPN OTOV AVEUO, N CUVEKTIKOTNTA TOU
a€pa oTNV Katakopudn kat opl{ovtia KateuBuvon, n AslToupyia Pe AVEUO O QMOKALON TOGO OTNV
opllovTLa, 000 KaL oTnV Katakopudn kateuBuvon, n kKAlon tou dfova, ol putg (amotopeg aAAayEg)
TOU avéuou, n enidpacn Tou MUPYoU oTNV TaXUTNTA TTou BAEMOUV Ta TtTepuyLa, N faputnta Kal
AaAAQ.

OL 8U0 kUpLeg pEBOSOL yLa TN Helwon Twv evallaooopevwy Goptiwy ota mTepUyLA TWV
OVELOYEVVNTPLWV Elval 0 TTaBNTLKOG KAl 0 EVEPYNTLKOG EAEYXOC.

O maBntikdg EAeyX0C OTOXEVEL OTNV OKUPWON TWV avouolopopdLwy Tou avavin nediou
OVELOU, OTIOKAELOTIKA LECW TNC AEPOEAACTLKIC ATOKPLONG TWV MTEPUYLWV Tou Spopéa. TETOLEG
uéBodol eival n mapadoaotakn pUOULON oTPOPwWV, OL TILO KALVOTOUEC HEBOSOL OL OToieg aKOpA
EPELVWVTAL, OTIWG N oLTeVEN ebeAKUOUOU-POTING Kal N cUleuén KA NG-otpEYNC KaL otig dUo
KoteuBuvoelg.

A6 TNV AAAN PEPLA, N KEVTPLKNA LOEA TOU EVEPYNTIKOU €AEYXOU EYKELTAL OTN pUOULON TWV
KUPLWV 0.EPOSUVAULKWY TIAPUUETPWY TWV MTEPLYLWV (aAAayn TNE YWVLOC TPOCTITWONG 1) TOU
ouvteAeoth avwong) He Baon mAnpodopieg mou AapBavovtal and KAataAAnAoug alodnTAPEG
(emuunkuvoLOUETPQ, EMITAXUVOLOUETPA, OWANVEG Pitot, LIDAR, avepdpetpa mARUvNg K.T.A.). H 1o
OUXVA XpNOLUOTIOLOUEVN LEBO0SOC evepyNnTIKOU eA€yxou eival o E€atopikeupévog EAeyxog Bpatog
(Individual Pitch Control — IPC), o omoiog xpnoLomolel Tou emevepynTEG BriHaTog yia va aAAAEEL T
ywvia mpOomTwaong Tou tepuyiou. Ta teAevtaia xpovia, peAetdatal u urtofondnon Tou
E€atoutkeupévou EAEyxou Bripatog amo tov E¢atopikeupévo EAsyxo ywviag Metantepuylwv
KapumuAotntag (Individual Flap Control — IFC). € autv TNV MPOGCEYYLON, ULKPEC OLEPOSUVOLKEG
emudaveleg mou ovopdlovratl Metamtepuyla KapnuAotntag otn Mpapur Exkeuyng ( Trailing Edge
Flaps — TEFs) katavépovTal 0€ CUYKEKPLUEVEG BECELG KATA TO EKMETACO TOU TITEPUYLOU. Evag
EMEVEPYNTNC €lvaL umeUBUVOC yLa TNV aAhayn TNG ywviag Twv Metamtepuyiwv KapmuAotntag otn
Mpappn Ekduync, n omola Ye TN OELPA TNEG LETATOTIIEL TNV KOUTTUAN TOU CUVTEAEOTH AVWONC KAl
apa enipEpel aAAayr) oTnV TPEXOUCA TLUA Tou. Me auTOV TOV TPOTO, Ta GoPTia TWV MTEPUYIWY
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eAéyxovtal Suvapka. Tétoleg péBodol eival yvwotég otn BLBAoypadia cav Eudung Apopéag
EAéyxou (Smart Rotor Control).

MéxpL oTyung, o ocuppatikog E¢atoukeupévog EAeyxog ywviog Metamntepuyiwy
KapmuAdtntag uAomoLelTal e TN XPriON EMEVEPYNTWY, OL OTIOLOL KLVvoUV Ta. MEeTamtepuyLa
KaumnuAotntag otn Mpapun Ekbuyng kat oe cuvduaopd Pe KATAAANAOUG aoBNTAPEC Kal EAEYKTEG,
TIAPEXEL €va 160G eAEyxou e avadpacon Twv ¢poptiwv Twv nrepuyiwy. Nap’ 6Aa autd, To 0dpeAog
Tiou evéexouévwe Ba mpokLYPEL amd Tn XprHon awodnTipwv LETPNONG TOU avavtn nMediou tou
avépou (Lidar, avepopetpa mAfuvng K.T.A.) dev €xel e€akplPwOBel MARpwG, KATL TO omoio peAsTdTaL
otnVv nopol oo SUTAWUATLKY Epyaoia.

JUYKEKPLUEVA, TO KUPLO BEPa auTrC TNG SUTAWUATIKAG Elval N oUKypLon HETAEY EVOG
ouppatikol E€atopikeupévou EAéyxou Bripatog (IPC) oe cuvduaopod pe E€atopkeupévo EAey0G
ywviag Metantepuyiwv KapmuAotntag (IFC), To omolo amnod 6w Kal oto €€ Ba avaypadetal wg
E€atoutkeupévog EAeyxog Bripatog kat ywviag Metamntepuyiwv KapmuAdtntag (IPFC), kat evog
KOLVOTOHOU TETOLOU £(60oug eAéyxou, 0 omolog woTtooo Ba eKUETAAAEVETAL TNV LKAVOTNTA TOU
OVEUOUETPOU TIANUVNG VA TIOPEXEL TANPOPOPLEC YLO TO avAvTn TTESIO AVELOU KoL TO OTolo 0TOo ££€AG
Ba avadépetal wg «EEatopikeupévog EAeyxog Bripatog kat ywviag Metamtepuyiwv KapmuAotntag
He T xpnon Avepopetpou NMARuvne» (IPFCS). H olykplon twv dUo pebddwv Ba Baaototel o Suo
TOUELG: otn duvatotnta pelwong Twv eVAAAQCCOUEVWY GOPTIWY, KOL CUYKEKPLUEVA TNG KOUTTTIKAG
POTINC MTEPLUYLONG 0T plla TWV MTEPLUYLWY, KaL 0TNV EMBAPUVON TWV ETTEVEPYNTWV TNG YWVLAG
Brjpatoc mou emipEpel n kaBe peEBodog.

Neplypadn tov agpoeAAOTIKOU KWK

OL aepOENOOTIKEG TIPOCOUOLWOELG YivovTal pe Tn Xprion tou kKwdika hGAST. O hGAST eival
QEPOEAAOTIKOC KWELKAG TTOU avartuxOnke oto epyactrplo Aepoduvapikig tou E.M.M. kat exteAel
OEPOEAACTIKEC TIPOCOUOLWOELG OE AVELOYEVVNTPLEG. AtoTeAeital amnd SUo eMPEPOUG LOVTEAQ, TO
0EPOSUVAULKO KOl TO EAACTIKO POVTEAO.

a. To agpoduvapiko povtélo agdopd TNV avaluon Twv agpoduvapkwy GopTtiwv mou SExeTaL n
KOTALOKEUN. Mo TOV UTIOAOYLOUO aUTWV Twv poptiwyv Xpnolpomnoleital n Bswpia Tou Aiokou
Opung og cuvduacouod pe tn Oewpla Ztoleiwv MNrtepuywong (Blade Element Momentum —
B.E.M.), ywa tnVv edpappuoyn ¢ omolag amatteital n Stakplronoinon tou KABE cwUATOC TNG
OUVOALKAG KOTOLOKEUNG O€ EMLUEPOUG oToLXEla. ETOL KATAARYOULE va SLAKPLTOTIOLOUE TN
OUVOALKN KATaoKeLN (avepoyevvntpla) oe cwpata (bodies) kal kabe ocwpa o€ otolxeia
(nodes), omwc paivetal Kot oTLg lkoveg 2.1 kat 2.2.

b. To eAaoTIKO LOVTEAO XPNOLLOTIOLELTAL VL0 TOV UTIOAOYLOUO TwV dopTiwv (adpavelaka,
EOWTEPLKA, BAPUTIKA, lEPOSUVAULKA) KOL TWV TTOPAPOPPWOEWV oV udioTavial To cwuaTa
TNG KATOLOKEUNG. Mo TOV UTTIOAOYLOMO TWV Ttapandvw, o Kwdikag uAormolel Tn Bewpia Sokwv
katd Timoshenko, evw uTtapyel kot n emloyn tng emiluong kata Euler. H Stadopd twv Svo
Bewplwv eivat 0tL n kata Euler uAomoinon apelet TNV emppon TwV SLATUNTIKWY TACEWV
miou eivatl mapaAAnAeg otnv agovikn katevBuvon pag okou, Pe amoteAeopa n Slatoun Tng
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SokoU va MopapEVEL KABETN oToV EAACTIKO Afova Kata TNy mapapopdwaon. Eniong apelel
TLG SLOTUNTIKEG TAOELG IOV €lval KABETEG oTNV agovikn kateuBuvon Kal mapAAANAEeg otnv
epamnrtopevikn katevBuvon tng dokou, e amotéAeopa n dtatour ¢ SokoL va pnv
otpePAwvel. MU autodv to Aoyo, otn Bswplia Sokou katd Euler ol U0 ywvieg kapudng 6, kat
6, oxetilovtal pE TIG Tapaywyous TwV SU0 EYKAPCLWVY MAPALOpPWOEWY U KoL W. AuTO €XEL
OO0V QUTOTEAECHO OL AYVWOTOL VO LELWVOVTAL KATA U0 KAl VA UMOPOUUE va
XPNOLLOTIOOOUE TIG SUO ETUTAEOV EELCWOELG YL TOV UTIOAOYLOUO ECWTEPLKWY HOPTILWV.
Av KOlL TTLO QTTAN KOl UE ALYOTEPEC ATIALTAOELS VLA KOTOLOKEUAOTIKA SeSopéva TG
OVEUOYEVVATPLAG, N Katd Euler emiAuon ocuvnBwg Sev Sivel tooo akpPr) anoteAéopata 600
n katd Timoshenko kat yL autd otnv napovoa epyacia mpotiundnke n Sevtepn. MNa akoun
peyoAUTepn akpiBela 0TOUG UTIOAOYLOMOUG, O KWALKAG XPNOLUOTIOLEL TTIEMEPACUEVA OTOLXEL
(6okoUC) pe evblapecoug KOUPBouG (LEB0SOG moManmAwy cwudatwv / multi body approach),
KATL 0aV ETILUEPOUG TIEMEPACUEVA OTOLXELO 0 KABE S0KO (elkOVEG 2.1 KaL 2.2).

Neplypadn tng MPOTUTNNG AVELOYEVVATPLOG

H mpotumn avepoysvvnTpLa TTOU XPNOLUOTIOLRONKE glval n 3mMTepn AVEUOYEVVATPLO TWV
10MW mou avamtuxbnke HEow TOu Mpoypappatog Light Rotor kal cav cuvepyacio petafy Tou
TuAuatog AloAwkng Evépyela tou Mavemniotnuiou t¢g Komeyyayng (DTU Wind Energy) kat tou Vestas
[17]. H avepoyevvnTtpla eivat e€omALOUEVN e TOV Baolko TUmo eAéyxou “Basic DTU wind energy
controller” [18], pe amotéAeopa va €xeL tn duvatotnta pudulong otpodwv Kat ywviag Brpatod. MNna
AOyou¢ oTonoinong TNG AMOTEAECUATIKOTNTOG TOU EAEYKT) €YLVE ULA TIPOCOUOLWON OE
Bnuatikég aANay£EG TNG TaxUTNTOG TOU avEUoU. Ta amoteAéopata, ou ¢paivovtal otnv Ewkova 2.3,
TILOTOTIOLOUV TNV KOAN AEITOUpyla TOU EAEYKTH.

Ooov adopd ota XAPAKTNPLOTIKA TNE AVEUOYEVVATPLOG KOL TWV LEPWV TNG, AUTA daivovrtal
OTOoUG Ttivakeg 2.1 — 2.6, evw otov miivaka 2.7 ¢paivovtal ot Stadopeg LdloocuxvotnTeS Kal
dloamooBEaelg oAOKANPNG TN AVEUOYEVVATPLAG.

Nepypadn tov avepopeTtpou NARUVNG (spinner anemometer)

Onwg neplypadetal kot oto [19], To aveUOUETPO TTANUVNG Elval £VaC KALVOTOUOG
oLoBNTAPOC TTOU PETPAEL TIC AVAVTN GUVONKEG TOU QVEUOU Kal cuviBwE XpNOLLLOTIOLELTAL OTOV
€Aeyxo. YTO KavoVvIKEC ouvOnKeg, TomoBeteitat otnv mMARUvn, SnAadn unpoota anod tnv
avepoyevvntpla [20]. Ekel oL petpnoelg dev Statapdcooovtal oxedov kabBoAou amod to dpopéa Kal To
KEAUDOC, av KoL KATIOLEG SlaTapayEG Umopel va TpokAnBouv amo Tig dtatapaxEg otig pileg Twv
TITEPUYLWV KalL TLG aAAAYEC TNG pon¢ OTav auth SLEpxeTal anod To Spopéa.

To aveOUETPO MANUVNG EKUETAAAEVETAL TNV AEPOSUVAULKI TNG TARUVNG KoL £ToL AapPavel
HUETPHOELC VLA TLG CUVONKEC TOU QVEHOU TIOU LOXUOUV OTO KEVTPO Tou Spopéa. OL LETPHAOELC yivovTal
HEow 3 aloBntrpwyv o€ 3 cuykekpLpéva onpeia. OL aloOnTpeg EXouV apKETO UYPOG WOTE OL
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UETPNOELG VAL N YivovTal HECA OTO opLako otpwia. Etal, elvat epikti n pétpnon twy 3
OUVLOTWOWV TNG TOXUTNTOG TOU OVELLOU OTO KEVTPO TOU Spopéa.

KaBe €vag anod Toug alobnTnpeg EXEL EVOWUATWHEVO HETPNTH TNG AllLouBLaKNC YwViog Tou
Spopéa. Onwe paivetal kat otnv Ewkdva 2.5, 6mou deixvel tn pon yupw amo tnv mARuvN, N
TAXUTNTO TOU OVEROU KATAAABAVEL UNEEVIKEC TUUEG OTO OTACLUO ONUELO TNG MARUVNG. Katomuy,
ETUTAYVVETAL, TIPOKELUEVOU N pon va Stafpeel TNV MARUVN Kol PTAVEL OE TIHEG LEYOAUTEPEG TNG
TaXUTNTOG TNG €M’ Anelpov pong. Ot 3 aloBnTrAPEG TOU AVEUOUETPOU MARUVNG TooBeTOUVTAL OTA
onueia 6mou n pon yUpw oo TNV AN UVN AOKTA TNV dla TaxuTnTa PE TNV T ATIELPOV PON.

Yuvoyilovtag, n taxvtnta, Kabwe n ywvia yaw kat inclination tng en’ anepov pong,
UIOPOUV va UTIOAOYLOTOUV ameuBeiag anod Ta 3 CUVIOTWOEC TNE €T ATIELPOV TOXUTNTOG TTOU
UETPAEL TO OVEUOUETPO TARUVNG. AKOUQ, UTTOPEL VAL YIVEL JLaL EKTLNGN YLO TOV EKBETN TOU opLakol
OTPWHATOC, O OTOLOG XOPOKTNPLIEL TN CUVEKTIKOTNTA TOU QVEUOU OTNV Katakopudn katevBuvaon,
KaBwGg KoL yLa ToV avTioToLlyo aplOpo mou XapakTnpilel T CUVEKTIKOTNTA TOU OVEUOU OTNV
optlovtia katevBuvon. H ektipnon autr yivetol HEoW TNG CUCXETLONG TWV AAAQYWV TTOU
vdloTavtal oTo XWPO OL CUVIOTWOEC TNG ToXUTNTAC.

Eatopikevpévog EAeyxog Baparog (Individual Pitch Control — IPC)

O E€atouwkeupévog EAeyxog Bipatog (IPC) eivat pia pébodog, otnv omoia kAOe mtepuyLo
€XeL TN OIKLA Tou EeXxwploTh) ywvia BrApatog. Auto sivat Suvatov otav KABe TTEpUYLO EXEL
ave€aptnto emevepynth BAKATOC, KATL TO omolo eival cUvNBEC yLa CUYXPOVEG OVELOYEVVATPLES
HEYAANG Loxvoc. ETol, To va epapUOOELS TO CUYKEKPLUEVO L60UC EAEYXOU, SEV ATALTEL KATIOLO
ETUMAEOV KOOTOG.

O ZuMoywkog EAeyxog Bripatog (Collective Pitch Control — CPC) xpnolpomnoleital ylo
pUBULON oTpodwWV Kal LOXUOG KaL KATA TN XPrion Tou, n ywvia Bripatog kabopiletal amnod évav
KEVTPLKO €AeyKTA Kal elval n idla yia 6Aa ta trepuyLa. O E€atouikeupévog EAeyxog BrApatog
urteptiBetal oto ZUAOYLKO EAgyX0 BALOTOC KOl XPNOLUOTIOLELTAL YLIa LELWON TwV PopTiwV KOTIWGONC
(evaAaooopevwy poptiwy).

To epwTnuO TTOU eVAOYQ TIPOKUTITEL, £LVaL TO WG SNULOUPYOUVTOL TOL EVAAAAGOOUEVA
doptia. H katavonon tng mpogAeuon¢ Toug eivat auth mou Ba untodeifel kal Tov Tpomo
OVTLLETWITLON G TOUG.

Otav 1o avavtn nedio avépou otnv enidpavela tou dpopéa dev ivat opolopopdo, Tote
nipokUTTouV evallaooopeva dpoptia pe ocuxvotnta tn cuxvotnta neptotpodng (1P) (0.16 Hz, ya
OVEUOYEVVATPLA LE TOXUTNTA TtEPLOTPOdNG 9.6 rpm), 1 TG apUoVIKEG TNG 2P, 3P, onwg daivetal
kat otnv Elkova 3.1. H cuyvotnta 1P eival kat n 1o onUavtiki.

H otoxaotikdtnta Tou avéou AOyw TUPPNG, N CUVEKTIKOTNTA TOU aépa oTnV Katakopudn
Kal opl{ovtia katevBuvon, n Aettoupyia pe dvepo o€ amokAlon TG00 otnv 0pLlovTLa, 660 Kal oTNV
Katakopudn katevBuvaon, n kKAion tou afova, ot pUTEG (AmOTOUEG AANAYEC) TOU QVELOU, N
enidpacn Tou MUpyou otV TaxvTNTA o BAETTOUV Ta TTEPUYLA , N BaplTnTa Kat AAAoL, Alyotepo
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onUavTIKol, mapayovteg mpokalouv evaAlaooopeva doptia, pe cuxvotnta 1P, ota nrepuyla,
onw¢ dpaivetal kat otnv Ewova 3.2. Itnv Ewova 3.2 daivovtal Kal oL ApUOVIKEG CUXVOTNTEG
vdnAotepng taéng (2P, 3P, ...), aAAd n 1P eival auth mou KupLlopxel Kat YL auto lval Kat n 1o
EUKPLVAG.

To yeyovog OTL To onua TwV GopTiwy EXEL CUXVOTNTEG TIG APHUOVIKEG TNG CUXVOTNTAG
TeEPLOTPOGN G onuaivel OTL umopet oAU eUKoA va ypadtel LEOW TOU peTaoxnpatiopou ouplé oe
amnepo abpolopa cuvnuitovwy, onwg deixvel n E€lowon 3.1. EUKoAQ, Aoutdy, yivetal kKatavonto
OTL N AKUPWON OLUTWV TWV CUVNULTOVOELSWV GOPTIWV UMOPEL VA YIVEL LECW TNG CUVNULTOVOELS0UG
Klvnong evog Metamtepuyla KapmuAotntag otn Mpauun Ekpuyng (IFC) 1 oAdkAnpou tou mtepuyiou
(IPC), omwcg daivetal kat otnv E€lowon 3.3. KL auTo, yLoTi N oUVNULTOVOELSN G Kivnon TN EKAOTOTE
erudavelag eAéyxou Ba emipEpel Eva ouvnuLtovoeldEC poptio eAéyxou. Me Aemtopepr puBULon
TOU TAATOUG TNG Kivnong, 4, kot tng S1opbwong dpaong, 4y, to poptio eAéyxou pnopel va
eTLPEPEL aKOpA KoL AR PN akVpwon tng 1P cuxvotntag Tou eVOAAQCOOUEVOU $OPTIOU, OTIWG
daivetat kat otnv Ewkéva 3.3.

AkolouBwvtac avtiotowyn AoyLkn Umopel va Yivel kot n amoofeon tng 2P ouxvotntag Kot
£T0L TO evamnopeivav ¢poptio KOMwaong mou Ba UTTOOTEL N AVELOYEVVATPLA VAL EIVOL AKOWN TILO JLKPO.
H mpoondBela yia anooBeon Twv appovikwy akoun udnidtepng taéng (3P, 4P, ...), mou
Bewpntikd Ba peiwve akoun mepLocotePO Ta Poptia KOMWOoNG, AVAYKATEL TOUG UNXAVLIOMOUG
eAéyxou va Kivouvtal pe Wblaitepa uPnAr ocuxvotnTa, UE AMOTEAECHA VA SLEYELpOUV Ta PTEPA KOl
TEAKA Ta popTia KOTIWONG TTOU TIPOKUTITOUV Va LEYAAWVOUV. Na auTto To AOyo, MPOoTeivVeTaL
anocBeon povo twv 1P kat 2P cuxvotATwy TwV EVOAAACCOUEVWY GOPTIWV.

O E€atouwkeupévog EAeyxog Bipatog (IPC) Baoiletal otn LETPNON TWV KAUTTTIKWY POTIWV
ntepuyYLonG (My gy ) KoL eplotpodrs (Megg4e) 0TN pila Twv mtepuyiwy, n onoia cuvABwG yivetal
HEOW ETILUNKUVOLOUETpWV. KUpLlog otdxog autng tng nopdn eAéyxou eival va Helwoel (Ldavikd
undevioel) To eVpog evalAayng Twv opTiwv KOTWoNC. ZUVABWG N KOUTTTIKI PO TITEPUYLONG
(Mfiap) €lvar autr ou kupLapxet, aAAG KaL N KAUTTTIKA POTTH TIEPLOTPODNG UITOPEL VAL TIAPEL ETLONG
ONUOVTLKEG TIHEC.

000 n TaxUTNTA TOU AVEROU QUEAVEL, 0 ZUANOYLKOC EAEyKTHC BApOTOC evepyomoLeiTal Kol n
TLUA TNG Ywviog Bripatog tou Kabe mrepuyiou apyilel va mAnotalel tig 90 °. ‘EToL, Ol KOUTTTIKEC
POTIEG ITEPLYLONG KoL tePLoTpodn g apxilouv va evaAldccovtal. Mo va Eemepaotel To MpoBAnuUa,
Ol KOLUTITLKEG POTIEG MTEPLUYLONG KL TIEPLOTPODNG SE XPNOLULOTIOLOUVTOL AUTOUGLEG, AAAL
HETOOXNLOTI{OVTAL OTNV KOUTTTLKY) POTI EKTOG TOU eMimedou meplotpodng (M), cUpdWvVA LE TNV
E€lowon 3.4 kat tnVv Ewova 3.4. MNpaypatomnoleital SnAadn po otpodn Tou pntpwou Goptiong amno
TO TOTIKO oUOTNUA TIEPLOTPOPIC TOU KABE mTepuyiou oTo cuoTna TtepLotpodr Tou diokou.

21N CUVEXELQ, TTPAYLOTOTOLETAL pLa ETULTAEOV 0Tpodn Tou UNTPwou GopTIoNG amod To
cuotnua mepLlotpodng Tou diokou oto pn otpedOuevo cuotnua Tou diokou. ETol, amod thv M,
urtoAoyilou e TIG pOTEG 0TNV opLloVTLA Kat katakopudn katevBuvon (My; kat M,,,, avtiotoLya)
ocuudwva pe tnv E¢lowon 3.5 kat tnv Elkéva 3.5. H avwtépw Stadikaoia eival yvwotn otn
BBAoypadia cav Metaoxnuatiopog Coleman (Coleman Transformation). Edw a§ilel va onpelwBel

72



National Technical University of Athens

OTLyta tov 0pB6 UTIOAOYLOHO TwWV My, Kal My,q,,, ITQUTELTAL KOL N YVWON TNG POTUG TTEPLOTPODNAG
ToU KABe rrepuyiou (Mp;¢cn), woTdoO eMeLdN oL pEBodoL autol oToxelouv 0TN peEiwon Twv
KQUUTTTIKWVY POTIWV TWV TITEPLYIWV (M4, KAl Megge) KoL OXLTNG POTIAG TEPLOTPODNG (Mpitcr), N
XPron t¢ Katd tnv vAomoinon tou Metaoxnuatiopov Coleman (Coleman Transformation)
napaleineTalt.

Kooy, oL pomeg 0To pn otpedopevo cuotnua tou diokou My kaw My,q,, tpdpovray,
WOTE To oNpa Toug va araAAaytel amnod tig appovikeég uPnARG ta&ng (3P kat mavw). N autd to
AOYO0, XpnolomolouvTaLl e T oelpd SU0 {WVOATIOKOTITKA GIATPA UE KEVTPLKEG CUXVOTNTEG
amokomnng 6P kat 3P. Ta untpwa oto Xwpo katdaotaong ¢aivovral otnv E€¢locwon 3.7, evw 10
QMOTEAECHA TN XPNoNg Twv SUo autwv PpiATtpwv daivetat otnv Ewkova 3.6.

To péyebog Twv Pomwv oTo un otpedOpevo cvotnua Tou dpopéa (My Kaw M,,q,,) eivat Eva
HETPO TNG AOUMUETPLAC TOU avAvTn eSOV TOU avEUOU oTny emidaveLla tou dpopéa. Onwg
daivetat kat otnv Ewkova 3.7, n TuA Twv portwv My, kot My, givat avaAoyeg Tou eUpoug
EVAANQYH G TWV KAUTTTIKWY POTIWV TWV TTepLYiwV (Mfiqy Kat Mygg.). T €0pOG eVaAAQYAG TV
KQLUTTTLKWV POTIWYV TWV TITEPUYLWV TIPOKUTITEL Ao A{LLOUBLOKEG AOUUETPLEG, OTIWG N
OUVEKTLKOTNTO TOU 0€PA OTNV KaTtakopudn kat opl{ovtia KateuBuvaon, n Altoupyia pe AVEUO OE
QTOKALON TOGO 0TV 0pL{OVTLA, OCO KAl OTNV KOTaKOpUdn KateuBuvon kot GAAa.

M auTo To AOYO, O0TOXOC TOU eAeykTh otov Eatoutkeupévo EAeyxog Bripatog (IPC) ivat n
nelwon (WBavikd unSeVIoHog) Twv My, kaw My,q,,. AUTO EXEL OQV OTTOTEAECHA TN HELWON TWV EVPWV
eVaAAQYNG TWV KAUTITIKWY POTIWV OTLC pileg TwV mtepuyiwv. M autd To Adyo, oav eicodog Tou
gheyktn (opAApa tpog UNSEVIOUO) ETUAEYOVTAL OL OTLYHLALEG TWEG TWV Mj;e Kot Myq,,. H €§060¢
TOU eAeYKTH €ival 8U0 ywVieg 0TO N TEPLOTPEPOUEVO CUOTNLA TOU SPOHER, N By KAL B4y,
avtiotolya, ot omoieg Aéyovtat KukAikeg Mwvieg (Cyclic Angles). Ot 800 autéc ywvieg
HeTaoxnuatilovtal o pia ywvia S16pbwong BAUOTOC OTO TOTIKO OTPEPOUEVO CUOTNO
OUVTETAYHEVWVY TOU KABe mtepuyiou. H Stadikacia autr eivat yvwotn otn BAloypadia cav
Avtiotpodog Metaoxnuatiopodg Coleman (Inverse Coleman Transformation), cupudwva pe Tnv
E€lowon 3.8. Metd amod pia pikpni Xpovikn kabuotépnon, AOyw tng adpAVELOG TWV EMEVEPYNTWY,
auti n ywvia Ba untepteBel otnv Tpéxouca ywvia Bripatog tou kabe mtepuyiou. H 6An dadikacia
daivetal otnv Ewkova 3.8.

OL EAEYKTEC TTOU XPNOLUOTIOLOUVTaL OE TETOLEC eBOSoUG eAEy)oU £lval ol KAaooLkol
Avaloyikol OAokAnpwtikol (Proportional Integral — Pl), oL omoiot eival ko oL Tio eUPEWCS
XPNOLUOTIOLOU UEVOL TUTIOL EAEYKTWV YL BLOUNXAVIKEG EPapUoyEC. H Aettoupyla Tou eAeYKTN
SiEnetal ano tnv E€lowon 3.9. O avaloylkog 6pog eivat umevBuvog yla Tnv andcPBeon Twv poptiwy
e Baon tnv tpéxouoa otiyptaia T Tou opAApatog (M, kot My,g,, ), EVW 0 OAOKANPWTLKOG OPOG
elvat umeBUVOG yLa TO CUCOCWPEVUUEVO OPAAUA OAWV TWV TIEPATUEVWVY XPOVIKWY Bnudtwyv. O
SlLapoplkdg 6pog pubpuilel Tnv £€060 ToU eAeyKTr KAvovTag pa TPOPAEPn Tou OPAAUATOC TWV
EMOUEVWV BNUATWY, AAAA ETTELSN £XEL TNV TAON VA XOAAEL TNV EVOTAOELQ TOU GUOTAHOTOG, OTN
OUYKEKPLUEVN epyacia T€Onke loog pe undev (Kp = 0). O avaloykog 6pog eival emiong
TIPOOULPETLKOG, KABWG 0 OAOKANPWTLKO 0POG Elval cuVABwWE amd POVOG TOU EMAPKAG YLa TNV KAAR
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Helwon Twv doptiwv. EMopévwg, yia Adyoug anAotntag, Oa xpnouonotnfel Lovo o 0AOKANPWTLKOG
opog (Kp = 0).

Aoyw Twv ToAAwV Babuwv eAeuBepiog Tou cUCTANATOG KAl Apa TNG UPNARG TAENG TV
HUNTPWWV KATAOTAONG TOU, SEV UTIAPXEL KATIOLA VIETEPULVLOTIKN Stadikaaoia n omola va odnyet otig
BEATLOTEG TLUEC TV KEPSWV TOU gAeYKTH. ETOL, 0 LOVOC TPOTIOG QUTEC VA KABopLoToUV £lval HECW
TIOAAWV 10AEMTWV TPOCOUOLWOEWV Yl SLadOPETIKEG TIUES TwV KEpSWV. Mpokettal, SnAadn, yla
Hia Stadikaoia SOKLUWVY PEXPL TNV EVPECH TWV TLHWV TWV KEPSWV Tou eAeyKTr) Ttou Ba erupépouv
N peyaAutepn peiwon tou looduvapou Doptiou (Damage Equivalent Loads — DEL) Twv KQUTTTIKWY
ponwv rtteplyLong otn pia tou 1% mrepuyiou.

OL TPOCOUOLWOELC YIVOVTAL yLa TAXUTNTEC AVEUOU HEYAAUTEPEC TNG OVOUAOTIKAG, KABWwC oL
unxaviopot Brpartog & Aettoupyolv Otay N ToXUTNTA AVEUOU EVOL UIKPOTEPN TNG OVOUOOTLKAG,
ylati KOTaVaAWVOUV ONUAVTLKA TIOOA EVEPYELAC.

H avepoyevvATpla O xpnoLdomnol)Bnke o autrv tnv epyacia eivat n DTU 10MW RWT,
NG omoliag n ovopaotikr taxutnta eivat 11.4 m/s. Emopévwg o E§atopikeupévog EAeyxog BApatog
(IPC) Ba edappootel o TaXUTNTEG AVEUOU arto 12 m/s kat mavw. H péylotn peiwon mou
onpewwdnke oto looduvapo Qoptio (DEL) Atav tng tdEng Tou 31% ot tayxutnta avépou Uy =
16 ™/s kaw yio oAokANpwTIKG 6po pe Tr Ky = 15- 10710 Nap’ 6Aa autd, enedn n tun auvtr
obnyel oe aotdBela To cvoTnua TG peydheg Taxutnteg (. . Uy = 25 M/s) kat ya va
amodUyoUUE TN SuvapLky puBULoN TwV KEPSWV TOU EAEYKTH avaAoya UE TNV TaxUTNTa, ETUAEXONKE
ntun K, = 10+ 10719, n onoia cuVSUALEL LkavomolnTkn peiwaon Tou lcodvvapou Goptiou (DEL)
(29% oe tayvTnTa avépou Uy = 16 ™M/¢) kat euotdBeta Tou cuoTApatog oe OAeC TIG TOAVEG
TaXUTNTEG AsLlToupylag. Ze avtiBetn mepinmtwon, to clotnua eAéyxou Ba ywvotayv mio oAUTIAOKO
arno ot elval twpa. Ta mapandvw Kal Le peyaAltepn Aemtopépeta daivovrtat kat otov Mivaka 3.2.

OL Ewkoveg 3.9 — 3.11 beiyvouv tn peiwon tng M+ KL TWV KAUTTTIKWY POTIWYV TTTEPUYLONG
(Mf14p) ko TEPLOTPOPNG (Mg ge) OTN pila TOU 1°Y mrepuyiou yia pia kaBapr 10Aemtn
npocouoiwon. H taxvtnta tou avépou eival 16 M/, o ouvteheotr|g Katakdpudng CUVEKTIKOTNTAG
0.2, o ouvteAeotng oplovtiag cuvekTikotntag 0 Kal dev uTtapxeL KAlon Tou avépou ouTe otnv
oplZovtia (yaw), aAAa ouTte Kat otnv katakopudn (inclination) katevBuvon.

H pelwon otig TEG TG My, kaw TG portrg mtteplylong (Myy,,) eivat epdavig. MaAwota n
nelwon otnv T tou looduvapou Poptiou NG porng ttepuyong (Mg gy ) avépxetal oto 29%.
Q0t1000, N Helwon oTNV KAUTTTIKY POt TIEPLOTPOPNG (Meqge) Eival oxedov apeAntea, kabwg otav
N ywvia BRpatog ival pikpn, n pomn neplotpodn odnyeital oxedOv amoKAELOTIKA Ao TN
BaputnTa.

A6 tnv AAANn MAgUpA, TO TiUNUA yla TN Helwon autn Twv poptiwv EpXETAL va TTANPWOEL O
HUNXAVIoUOG EAEYXOU TNG Ywviag Brpatog, o omoiog, omwe daivetat kat ot Ewkoveg 3.12 kat 3.13,
TIAPOUCLATEL LA CNUAVTIKOTATN auénon otn SpaotnpldtnTA Tou, Adpa Kol OTNV KOTOmoOvn o Tou.
ESw odeiloupe va TOVICOUHE N TUTIKN amtokALlon (sdv) tng ywviag BApatog os pia mpooopoiwaon,
elval éva péyebog euBEwg avaloyo tng dSpaaotnplotnTag, apa Kot tng pOopAc Tou EKACTOTE
HUNXaVIoUOoU.
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Eatopikevpévog EAeyxog ywviag Metantepuyiwv KapmnuAdtntag (Individual Flap
Control - IFC)

H ekTeTAUEVN XPHON TOU HNXAVLOMOU EAEYXOU TNG YwViag BraTtog odnyel 0€ EKTETAUEVN
$B0opa TOU PNXaAVLOUOU. AUTOG NTaV Kal 0 AGyog mou o8\yNoE OTNV €PEUVA LLOG TILO EEEALYUEVNG
Hopdn¢ eAéyxou mou Ba pumopouvoe va untofondnoetL tn pEBodo tou E€atopikeupévou EAEyxou
Brjpatog (IPC) kat dpa va anmodopTioel TOUG UNXAVIOHUOUG QUTOUG.

JUYKEKPLUEVQ, N SuvatotnTa Pelwong Twv GopTiwV KOTIWaoNG, TIou TIPoKaAoUVTAL oTa
TITEPUYLA OO TLG avopoLlopopdileg Tou avavtn nediou Tou avépou otn Bpexopevn emidpAvELA TOU
Spopéa, pEow PeEBOSWV aAaynC TNG YPAUUNAG KOUTUAOTNTOC OPLOUEVWY GUYKEKPLUEVWY TOUEWY
TWV MTEPUYLWV yilvetal 6Ao Kat o SnUoPIAN g anod epeuvnTik anodn ta teAeutaio xpovia. Evag
TPOMOC, LETAEL MOA WV GAAwV, yla va uAomotnBel autr) n aAlayni KaumuAotntag eivat o
EVEPYNTIKOC EAEYXOC TUNUATWV Kovtd otn Mpapun Ekduync (Trailing Edge) Twv ntepuyiwv, 6mou ot
oANayEC EMLPEPOUV ONUAVTIKEG AAAAYEC OoTa aepoduvaplkd ¢poptia (Avwon, Avtiotaon).

‘Evag Tpomog va emiteuxBouv oL aAayEG QUTEG, lval HEow TG TomoBETNONG, KATA TO
EKTIETOOLO TWV MTEPUYIWY, ELSIKWV AEPOSUVAULKWY TLdAVELWV TTOU ovopdlovtal Metamtepuyla
KapmuAdtntag otn Mpapun Ekpuyng (Trailing Edge Flaps — TEFs). Auta (TEFs), étav ouvbualovtal
HE KOTAAANAOUC aLloBOnTrpeg, EAEYKTEG KOl ETIEVEPYNTEG, CUVLOTOUV Hia OAOKANpPN povada eAEyxou
(E€atopkeupévog EAeyxog ywviag Metamntepuyiwv KapmuAdtntag — IFC) kalt ivat tkava va
UTIOOTOUV GNHOVTLKEG KAl YPYOPEC AAAOLWOELS OTN YEWUETPLO TOUG, UE ATIOTEAECUA VA UTTOPOUV
Va aVTamokpLBoUV LKAVOTIOLNTLKA 0TI AAAQYEG TOU AVELOU Kal £TOL va eival o€ B€on va mapExouv
SuVaULKO EAeYXO TwV EVAAAQCOOUEVWY dOPTILWV.

H Aoyikn katd tnv uhomoinon tou E€atoputkeupuévou EAEyxou ywviag Metamtepuyiwy
KapmuAdtntag (IFC) eivat akplBwe n idla pe tov E€atopikeupévo EAeyxo Brpatog (IPC), kabBwg
Baoiletal emiong 0T0 HETACKNUATIOMO TNG KOUTTTIKAG POTING EKTOG TOU emimedou neplotpodng
(Moyt), OTIG pOTEG OTNV OpLiovTLa Ka Katakopudn katevBuvon (My kat My,q,, avtiotolya), i
oAAlwg otnv edappoyn tou Metaoxnuatiopol Coleman (Coleman Transformation). Katoruy, ot
M¢i1e xaw My,q,, GATPApOVTOL KOL TO OHUA TTOU TIPOKUTITEL artoTeAel Tnv elcodo evog eleyktn Pl. H
£§0606 €ival 8U0 aVTIOTOXEG YWVIES Byt KOL Byqy, OL OTIOLEG OVOpATOVTaL KuKAKEG Fwvieg (Cyclic
Angles) kal péow ¢ epappoync tou Avtiotpodpou Metaoxnuatiopol Coleman (Inverse Coleman
Trasformation) map£XouV TI¢ YWVIEC TWV PETATTEPUYLWV KOUMUAOTNTOG TOU KABE pTtepoU, OMWG
daivetal kat otnv E€lowon 3.10. H 6An dwadikacia daivetal kat otnv Ewkéva 3.14.

OL 8U0 péBobdol (IPC katl IFC) xpnotuomnololuv akplBwg ta dla pidtpa, dnAadn dvuo
{WVOATOKOMTIKA GIATPA HE KEVTPLKN ouxvoTnTa amokormnng 3P kat 6P, otn oslpd. H povn dwadopa
Tiou ouvavtatal otn Stadkaaoia uhomoinong Twv dUo peBodwy gival Ta dtadopeTika kKEPSN Tou
eAeYKTN, OUTWG WOTE OL YWVIEG TWV HETATTEPLYIWVY KAUTTUAGTNTAG ff; TIOU TIPOKUTITOUV VA UNV
elval i6Leg pe Tig ywvieg 81opBwong Bripatog By, ou eixav npokuPeL katd tov E§atopikeupevo
‘EAeyxo Brpatog (IPC). Kat og autr tn popodn eréyxou (IFC) o Stadoptkdg 6pog Kj, Kot 0 avaAoyLkog
0po¢ Kp €xouv tebel ool pe to unbév, evw o avahoyikdg 6po K; mpémnel mAAL va eTUAEYEL LETA Ao
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SOKLUEG Kal ouvdualovTag LKavoToLNTIKA Helwaon Tou looduvapou Doptiou (DEL) kat evotdBela ot
HEYAAO €UPOC TAXUTATWYV AELToupyiag, wote va anodpeuxBel n dSuvapikn puBULON Tou.

OL 6U0 péBobdoL akoAouBouv TNV idla Aoyikr eAéyxou Kal €xouv Tov dLo otoxo, dnAadn tn
pLBULON TWV OEPOSUVOLKWY XOPAKTNPLOTIKWVY TwV Ttepuyiwv. O pev E€atopikeupévog EAeyxog
Brjpatog (IPC) otoxelel otnv alhayr tTng ywviag mpooIIwong TwV MTEPUYIWY, EVW O
E€atouikeupévog EAeyxog ywviag Metamtepuyiwv KapmuAdtntag (IFC) otnv alayr) tng KAUMUANG
TOU ouvteAeotr) Avwong. Kat ot U0 emidp€pouv aUTEC TIG aAAaYEG Pe Baon TG TTANPodopLeg TTou
TA{PVOUV YLOL TLG KOUTTTIKEG POTIEG OTN PIZat TwV TTePUYIWY (Mfyqp KO Megge) QIO £181KOUG
aodnTApeg (empunkuvolopetpa). Eival, emopévwe, Aoytkod ol Suo péBodol va eival to (dlo
amoteAeopatikol 6cov adopd otn peiwon tou looduvapou Qoptiou.

H popdormoinon tng ypOoUUARG KOUMUAOTNTOG YIVETOL OTO TEAEUTALO TUAUA TWV TITEPUYIWY
HLag avepoyevvntplag DTU 10MW RWT. Ta mtepUyLla cuvtiBevtal and agpoTopuéC TNG OeLpag FFA-
W3 KOlL TO OXETLKO TLAX0G Tou e§wTePLkoL 35% Tou mTepuyiou eival otabepod kat loo pe t/c=0.24, evw
TILO ECWTEPLKA TO OXETLKO TAXOG auEavetal péxpL tnv tun t/c=0.30 otn B€on r/R=0.4.

ALddopeg TEXVIKEC SLApOpPwWong TNS YPAUUNE KAUTUAGTNTAC OTNV TIEPLOXH TNG YPOAULNG
ekpuyng dokipaotnkav. OAec adopovoav to teAeutaio 30% tn¢ xopdng. Adyw Tou peyalou
UAKOUC TWV UETAMTEPUYIWV KAUMUAOGTNTAC, N aAAQY OTN YPOUUN KAUTTUAGTNTAG UITOpPEL va yivel
BaBuiaia, onwg paivetal otnv Etkdva 3.15.B. H apBpwtr) dour Tou peTamtepuyiou KApmuAdtntag
npoodEpeL peyaAutepn eveAEia, kaBwg kaBe pEpog umopet va kouvnBel avtovoua. Auto €xeL ocav
OTTOTEAECLLO VAL LITOPOUV VAL ETILTEVXO0UV Kall TILO CUVOETEG YEWUETPLEG.

Awddopol oxnuatiopol dStapopdwaong TG YPAUUAG KAUmUAoTnTag Sokipaotnkayv (Etkova
3.16). OL oxnuatiopol mpoaoeyyiotnkav e KOUMUAEC splines kat aflodoynBnkav pe Baon tnv
aAAayn mou emidEpeL n kaBe pia oto cuvtedeot avwong C, (Etkdva 3.17). OL agpoSUVOLILKEG
eTLSO0ELG TOU KABE oXNUATLOMOU uTtoAoyioTtnkav Le xprion tou kwdika FOIL2W mou avamtoxdnke
oto epyactriplo AepoSuvaptkrg tou E.M.M. TeAkd emAéXONKE 0 OXNUATIONOG He KAlon 3°, kaBwG
eTLPEPEL IKAVOTIOLNTLKA aAAayr) Tou cuvteAeoTr) avwong Cp, XwpPi¢ woTOo0o TO PLETAMTEPUYLO
KOUTUAGTNTAG va €XEL HEYAAN Twur) kKAiong, T.x. 5°, n omola Ba 08nyoloe o€ TaxVUTEPN KOTIWON TWV
ETEVEPYNTWV.

H Stapdpdpwon NG ypopUnRg KOUMUAOTNTOG OTNV EPLOXN TNG OKUAG ekduyNG edapuoleTal
07O €€WTEPLKO LEPOC, KATA TNV £VVOLO TOU EKTIETACHATOC, TOU TITEPUYIOU. TO EKTIETACUA TWV
TIEPLOXWV TIOU SLABETOUV PETANMTEPUYLO KAUTTUAOTNTAC KaTaAaBaveL To 22.5% Tou mtepuyiou
(Aemtopépeleg otov Nivaka 3.2), evw n B€on Toug ETUAEXONKE e OTOXO TN HEYLOTOTIONGCN TNG
oAAayn¢ mou Ba embEPEL 0T PO TEPUYLONG 0N pila Tou tepuyiou. H aAayn TwV KAUTTIKWY
POTIWV TIOU TtpoKaAE(Tal otn pila Tou MTepUYiou amod Ta PETATMTEPUYLA KAUTIUAOTNTAC (YLl AKOTITO
TtepUYLO) eyLoTOTOLE(TAL 0TV AUTA BplokovTal PeTagy Tou 67 Kal Tou 97% Tou Tttepuyiou, OTWG
daivetal otnv Ewova 3.18.

Itnv napovoa epyacia, o E¢atopkeupévoc EAeyxog ywviag Metamntepuyiwv KapmuAotntag
(IFC) epeuvaral oav emikouptkn pEBodog eAéyxou otov E€atopikeupévo EAeyxo Bpatog (IPC),
onote Ba epappooTEL KL AUTOG O€ TaXUTNTEG AVEUOU amd 12 m/s kat mavw. NAAL
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XpnoomnoBnkav otabepd KEPSN EAEYKTH, WOTE VO UTIAPXEL EVOTABELA KAL LKAVOTIOLNTLKA LElwan
0€ OAEC TLG TaUTNTEG AELTOUPYLAG Kal Xwplg va xpeldletal va epapooTel SuvapLkn puBuLon Twv
KePSWV, Tou Ba €kave To ouoTNUO EAEYXOU TTLO TtEPIIMAOKO. MeTA amod MANB0C¢ MPOCOUOLWOEWY,
erhexOnke n ) Ky = 7 - 1077, n omola emidpEpeL LKAVOTIONTIKA OMOS00N o€ OAEC TLG TILOOVEC

TaXUTNTEG AsLToupylag, onwg daivetal kat otov MNivaka 3.3.

Ol Ewkoveg 3.19 — 3.21 deixvouv tn pelwon TNG M, KAL TWV KOUTTTLKWY POTIWYV TITEPUYLONG
(M{14p) kat eplotpodng (Meqge) 0TN pida Tou 1% mrepuyiou yia pia kaBapr 10Aemtn
npocopoiwon. H taxUtnta tou avépou eivat 16 M/, o cuvteleoTrg KatakOpudnG GUVEKTIKATNTAG
0.2, o ouvteAeotng opllovtiag ocuvektikotntag 0 Kat dev uTtapxeL KAlon Tou avéuou oUTE otnv
optZovtia (yaw), aAAa oute kat otnv katakopudn (inclination) katevBuvon.

MA&AL N pelwon oTig TEG TNG My, KaL TNG POTING TTePUYLONG (Mfyq,) Elval epdavig, evw n
Helwon otnV KapumTkh pomh meplotpodng (Meqge) lvat oxed0v apeAntéa, yiati n ywvia Bipatog
elval pkpn, omoTe N KAUTTIKY POt TEPLOTPOPNG (Meqg.) 0O6NYEiTAL OXESOV OMOKAELOTIKA QUTTO TN

Baputnta.

Ztov mivaka 3.4 yivetal pia ouykplon HETAEL TNEG LELWONG TIOU ETITUYXAVEL O
E€atopikevpévog EAeyxog Brpatog (IPC) kat o E€atopikeupévog EAeyxog ywviag Metantepuylwv
KaurnuAotntag (IFC) yia TaxUtnTeg aveUOoU HEYAAUTEPES TNG OVOUOOTLKAG. AUTO TTOU eUKOAQ
TPOKUTITEL Elval OTL o€ avtiBeon pe ta 6oa emwOnKav mio npLv, oL Suo uébodol dev mapoucialouv
NV (61a AmoTEAEOUATIKOTNTA OTN HElwoN TwV PpopTiwy, OTav oL TaXUTNTEG TOU AVEUOU €lval
HeYAAeg. O AOyoG yL auTO £lval 0 TEPLOPLOUOG TNG HEYLOTNG Ywviag Twv 10° mou €xel emiPAnBel ota
UETATTEPUYLA KOLUTTUAOTNTAG. 2TIG XA UNAEG TaxUTnTeg avépou, LY. Uy = 12 m/s, 6mou ta
evalhaooopeva poptia dev £xouv 1600 peYAAO MAATOG EVAAAAYNG, OL ATIALTOUEVES YWVIEG TOU
HETATITEPUYLOL yLa TNV andoPeon Twv poptiwv ondavia Eemepvolv auto to 6plo. 0co, OUWG,
TaxutnTa avepou peyohwvel, rx. Uy, = 16 m/s, to mAdtog Twv evallaooopevwy dpoptiwv
HEYAAWVEL Kal To eUPOG Aettoupyiag twv +10° Sev eival MAEOV APKETO yLa LKAVOTIOLNTLKA
anooBeon Twv hopTiwv.

AuTO daivetal EekdBapa kat otnv Ewkova 3.22, émou daivovtal oL XPOVOOELPES TWV TLUWY
TWV YWVLWV TIOU TIALPVEL TO HETATTEPUYLO KAUTUASTNTAC Tou 1°Y mtepuyiou. Itnv nepintwon mou n
TaxutnTa avepou eivat ion pue Uy, = 16 m/s daivetal ekdBapa OTL TO PETATTTEPUYLO AELTOUPYEL
oX€60V AMOKAELOTIKA HETAEL TwV SUO aKkpoiwVv TIHWY. AUTO OnUOIVEL OTL 0 EAEYKTAG, OTNV
TIPOOTIAOELA TOU VO altOCBECEL OE LKOWVOTIOLNTIKO Babpod ta ¢poptia kOmwaong, Sivel evioAn yla
HEYAAEG TIUEC YWVLWV TWV LETAMTEPUYIWY, 0AAG AOYW TOU TIEPLOPLOOU TTOU TOUG EXEL ETLPANOEL
ouTa KataAnyouv va evalddooovtal PeTall Twv U0 akpaiwv Toug TIHWV. ATto TNV AAAN MAELPA,
otav n TaxuTNTa Tou aveépou eival o pkpn, tx. Uy = 12 m/s, ta doptia komwong eivat emiong
TIO HLKPQA KOl AP OL TLUEG TIOU UTTOSELKVUEL O EAEYKTAG OTA PETATITEPUYLA E(VAL KL QUTEC LIE TN
OELPA TOUG TILO UIKPEG KAl LECA OTO LEYLOTO EVPOG AELTOUPYLAC TOUC.

Y€ YEVIKEG YPOAUMEG, 600 N TaXUTNTA TOU OVEUOU aUEAVEL, TOOO auédavouv Kal ta poptia
KOTIWOoNG. AUTO £XEL 0V ATIOTEAECUA VO AUEAVEL KOL N SpaoTNPLOTNTA TWV UETATTEPUY LWV
KauruAotntag, n omoia petadpaletal oe avénon tnNG LEYLOTNG TLUAG TTOU CNUELWVETAL O€ pia
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nipocopoiwaon, KaBwE Kal TNG TUTILKAG ATOKALONG TWV TLUWV TNG ywviag petantepuyiou (Etkova
3.23).

Eatopikevpévog EAeyxog Bpatog kat ywviag Metantepuyiwv KapmnuAdtntog
(Individual Pitch and Flap Control — IPFC)

Onwg onpewwBdnKe KoL LV, oKomog Tou E€atouikeupévou EAéyxou ywviag Metamtepuyiwyv
KapmuAdtntag (IFC) eivat va BonBriostL tov E€atouikeupévo EAeyxo Bripatog (IPC), ouTwg wote ot
YWVLEG BAMOTOC, OL TAXUTNTEC KOL OL ETUTAXUVOELS KATA TNV aAAayr 0UTWVY, VO LNV TTOLipVouV
UTtEPBOALKA PEYAAEG TIHEC. ME aUTOV TOV TPOTIO, OL NXAVLOUOL TToU €lval umelBUVOL yLa TIC YWVIEG
BrAuatog mpootatevovtal anévavit otn $Oopd, evw emniong avaveral n Stapkela {wng TOUG.

‘Etol, Aoy, évag ouvduaopog twv SUo HeBOSwV eAéyxou mou avadpEpBnkav TpLV Kol o
omolog Ba Aéyetat E¢atopikeupévog EAeyxoc Brjpatog kat ywviag Metantepuyiwv KapmuAotntog
(IPFC) avapévetal va gival To (810 amoteAeopaTikog, anod anoyn peiwong tou looduvapou
Q®optiou (DEL), kaBwc kat ot 3 péBodot potpalovratl TNV dLa Texvikn Aettoupyiag, dnAadn tn
PUBULON TWV AEPOSUVOULIKWY XOPAKTNPLOTIKWY TWV MTEPUYLWV. To KUPLO TIAEOVEKTN LA TNG
ouvbuaopévng uebodou, Evavtl Twv AAAwv Suo, dev eival Aondv n peyaAltepn Helwaon Tou
looduvapou Qoptiou (DEL), aAAd n Statripnon tou dlou emumédou pelwong, emBapuvovrag
WOTOO00 TIOAU ALyOTEPOU TOUC NXOVIOUOUG EAEYXOU TWV YWVLWV BrLATOC KOL LETATITEPUYIWY
KOUTTUAOTNTOG.

O ouvduaopog tou E€atopikeupévou EAEyxou Brpatog (IPC) pe tov E€atouikeupévo EAeyxo
ywviag Metamtepuyiwv KapmnuAotntag (IFC) eival pia apketa anAn Stadikacia. Ot dvo péBodol
epapudlovral tautdxpova, akplpwg pe Tov idlo Tpomo mou meplypAdTnKe yLa TNV KABe péBodo
Eexwplotd. H povn dtadopd EyKeltal oTIC TIHEC TWV KEPSWV TOU EAEYKTI, OL OTIOLEG TIPETIEL VL Elval
HULKPOTEPEC TWV AVTIOTOLYWV ATAWV TIEPUTTWOEWY, OUTWE WOTE TO CUOTNUA VA NV urtepSleyepOEL.
Mtag kal otoxog Tou E€atopikeupévou EAEyxou Bripatog kat ywviag Metamntepuyiwv
KapumuAdtntag (IPFC) eivat n anmodoption Tou pnxoviopou BApatog, Ta kKEpdn Tou
E€atoutkeupévou EAeyktn ywviag Metamntepuyiwv KapnuAotntag (IFC) Ba dtatnprioouv TIg TLUES
TOUC KalL N peiwon Ba epaplooTEL ATTOKAELOTIKA OTLC TLUEG TWV KEPSWV TOU EEQTOULKEV HEVOU
EAeyktr Brjpatocg (IPC). Oco mio UIKPEG ival oL TIHEC TWV KEPSWV EVOG EAEYKTH, TOCO TILO XOUNAA N
5paoTNPLOTNTA TOU OVTIOTOLXOU HNXAVIOHOU EAEYXOU, APOL EV TEAEL AVOUEVOULE 0OPWE LELWUEVN
6paoTNPLOTNTA TOU UNXAVIOUOU EAEYXOU TWV YWVLWV UETATTEPUYLWY KAUTTUAGTNTAC KAL KOO TILO
HELWMEVN SpaOTNPLOTNTA TOU UNXAVIOHOU EAEYXOU TWV ywViwy BrApatog. H mapandvw Stadkaocia
daivetat otic EElowoelg 3.11 kat 3.12 kat otnv Elkova 3.24.

Ytov Nivaka 3.5 ¢paivovral ta lcoduvapa Qoptia (DEL) Twv pomwv mtepuyLong (Mﬂap) otn
pifa tou 1° mrepuyiou Kot oL TOCOOTLALEG MELWOELS AUTWV VLo SLAPOPEC TIHEC TOU ouvTeEAEoTA A.
MaAy yia va amodevyBel Suvapikn pubuLon Twv KePSwV Tou eAeykTr eMAEXONKe n Tiun A = 0.6,
KaBwg apéxeL tkavorolntikn peiwon tou looduvapou optiou (DEL) og OAeg Tig mBaveg
TaXVUTNTEG AELToupyiag, kpatwvtag mapAAAnAa tn SpacTnPLOTNTA TOU UNXOVLOMOU EAEYXOU TWV
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YwvLlwv Brpatog xapunArn. Ev téAeL, n TLunR Tou KEPSOUG TOU EAEYKTN TNG YWVIAG BAATOG ITPOKUTITEL
Ky =2K =06 -10-1071° =6-1071°,

211G Ewkodveg 3.25 — 3.27 daivetal n peiwon tng M+ KoL TWV KAUTTTLKWY POTIWY TITEPUYLONG
(M{14p) kat teplotpodn (Meqge) 0TN pida tou 1% mrepuyiou yia pia kaBapr) 10Aemtn
npocouoiwon. H taxvtnta tou avépou eival 16 M/, o ouvteheotr|g Katakdpudng CUVEKTIKOTNTAG
0.2, o ouvteAeotng oplovtiag cuvektikotntag 0 Kal dev uTtapxeL KAlon Tou avéuou oUTE otnv
opulovtia (yaw), aAA@ oUTe Kal oTnVv katakopuon (inclination) katevBuvon.

Itov Mivaka 3.6 yivetal pia cuykplon PeTagL TN peiwong tou looduvapou Doptiou mou
Tietuxaivouv ot 3 mapandavw pEBodot eAéyxou, yla TaXUTNTEG AVEUOU LEYAAUTEPEG TNG
OVOHOOTLKAG. 2€ YEVIKEC YPAUUEC, oL 3 péBodol emttuyxavouv ta idla mooootd peiwong, AOyw Tou
OTL ouoLaoTIKA SoUuleVoLY pE Tov (810 TpoTo. Ze TaxUTnta avépou Uy = 16 ™/ o
E€atoutkeupévog EAeyxog ywviag Metantepuyiwv KapmuAotntog (IFC) dev eival tdéoo
QIMOTEAECHATIKOG, AAAQ O UNXAVLOMOG EAEYXOU TNG ywViag BApaTog Tng cuvduacouévng peboddou
(IPFC), katadépvel va KAAUPEL AUTO TO KEVO, HE ATOTEAECUA N cuvSuaopévn péBodog (IPFC) va
TIAPOLEVEL TO 1810 amoteAeopatikn pe Tov E€atopikeupévo EAeyxo Bripatog (IPC).

Onwg elmape Kot PLY, To HEYAAO TTAEOVEKTN A TNG ouvOUaopévng nebodou (IPFC)
ouvavtatal otn XapnAn §pactnplotnTa TWV UNXOVIOUWY EAEYXOU YWVLWV BAHOTOC Kal
HETATTEPUYLWV KapmuAotntag. Ot Ewkoveg 3.28 kat 3.29 avtikatontpilouv tn XaunAn
Opaotnplotnta o oxéon e tov E€atouikeupévo EAeyxo BrApatog (IPC) kat tov E€atopikeupévo
‘EAeyxo ywviag Metamtepuyiwv KapmnuAotntag (IFC) avtiotoya. OxL LOVO OL PEYLOTEG TIUES TWV
YWVLWV ELVaL PLKPOTEPEC, AAANA KOl OL KIVAOELG TOUG £lval TIOAU TILO NTILEG, TTOU GNUOLVEL OTL OL
ETEVEPYNTEC TILAVOUV UIKPOTEPEG TaXUTNTEG KL ETMLTAXVUVOELS, apa ¢pOeipovtal Kot Alyotepo.
JuykeKkpLéva, n Ewova 3.30 deixvel OTL n SpaoTnPLOTNTA TOU UNXAVIOHOU EAEYXOU TNG ywviag
BrApatog yia tn ouvduacuévn pEBodo (IPFC) eival eAdylota auénuévn oe oxéon Ue T Aeltoupyla
Xwpig €Aeyyo.

Eatopikevpévog EAeyxog ywviag Metamntepuyiwv KapmuAdtntog pue xpron
avepopetpou nAnuvng (Individual Flap Control with Spinner anemometer — IFCS)

MéxpL oTlyunG, o cupPatikog E€atopkeupévog EAeyxog ywviag Metamtepuyiwy
KapmuAotntag (IFC) edpappoletal HEow EMEVEPYNTWY, OL OToioL petatomnilouv Ta Metamtepuyla
KapmuAotntag otn Mpapun Ekpuyng (TEFs) kot oe cuvduaouo pe katdAAnAouc alobntnpeg
(emuunkuvolopetpa) kat eAeykTeg (Pl) mapéxouv éleyxo dpoptiwv pe avadpaon. Me Baon tn Bewpla
eAEyxou, oL LETAPATIKEC KATAOTACELG OUWG OL PUTEG AVEUOU Kal oL aAAayEG otnv KatevBuvon tou
avavtn nediov avépou amnoteAolV ayvwoteg dtatapaxeg. Ol cupPatikol eAeykTéC avadpaong
otOCBEVOUV TETOLEG SLEYEPOELC LE XPOVLIKN KABUOTEPNON, KABWCE oL SlaTapayEC MPETEL val
TIEPACOUV TIPWTA ATtd OAN TN SUVOLLKI TNG OVELOYEVVATPLOC TIPLV T ATIOTEAECUATA TOUC pavouV
oav ¢optia. Evag akopn AOyog yla auTr) Tn XPOoVIKA KaBuotépnaon amoTteAel Kal n adpavela Twv
ETEVEPYNTWYV, KABWG XpeLAlovTal KATOLO KPS XPOVIKO Sldotnua yia va aviidpdoouv. OAn autn n
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kaBuotépnon odnyet og avemBuunTa dpoptia Kat o uPNANG Eviaong SpaoTNELOTNTA ATIO PEPLAG
TWV EMEVEPYNTWV.

AUTO To POPBANUa pmopel va AuBel e Tn xprion aoBnTAPWV MOU LETPAVE XAPAKTNPLOTLKA
Tou avavtn nediou avépou (LIDAR, avepopetpa mMARUVNG K.T.A.). ZTNV Mapovoa epyacia
Xpnoomnotnke éva LOAaVIKO AVEUOUETPO TIARVNG. OL LETPNOELS TOU avAvVTh eSOV avEOU amod
TO AVEUOUETPO TANVNG 0 CUVSUACOUO HE €vay mivaka dedopévwy, SoUAeLd Tou omoiou elvatl va
UTIOSELKVUEL TNV Kivnon twv Metamntepuyiwv KapnuAotntag (TEFs) kat KATAAANAOUG ETTEVEPYNTEC
ouVLOTOUV pia pEBobdo eAéyxou n omoia oto €€ Ba Aéyetal E€atopikeupévog EAeyxog ywviag
Metantepuyiwv KapnuAotntag pe xprion avepodpetpou mAnuvng (Individual Flap Control with
Spinner anemometer — IFCS).

O E€atopikeupévog EAeykTnC ywviag Metamtepuyiwv KapumuAdtntag Ue xprion
QVEUOUETPOU TARVNG (IFCS) umteptiBetal otov eAeykTh pUBULONG OTPOGWV Kal 0TOXOC Tou £ival va
BonBnoeL tn Asttoupyia tou cupBatikov E€atopkeupévou EAeyktn Bipatoc (IPC), anodoptilovtag
TOV UNXQVIOUO EAEYXOU TNG Ywviag Brjpatoc.

ITN OUYKEKPLUEVN Hopdr) EAEYXOU, O EAEYKTIC XPNOLUOTIOLEL TOUG ETTEVEPYNTEC TWV
UETATTEPUYIWY KAUTUAGTNTAG LE OKOTIO VA apaLPECEL TIC APYEC UETOPOAEG (VIETEPULVLOTIKA HEPN)
TWV evaAllaywv Twv GopTiwv ota MTepUYLA, TA OToia YeVIKA Ttnyalouy amd TLG AVOUOLOpopdLleC TOU
avavtn nediouv pong otn Bpexopevn enidavela tou Spopéa. TEToleg evaAlayEg Twv doptiwv Exouv
ouxvotnta tn cuxvotnta neplotpodnig (1P) (0.16 Hz, yio avepoyevvATPLOL LE TaXUTNTA
neplotpodng 9.6 rpm), f TG appovikeg tng 2P, 3P kot mpoépxovtal KUpiwg armo i) Aettoupyia pe
arokALon aveépou otov opllovtio afova (yaw), LECA OTA XPOVLKA OpLa OTIOU 0 EAEYKTNAG TNG
Aewtoupyia pe anokAlon avépou Sev €xeL akOpn evepyormolnBet ii) katakopudn kat oplovtia
OUVEKTIKOTNTO TOU AVEWOU iii) AetToupyla Pe amOKALON AVEUOU OToV Katakopudo afova
(inclination).

Ot ywviecg yaw kat inclination tou avavtn nediou pong Tou AvEUOU UIopoUV va
uTtoAoyLoTtoUV ameuBeiag ano T 3 CUVIOTWOEG TNG TAXUTNTAC TOU AVEUOU, OL OTIOLEG LETPWVTAL
oo TO AVEUOUETPO MARUVNG. ETtiong, amnd tn cuoxEtion PeTal TwV PETABOAWY TNG AfOVIKNG Kal
NG KATtakopudNnG 1 opl{OVTLAG CUVLIOTWOOG TOU AVEUOU, UMOpPEL va Yivel pla extipnon yla tnv
KAOEeTN Kol 0pl{OVTLA CUVEKTIKOTNTO TOU QVELIOU OVTLOTOLXO.

OL oTLyLaLEG TIEC TNG TaXUTNTOG, TWV YWVLWY yaw Kal inclination kat Tou ekB£tn mou
XaPOKTNPLlEL TO OPLAKO CTPWHO OPXLKA LETPWVTAL ATIO TO AVEUOUETPO AVEUOU KOl OTN CUVEXEL
d\tpdpovral pe xapunAomnepato ¢iAtpo, e okomo va amopakpuvBouv ta uPicuxva Katl mopdAAnAa
HLKPNG EVEPYELOG ONUATA, TIOU TIPOEPXOVTAL KATA KUPLO AGYO Ao TV TUPPN TOU aVEUOU, OTIWG
daivetal kat otnv Elkova 4.1. Ta dATpaplopéva onpata anoteAolv tnv eicodo og Evav
TIPOKOOOPLOPEVO TTiVOKA, O OTIOLl0C KATOTILY Ta LETOPPAlEL O AllLOUBLOKEC YWVLOKEG TOAOVTWOELG
TWV UETAMTEPUYLWV KOUMUAOTNTOG cuxvotntac 1P kal 2P, ot omoieg Ba anooBécouv Ta avtiotolya
evaAaooopeva doptia mou Ba mpokAnBouv ota MTePUYLO AOYW TWV onUATwWY £L00dou. KvnoeLg
HETAMTEPUYIWY KapmuAdtntag uPnAdtepng cuxvotntag (3P, 4P, ...) anodelyovtatl, kabwg
Sleyeipouv ta mrepULyLa, PE ATOTEAECUA AVTL VAL LELWVOUV, TEALKA Vo awéAavouv Ta poptia
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KOTwonG. To MAATOC TNG KIvnong TwV METATITEPUYLWY KAUTUAGTNTAC (LEYLoTn ywvia) Ba elvat
QVAAOY0 TOU MAATOUG TOU eVAAAQCTOUEVOU POPTIOU KOTIWONG TIOU TIPOKAAEL N ACUUETPLA TOU
avépou. H daon tng TaAdvtwong Twv PHETANTEPUYiwY KapmuAdtntag (alipoublakny 6€on peyiotou)
€XEL pUBULOTEL KATAAANAQ, WOTE VA ETUTUYXAVETAL N LEYOAUTEPN duvatr aKUPWON TWV
eVaANOOOOUEVWVY PopTiwv KOTwong. O mMpokaBopLlopévog TivaKag yLo To MAATOG Kal tn ¢aon Tng
KILVNoNG TwV LETAMTEPUYLWV KAUMUAOTNTAC (0avV cUVAPTNON TNE TaXUTNTAC TOU AVELUOU, TOU KBETN
TOU OpLaKOU OTPWHATOG KAL TWV YWVLWYV yaw Kat inclination) Snuioupyeital HEow ULag
outopatomnolnpévng dtadikaaoiag, n omola Baciletol o VIETEPULVIOTIKA Tpefipata og OAO TO EUPOC
TWV TaXUTATWV Aettoupyiag kat yla dtadopou cuvduaououg ywviwy yaw, inclination kot ekBEtn
0pLOKOU OTPWHATOG.

H nuéBodog eAéyyou mpoPAedng mou meplypadOnke napanavw daivetal otnv E€icwon 4.1
Kal otnv Ewkova 4.2.

O mpokaBoplopévol Tivakeg yia ta A&t fBry Kat By, ko T dacels 4y ko Ay,
(ouvaptnoelg TG TaxUTNTAG AVELOU, TWV YWVLWYV Yaw Kal inclination kal tou ekB£Tn oplakoL
oTpwpatoc) mou dpaivovtal otnv Ewkova 4.2 mapdyovtal HEoO oo Uia AUTOUATOMOLNUEVN
Stadkaoia puBuLoNg, n omola eplypAadeTal TNV EMOUEVN Ttapdypado Kot otnv Ewkova 4.3.

O pomég My, petaoxnuatitovratl oe My,q,, ; Kot My ; (1P and 2P) péow edapuoyrig tou

Metaoxnuatiopou Coleman, onwc ¢aivetal kat otnv E¢lowon 4.2. 3tn GUVEXELA, TO OHUO TWV

My

XPNOLLOTIOLELTOL LOVO 0 aVAAOYLKOG 0pOG). O eAeyKTAG Sivel oav 6080 TIG KUKALKEG YWVIEG B4,y i

aw,i Kot My i dATpApeTal kat xpnowuonoteital cav eilcodog tou eAeykth Pl (6w

Ko Byjpp ;. KATOTILY, OL KUKALKEG YWViEG peTaoxnpatifovtal, pEow Tou Avtiotpodou
Metaoxnuatiopou Coleman (E€iowon 4.3), oe mMAatn fBrq KoL fr, kaw ddoelg 4y kat 4y,. H
Kivnon tou Metamtepuyiov KapmnuAotntag kabopiletal mAéov ano tnv E€lcwon 4.4.

H autopatn puBULON EMITUYXAVETAL LECW VIETEPULVIOTIKWY TPEELUATWY O€ OAO To Tedio
TOXUTATWYV AELTOUPYLC TNG AVEUOYEVVATPLAG KOl Yia S1ddopoug cuvSuaouoUC YWVLWV yaw,
inclination kat ekBeTwv oplakov oTpwpaToC. Av Kat n autopatn dtadikacia pubuilong Baoiletat
otn Aoytkn Tou cuppatikol E€atoptkevpévou EAEyxou Metamtepuyiwv KapmuAotntag He
avadpaon (IFC), to kUplo TAeovEKTna Tou E€atoukeupévou EAEyxou ywviag Metamtepuyiwv
KapmuAotntag pe xprion avepopetpou mARuvng (IFCS) éykettal 0To yeyovog OTLTa MAATN By Kal
Br2 xai oL paocelg A, kat AP, eivar anotéeopa pag Stadikaciag moAwv Bnudtwy, n onoia
oAoKANpwveTaL OTav £XeL TAEOV GUYKALVEL. ETOL, T HETAMTEPUYLA KAUTTUAOTNTOC KAVOUV KLVAOELG
HEYAANG akpifelag, oL omoleg mapdayouv akplpwg ta poptia EAEyxou Tou Xpeldlovtal yla T
HEYLOTN Uelwon TwV GoPTIWV KOTIWONE OTA OTtola UTIOKELTAL EKELVN TNV WP N aveoyevvhTpLla. O
oupPatikog E€atoutkeu pévog EAeyxog Metamtepuyiwv KapmuAotntag (IFC) umodeikvuet
ouVTeAeoTEG Kivnong (TAATN By Kat By, Kaw dacels Ay, kot AY,) petd ano 1opbwon povo evog
Brjpatoc. AuTto £XEL 0OV ATTOTEAECO OL CUVTEAECTEG aUTOL va PNV ivat ol BéATioTol. MNa to Adyo
oUTO 0 E€atoptkeupévog EAeyxog ywviag Metantepuyiwv KapumuAotnTog e Xpron OVELOUETPOU
mANuvnG (IFCS) avapévetal va £xel KAAUTEPA AMOTEAECUATA OO TOV CUHBOTIKO EEQTOKEUIEVO
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‘EAeyxo Metamntepuylwv KapmuAdtntag pe avadpaon (IFC), TOUAAXLOTOV OTA VTETEPULVLOTIKA
tpetiparta. Npayuarty, n Ewova 4.4 kat o Mivakag 4.1 emuPBefatwvouy Tov mopanavw cUAAOYLOUO.

Itnv Ewkova 4.4 kat otov Mivaka 4.1 dpaivetal EekabBapa otL 0 EEatopikeuuévog EAeyxog
ywviag Metamntepuyiwv KapnuAotntag pe xprion avepopetpou mARuvng (IFCS) amodidel moAu
KaAUTEpa amod Tov cupPatiko E€atopkeupévo EAeyxo Metamtepuyiwv KapmnuAdtntag pe
avadpaon (IFC) t6oo otn poviun kataotaon (Letd ta 20 mpwta SeuTepOAENTA), 00O KAl OTN
uetafatikn kataotaon (20 mpwta deutepoAenta). Autd odelAeTal Ao TN Ui OTOUG CUVTEAECTEG
kivnong (Brn, Ay ), oL omoioL £xouv cuykAivel kaAUTepa kat amto thv GAAN oTo yeyovog ot To IFCS
elval néBobdog eAéyyou MPOPAEPNC, UE ATIOTEAECHO VOL UTIEPEXEL OTA UETABATIKA PaLVOEVA EVAVTL
Tou IFC (néBodocg eAéyxou avadpaong). Ta mapandavw daivovtal Kal oTnV MOcooTLal0 LELWOT TOU
loodUvapou Qoptiou (DEL) n omoia otnv nepintwon tou IFCS eival cadwc peyalutepn.

H popdomnoinon tg yPOoUUNAG KOUMUAGTNTAG YIVETAL OTO TEAEUTALO TUAMO TWV TITEPUYILWY
HLag avepoyevvntplog DTU 10MW RWT. Ta nitepuyla cuvtiBevtal and aepoTopéC TnG oslpag FFA
KOLL TO OXETLKO TLAXOG TOU e§wTePLKOU 35% Tou TTtepuyiou eival otabepd kal ioo pe t/c=0.24, evw
TILO ECWTEPLKA TO OXETLKO TIOXOC auEAvVETAL HEXPL TNV TIun t/c=0.30 otn O¢on r/R=0.4. H
Stapopdwaon NS ypapung KapmuAotntag sivat idla pe auth mou xpnotuornoenke oto IFCS. Ta
HETATTEPUYLA KOTaAABAvVoUV To 30% tng xopdng Kat To 34% TOU EKTIETACUATOG TOU TEpUyiovu. Ta
Baolkd Toug xapaktnpLotika daivovtal otnyv Mivaka 4.2.

H ywvia kivnong twv petantepuyiwv neplopiletal oto svpog twv [—10°, +10°]. Akdun,
TiEPLOPLOHOL €xouv TeBEL Kal oTNV TaxUTNTA KIivNong TwV LETOMTEPUYLWY, N omola Sev umopei va
Eemepvd Tic 20%/s. TéNoc, €xet emBANOEL KA HLaL XPOVIKE KABUGTEPNGN OTNV Kivnon Twv
HETATTEPUYILWYV TN Tafewc Twv 0.1 s, n omola LOVIEAOTIOLEL TN XPOVLKI) UCTEPNON TWV EMEVEPYNTWV
TOUG.

OL Ewkdveg 4.5 — 4.8 Seixvouv mapadeilypato TwV XapTwy TwV CUVIEAECTWV Kivnong
(Bfn, Ay), yia TNV epimtwon undevikng ywviag inclination kat ekBETN 0pLakol OTPWHATOG (00 U
0.2.

H ewova 4.9 cuyKpivel TOL AMOTEAECUOTO EVOG VIETEPHLVIOTIKOU TPEEINATOC XWpIg EAEyXO, UE
IFCS mou amooBevel povo tnv 1P cuyvotnta kat pe IFCS mou anoofével kat tnv 1P kot t 2P
ouxvotnta. Itnv wova daivetat n pomnr M,,; otn pila touv 1% ntepuyiou, cav ocuvdptnon g
alipuouBlaki ywviog tou mrepuyiou. H taxvtnta tou avépou gival 16m/s, n ywvia yaw givar 30°,
evw N ywvia inclination sivat 0°. Eivat ekdBapo 6tL n 1P petaBolr tng M,,,¢, TOU Katd KUpLo Adyo
odeiletal otn ywvia yaw, pewwvetol Spactikd otav epappoletat to 1° enineSo eAéyxou, evw
OKOUN HEYaAUTEPN UELWON ETITUYXAVETOL OTAV YiveTal andoBeaon kat tn¢ 2P cuyvotntoc.

Ztnv Ewkéva 4.10 BA€moupe Tnv enibpaon tou IFCS otn M ¢, Yl pia mepimtwon émnou
VTETEPULVLOTIKOU TPeEipaToC 6mou N ywvia yaw petaBEANetal ypopikd amd thv Tin -45° péxpt
TNV T +45° eV OAEC oL uTtdAoLTe GUVORAKEC Ttapapévouv otabepéc (U, = 16 MY/, inc = 0,
sh = 0.2). Av kaL otnv mepimtwon mou dev epappodletal EAeyxoq, To MAATOG TG My,
HETABANAETOL LE TN Ywvia yaw, oTnv nepimtwon mou edappoletal IFCS mapapevel oxedov
otaBepo.
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Ztov MNivaka 4.3 paivovral ta looduvapa Qoptia (DELS) kat oL TOCOOTLALEG LELWOELG AUTWV
otav epapudletal IFCS o otoxaotikd tpetipata. Ta tpetipata €xouv yivel yla S1apopeg TaxUTNTES
QVEHOU, yla EKBETN 0pLaKOU GTPWHATOC (00 e 0.2 Kat yLo ywvieg yaw Kat inclination {oec pe 0°.
Elval epdavég, otL av kat to IFCS katadépvel va pelwoel ta Looduvapa poptia, oL HELWOELG Sev
elval 1000 peyAAeg, 600 UaG YOV KAVEL TA VIETEPHLVLOTIKA TPEEILATA VA AVOLEVOULE. Z€
avtiotolyeg nepmtwoelg to IFC katadépvel va pelwoel ta looduvapa Qoprtia (DELs) péxpt kat 3
bopEg mepLoocoTEPO. ESW MPEMEL val TOVIOTEL OTL TAL LETATITEPUYLA TIOU ElXaV XpnotpomnolnBel oto
IFC Atav kat 10m pikpotepa amod autad tou IFCS. Zto emopevo kedpalaio Ba yivel evdelexng
avadopad otn ovykplon petafy IFC kat IFCS.

Ztov Mivaka 4.4 ¢aivovral ta looduvapa Qoptia (DELS) kal oL TOCOOTLOLEG PELWOELG AUTWY
otav epapudletal IFCS o otoxaotikd tpe€ipata. Ta tpe€ipata €xouv yivel yia Sladopeg ywvieg
yaw, yla Taxutnto aveépou ion pe 16 m/s, yia ekBETN oplakol oTpwHaTog oo e 0.2 Kot yla ywvia
inclination ion pe 0°. Eivaw epdavéc dti to IFCS yivetat OAo Kat Tio armodotiko doo audvetal n
ywvia yaw. Auto odelleTal oTo Yeyovog OTL N eMiSpaon ToU £X0UV OL APVNTIKEC YWVIEC yaw oTal
evalhaooopeva opTia aKUPWVETAL Ao TNV EMIOPACT TIOU £XEL N CUVEKTLKOTNTA TOU Q€PA OTNV
Katakopudn katevBuvaon. NapdAAnla, n enidpaocn Tng ywviag inclination givat pkpn ylati n péon
TN tne eival 0°. Etol, ota popTtia KOMWong KataAnyeL va Kuplapxel n emidpacn tng tupPng, tnv
omola 0pwc to IFCS dev pnopet va anmooBEcel, AOyw TNG TUXALOTNTAC TTou TNV Stakatéxel. H
otoxaoTikn dpuon tnNe TupPng, Kavel aduvatn tn dnuioupyia Kamolou enavalapBavopevou
Hotifou ¢opTIoNG Kal apa tn dnUloupyilo KATIOLOU TIPOKOOOPLOUEVOU TIIVAKO CUVTEAEGTWYV Kivnong
Tou petantepuyiou (Br,, Ay) yla tnv anooBeor) Tou. Ao v dAAN peEPLY, OTLG LeydAeG (BeTikEg)
YWVLEC yaw, N emidpaon tng ywviag yaw ota ¢poptia KOmwaong eVIoXVUETAL Ao TNV enibpoaon mou
€XEL N CUVEKTIKOTNTA TOU a€pa otnv Katakopudn katevBbuvon. Etot, dev eival ma n TupPn avtn
TIOU KUpLOopXEL ota poptia koMwong, aAAd tapayovteg (yaw, shear) oL onoiot mapdyouv
enavalappavoueva potifa optiong yla ta omoia €xeL yivel pUBULON Kal £XEL KATAOKEUAOTEL
TiPoKaBopPLOPEVOG TIivaKag cUVTEAESTWV Kivnong. Ekel, To IFCS pumopeil va Seifel TIG MpayUATIKES
ToU SuvaTOTNTEG.

OL Ewkoveg 4.11 — 4.13 beixvouv tn peiwon otig Moy, Myjqp Kol Megg4e 0TN pida Tou pWTOU
TITEPUYLOU yLla pia oToxaoTikr) 10AemTn mpooopoiwaorn. H taxutnta Tou avépou ival 16 m/s, o
€KBETNG opLakoL otpwpatog 0.2, n ywvia yaw 30° kat n ywvia inclination 0°.

Ztov Nivaka 4.5 yivetal pla ouykpLlon HETAEL TNG LELWONG TTOU TIETUXALVOUV O
E€atoutkeupévog EAgyxoc Bripatog (IPC) kat o E€atopikeupévog EAeyxog ywviog Metamtepuyiwy
KapmuAotntag pe xprion avepuopetpou mARuvnG (IFCS) yia dtadopec taxutnteg Asttoupylag
(neyadUTepEC TNC OVOUOOTLKAG). O AOyOoC TN HeYAAng dtadopag otnv anodoon twv dUo pebodwyv
€ykeLtal otov (610 Adyo pe mpiv. H ywvia yaw eival pikpn, He anotéAeopa n enidpaon ¢ ota
dopTia KOMWOoNG VoL AKUPWVETOL ATIO TNV EMISPACN TTIOU €XEL N CUVEKTIKOTNTA TOU A€Pa 0TV
katakopuon katevBuvon. Etot, n TupPn yivetal o kuplapyxog mapayovrtag Snuouvpyiag doptiwv
Komwong. Qotooo to IFCS dev unopet va anooBEceL OTOXAOTIKA Kal KN emavalapfavopsva potifa
$OPTIONC ooV AUTA TTOU TTAPAYEL N TUPRN AOYW TNG TUXOLOTNTAC TNC, YLOTL SV UTTOPEL va YIVEL pia
pUBULON POoToU aUTA gpdaVIOTOUV. TNV anooBeon TETolwV GopTiwv wotdoo, elval tapa oAU
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armodoTIKEG oL LopdEG eAEyXOU pe avadpaon, Orwe o E€atoukeupévog EAeyxog Bripatog (IPC) ) o
oupBatikog E€atouikeupévog EAeyxog ywviag Metamntepuyiwv KapmuAdtntag (IFC). Autd onpaivel
otL to IFCS Ba umopouoe va AELTOUpYNOEL TTAPA TTOAU KOAG oAV ETILKOUPLKA Lopdr) eAéyxou oto IPC.
O ouvduaopog autwv Twv dUo popdwv eAéyxou ovopaletal E€atouikeupévog EAeyxog Bripatog kat
ywviag Metantepuyiwv KapmuAotntag pe xprion Avepopetpou nAnuvng (Individual Pitch and Flap
Control with Spinner anemometer — IPFCS) kal anoteAel BEpa HeAETNG TOU EMOUEVOU KepaAaiou.

Eatopikevpévog EAeyxog BApatog kot ywviag Metamntepuyiwv KapnuAdtntog pe
xpnon Avepopetpou nAnuvng (Individual Pitch and Flap Control with Spinner
anemometer — IPFCS)

Onwg avadEpdnke kat Lo mpLv, otoxog tou IFCS eivat va BonBnoet tn Aettoupyia tou IPC,
adalpwVTag HOVO TG CUVLOTWOEC TWV POoPTiWV KOTIWOoNG TIou 0deIAOVTAL OE VIETEPULVIOTLKOUC
TAPAYOVTEG (apyEG LETABOAEG TWV AVAVTN CUVONKWVY PONG) KaL £TOL VA PELWOEL TN dpactnplotnta
TWV UNXaVIoRwV gA€yxou ywviag Bripatoc. To IPC Ba gival umteUBuvo povo yla tTnv andéofeon Twy
evalhaooopevwy poptiwv mou dnuioupyouvtal anod tnv tuppn.

O E€atopikeupévog EAeyxog Brpatog kat ywviag Metamntepuyiwv KapmuAdtntag Ue xprnon
Avepopetpou mARuvng (IPFCS) avapévetal va ival o anodotikog anod tov anAo EEatoulkeu uévo
‘EAeyxo Brpatog (IPC) 6cov adopd otn peiwon dpoptiwv. O Adyog €ykettal oto otL o IFCS, oe
avtiBeon pe to cupPBatiko IFC, avtipetwilel Ta ¢poptia pe Stadopetikd Tpomo and ot to IPC.
MapdAAnAa, To peyaho mMAsoveKTnUa Tou IPFCS avapévetal va sival maAL n peiwon tou poptou
£pYacioG TOU UNXOVIOUoU EAEYXOU TNG ywviag BAMOTOC, eVvw auth tn ¢opd Sev avapEVeTaL va
bouue dladopormnoinon oto GOPTO EpyACiag TWV PNXAVIOUWY HETATITEPUYIWY KAUTUASTNTAG O
oxéon Ue to okEto IFCS.

O ouvbuaopocg tou IPC pe to IFCS sivat pa amAn dtadikaoia. Epoapuoloupe Tautoxpova Tig
U0 pebodouc eAéyyou, akpLBWE oMW epLypadTnKAV TIo TAvVw. H povn Stadopd mapatnpeital
ota KEpSn Tou eleyktr Tou IPC, Ta omola PETEL va £XOUV TILO UUIKPEC TLUEG, OUTWG WOTE TO
cvuotnua va punv urntepSleyepBel. Ooo peyalutepn n pelwon twv kepdwv tou IPC, téo0 XaunAotepn
n 6paoTNPELOTNTA TWV UNXAVIOUWV TIOU EAEYXOUV TIG YwVieC BrApatog. H Stadikaoia daivetal otnv
E€lowon 4.5.

Ytov Nivaka 4.6 paivovral ta lcoduvapa Qoptia (DELS) Kal OL TOCOOTLAEG LELWOELG AUTWV
yla S1apopeC TIHEG TOU OUVTEAEDTN A KoL yia SLapopeC TaxUTNTEC AVELOU (LEYAAUTEPEC TNG
ovopaoTKAC). O ekBETNG opLakol oTpwHatog éxet tnv twur 0.2, n ywvia yaw sivat 30° kat n ywvia
inclination 0°.

MNna va anoduvyoupe tn duvautky pubuion kepdwv, emAéxBnke n tiun A = 0.8, kabwg
TIPOOPEPEL LKAVOTIOLNTLKN HELWON OPTIWV Kot XapunAn SpaotnplotnTa TOU UNXAVIOHOU EAEYXOU
NG YwvioG BHaATog yla OAEC TIC TOXUTNTEC avEUOU. ETat, 0 OAOKANPWTIKOC 6pog tou IPFCS Ba £xetl

vl Ky =1 K, =08 -10-107° =810

rad
kNm-sec’
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Ol Ewkoveg 4.14 — 4.16 beixvouv tn peiwon otg My, Mrjqp KoL Megge OTN piga TOU TPWTOU
Titepuyiov yla pia otoxaotiky 10Aemtn npocopoiwon. H taxVtnta Tou avépou sivat 16 m/s, o
€KBETNG opLakoL otpwpatog 0.2, n ywvia yaw 0° kat n ywvia inclination 0°.

Z0ykplon HeTal OAwV Twv peBOSdwv eAEyxou

Mo va UIMOPECOUE VO KAVOUUE pia Sikatn ouykplon HETOEL TwV HEBOSwWY EAEyXOU, TIPETEL
N SLapopPwon Twv UETAMTEPUYIWY KAUTTUAGTNTAC Va elval (8La KoL OTLG TECOEPELS
(IFC,IPFC,IFCS,IPFCS). ZUyKEKPLIEVO TO LAKOG KATA TNV €VVOLO TOU EKTIETAOUATOC Ba emileyel ota
30m (~34% tou eKTETAOUATOG TOU TtTEPUYLoU) Kot Ba tomoBetnBel amd ta 55m péxpL ta 85m.
OAa ta uTtOAouTa XaPAKTNPLOTLIKA TapapévouV (Sla. Tig TIHEG TOUG SLatnpouyV emiong ot
OAOKANPWTLKOL OpOL TWV EAEYKTWY, OTwC dpaivetal otig E§lowoelg 5.1 — 5.3.

Ztov MNivaka 5.1 yivetal pla ouykpLlon HeTatl OAwv Twv PeBOSwvY eAEyXOU TTOU €XOUV
avaAuBel puéxpL otyung, yia Stadopeg TaxuTNTEG AVEUOU (LEYAAUTEPEG TNG OVOUAOTLKAC), yla
€KOETN oplLaKoUC oTpwHATOG (oo pe 0.2 Kal yla ywvieg yaw kal inclination (ogg pe 0°. Elvat epdaveg
otLto IPC kat to IFC Sivouv mapopola peiwon ¢optiwv, oe avtiBeon e to IFCS to omolio slvat
eudavwg Ayotepo anodotikd. Oco aufAvel n TaxuTNTA TOU avépou, n anodoon tou IFCS os oxéon
HE TLG AAeg peBOSouG yiveTal Ao kal xelpotepn. ZTig uPnAég taxutnteg (~25m/s) akopa kal to
IFC &gv umnopet va cuvaywviotel tTnv anodoaon tou IPC, Adyw tou meploplopol Twv +10° otn ywvia
Kivnong. Ao tnv aAAn pepld, to IPC katapEpveL HeEV va TIAPACYEL LKAVOTIOLNTLKN UElwoN oTa
doptia, aAAd To TiHNUa €lvat N TPOUAKTIKA LEYAAN avénon otn §pacTneLOTNTA TOU UNXAVIOUOU
€AEYXOU TWV YWVLWV BAUATOC TwV TITEPUYiwV. AUTOG elval kat o Adyog 6mou o cuvduaouog tou IPC
HE KAToLa AAAN HEB0SO EAEYXOU UETATITEPUYLWV KAUMUAOTNTOG KplvETOL avaykaia.

Ovtwg, to IPFC kat to IPFCS katadépvouv va emituyouv ta idla enimeda peiwong poptiwv
ue to IPC, evw tautoxpova dlatnpoulv tn SpaotnploTnTa TOU UNXAVIOHOU EAEYXOU TWV YWVLWV
Brpatog og moAU 1o xaunAad enimeda. ZuykekpLéva, to IPFC, Adyw tn¢ oAU KaAUTEPNG anddoong
TOU UNXAVLIOUOU €AEYXOU TNG YWVIOG TWV UETATITEPUYLWY KAUTIUAOTNTAC TTOU SLABETEL, KaTadEpveL
va HELwVEL T popTia 1o TTOAU Kal TAUTOXPOoVA VO KPATAEL TN SpaoTtnpLlOTNTA TOU UNXAVIOLOU
pitch og mMoOAU xapnAd enineda, eAayiota o uPnAd anod ta enineda ¢ MPooouoiwong xwpeic
€\eyyo.

Ztov Nivaka 5.2 yivetal pla ouykpLlon HeTaty OAwv Twv PeBOSwv eAEyXOU TTOU €XOUV
avaAuBel puéxpL oTyung, yia Stadopeg TaxuTNTEG AVEUOU (LEYAAUTEPEG TNG OVOUAOTLKAG), yla
€KOETN oplakoUg oTpwpatog too pe 0.2, yia ywvia yaw ton pe 30° kat ywvia inclination ton pe 0°.
Qaivetal mwg 600 avéavetal n Héon ywvia yaw, tooo 1o KaAd anodidet to IFCS kal n Stadpopd tou
otn Helwon Twv doptiwv oe oxeon pe to IPC kot to IFC médtel. Map’ OAa auTtad, oKOUA TO TIOPAUEVEL
Alyotepo amo otL to IFC. Auto odnyel pe Tn ospd tou to IPFCS va £xetl peyaAUtepn Spactnplotnta
TOU pnxaviopou pitch ano ot to IPFC.

levika to IFC Seiyvel va gival o anodotikd ano to IFCS,pe anotéAeopa o6tav cuvoualetal
ue to IPC va amodoptilel TOAU KOAUTEPA TO HNXAVIOUO EAEYXOU TWV YWVIWV Bripatog. 0co Opwg n
HEON Ywvia yaw Tn¢ 0TOXOOTIKAG pooopoiwaong LeyaAwvel, n dtadopd autr yivetat Alyotepo
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onpavtikn. Qatvetat, Aoutodv, ot pa aneuBeiog ouykplon petau IFC kat IFCS Ba eixe peydio
evlladpEpov Kal yL auto Ba aoxoAnBouUpe pe auto to BEUa oTo EMOUEVO KedAAaLo.

Z0ykplon petal cuppatikov E¢atopikeupévou EAEyxou ywviag Metantepuyiwv
KapumuAdtntag pe avadpaon (IFC) ko katvotopov Eatopkeupévou EAEyxou
ywvioag Metantepuyiwv KapnuAdtntag pe xprion aveplopetpou Anuvng (IFCS)

2toug MNivakeg 5.1 kat 5.2 daivetal Eekabapa otL to IFC elval MOAU 1o amodoTLko ot
Helwon poptiwv koMwong ano to IFCS. Otav ol péoeg ywvieg yaw piag 10AEMTNG OTOXOOTLKAG
Tipooopolwaong elval HIKPEC i APVNTIKEC, N eMidpacn Tou €xouv ota evaAAaooopeva popTia
OKUPWVETOL A0 TNV EMISpACN TIOU €XEL I CUVEKTIKOTNTO TOU AEPQ OTNV KATakOpudn KatevBuvon.
‘Etol, n TUPPN yivetal o kuplapxog mapayovtag dnpoupylog poptiwv komwaong. Qotoco to IFCS dev
UTOPEL va amooBECEL OTOXAOTIKA Kal N emavalapBavopeva potifa poptiong cov autd mou
TapayeL n tUpPn Adyw TNG TUXALOTNTAC TNG, YLOTL Sev pmopel va yivel pia puBuion mpotol autd
gudavioTolv. ITnV andoPeon tétolwv Ppoptiwv wotdoo, sival Apa TTOAU amoSOTIKEC OL LOPEG
eAéyxou pe avadpaor, onwc o cupBatikog E§atopikeupévog EAeyxog ywviag Metantepuyiwv
KaurnuAotntag (IFC).

Qoto0o0, Ovta N PEon TLUA TNG YWwVIaG yaw TalpVveL Lo PEYAAEG BETIKEG TIUEG N amodoon Tou
IFCS peyaAwvel kat n YaAida pe to IFC pikpaivel. Molog Opwg eivat o AOyog Tou aKON KoL OTLG
ouvOnKeg ou euvooUV Tov E€atopkeupévo EAeyxo ywviag Metantepuyiwv KapmuAotntag pe
xpnon avepopetpou mAnuvng (IFCS), to IFC amobidel kaAUtepa;

To mpoPAnua evtomniletal kata tn Stadikacia tng avtopatng puBuong. To IFCS puBuiletal
HEOW VIETEPULVLIOTIKWVY TPESLUATWY Yo SLadopeg taxutnteg avepou (Uy), ekBETEG opLakwv
oTpwudTwy (sh), ywvieg yaw (ayq,,) Katinclination (a;y). Etol, oL ouvteAeotég kivnong twv
METAMTEPUYIWY KapmuAdtntag (Brn, 41y, ) aroteAOVV CUVAPTNON HOVO AUTWYV TWV TECCAPWY
ueyebwv, onwc dpaivetal kat otnv E€lowon 4.1. OL TIpEG Aoutov Tou maipvouv katd tn Stadikaoia
™G pUBULONG elval CWOTEC LOVO OTOV OTN YELTOVLA TWV PETATITEPUYLWV KAUTUAGTNTAG LOXUOUV OL
OUVONKEC (UO, sh, ayqw, ainc) OTLG OTtoleC puBpuiotnkay. OL TIHEG AUTWY TWV TECOAPWVY LEYEBWY,
OuwG, dtafalovral amod To AVEUOUETPO MARVNG, TO Omoio eival TOAU HOKPLA OO TO LETATTEPUYLA
KOUTTUAGTNTOC. AOYW TNG TUPPBNC KAl TNG TUXALOTNTAC TTOU QUTH) TIPOKAAEL, oL TIHEC TTou StaBalel To
OVEUOUETPO TANUVNG SEV Elval QUTEC TTOU LOXUOUV OTN YELTOVLA TWV UETOMTEPUYLWV KOUTTUAOTNTOG,
LE QTOTEAEOUA T LETATITEPUYLA VO EKTEAOUV KLV OELG OL OTTOLEG HEV QVTATIOKPIVOVTOL OTLG
OUVONKEG TTOU OTNV MPOAYHATLKOTNTA QUTA OVTLLETWTTI{OUV.

H Ewkéva 5.1 eiyvel to xaptn evog avavtn nediou avéuou o popdn diokou. O diokog eivat
OPKETA PEYANOG WOTE VA XWpPAEL OA0 To Spopéa TG avepoyevvnTplag. Kabe onueio mou daivetal
0TO XAptn amnoteAeitat and dUo cuvteTaypeveq (X, ¥) Kal 3 CUVLOTWOEG TOXUTNTAG OVEUOU
(Ux, Uy, Uy). Ao 6Aa autd ta onpeia ethexBnkav 5. ZKOMOG gival n oUYKELoN TwV OTypLaiwy
TWWV 1o aipvouv o€ pia 10Aemtn mpooopoiwon n a§ovikn taxutnta (U,) (BAéne Ewova 5.2) kat
n ywvia yaw (ayaw) (BA€me Ewkova 5.3) mou €xouv autd ta onpeia. H péon T tng a§ovikng
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Taxutntag elval 25 m/s, evw n péon twun tng ywviag yaw 0°. H emdoyn Twv onpeiwy €ywve wg €§AG.
To éva onpelo eivat To kKEvTpo Tou 6ioKou, To omolo aviutpoowneVEL To onpelo To omolo StaBalet
TO AVEUOUETPO MARUVNG. Ta aAa 4 Bplokovtal otng 4 ywvieg tou opilovta Kal oto 75% tng
OKTLVLKAG AMOOTAONG, LE ATTOTEAECO VOL OVTLUITPOCWTIEVOUV T ONKEL OO TA OToia TTEPVAVE T
HETAMTEPUYLA KAUTTUAOTNTAC OTaV MEPVOUV arod TI¢ allpouBlakég ywvieg twv 0°,90°, 180° ka
270°.

ITLG ELKOVEG BAETIOUHE OTL OVTWG OL TLUEG TWV 5 aUTHV onpelwv elval apKeTA SLaPOPETLKEC
HETAEL TOUC. To MPOBANUa auTd AUVETAL EV LEPEL AV TO EKACTOTE CrLA TIOU LETPLETAL TIEPVIETAL
pWTO Ao éva xapnAomnepato ¢idtpo. Ta xapnAomnepatd ¢idtpa amokontouy ta uPicuyxva (Kot
XAUNANG eVEPYELAC) orjpata tnG TUPPNG UE amoTEAECUA aUTH N avopolopopdia va apBAUvVeTaL.
Qoto00, O0nwe daivetal kat ot Etkoveg 5.4 kat 5.5, To POBANUA TOPOUEVEL.

AT TV AAAN HepLd, amo TNV avaluon mou eixe mponynOetl kat cuykekplpuéva otnv Ewkova
4.4 kai otov Mivaka 4.1, daivetat otL o IFCS pewwvel ta poptia oAU kaAUtepa amno to IFC og
VTETEPULVIOTIKEG KATAOTACELG, OTIOU N £vtoon tT¢ TUPPNG elval pundevikr). Auto onuaivel 6tL 600 N
€vtoon ¢ TUPRNC LELWVETAL, TOCO TLo amoS0oTIKO yivetal To IFCS évavtt tou IFC. Mpdypatt, Onwe
Selyvouv o Mivakag 5.3 kat n Ewkova 5.6, untapxet €va eninmedo yla tnv £viacn tng TUpPNnG KATW amno
1o omoio To IFCS Aettoupyel o anodotikd amnd to IFC kat mavw ano To onoio cuppaivel To
avtiotpodo.

MTmopoUE EMOUEVWE VA UTIOBECOUE OTL YL TG UTIEPAKTLEG EPAPUOYEG, OTIOU Ta eTtiNEdA
TUPPNC elvatl yevika xapunAd, to IFCS eival o katdAAnAo amno to IFC.

Npotaoeig yia peAdovtikn Eépeuva — NMpooappootikog E§atopikevpévog EAeyxog
ywviag Metantepuyiwv KapmnuAotntag pe xprion Avepdpstpou mAnpvng (Adaptive
Individual Flap Control with Spinner anemometer — AIFCS)

To peyalo mpoPAnua tou IFCS eivat 6t ol mpokaBoplopévol ivakeg puBuilovrtal o
VIETEPULVIOTIKA Tpeipata, Omou to avavtn nedio avépou sival opolopopdo eneldn n éviaon Tng
TUPPNG elval pundevikr. QoTOCO, XPNOLULOTIOLOUVTOL OE OTOXOOTIKEG EPAPUOYEG, OTIOU N Eviaon TNG
TUpPPNG dev elval apeAnTtéa, Ye amoTéAeoua va ipokaAoUvTal avopolopopdies cuvbnkwy mavw
oto Spopéa. To mpOPANUa auto AUVETOL AV N AUTOPATN PUBULON YIVEL OE OTOXOOTLKEG CUVONKEG.

Me tn xprion tn¢ texvoloyiog twv Texvntwv Nevupwvikwyv Aiktowv (Artificial Neural
Network), To IFCS pmnopet va yivel autopuBuL{OMEVO KOl VA TIOPAYEL OO OVO TOU TOUG
TIPOKAOOPLOPEVOUC TIIVOKEC UE TOUG OUVTEAEDTEG Kivnong Katad tn ¢daon tng Asttoupyiag tou. To
AIFCS ouvbduaoel tn Aoyikn mpoBAedng tou IFCS pe tn Aoyikn avadpaong tou IFC. Apxika
Aettoupyel cav cupBatikd IFC, xpnotlpomnolwvtag tn AoyLki TG avadpacng Kal TNV TEXVoAoyia Twv
NeuPpWVIKWV AIKTUWV, WOTE VO UTTOPECEL VOl pUBOULOTEL KaL va TLAEEL TTPOKOOOPLOUEVOUC TIIVOKEC
ol omolot MA£ov Ba avtamokpivovtal 0 OTOXAOTIKEG ouvOnKec. Katomwv Asttoupyet oav IFCS,
EKUETOAAEUOUEVO Ta 0PEAN TNG AoYLKNG TOU EAEyXOU HE TPOPAeYN. TauTtoxpova, N AoyLKn
avadpacong Unopet va ouvexioel va SOUAEVEL 0TO OPAOKNVLO, OUTWG WOTE OL TTPOKABopLoUEVOL
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Tivakeg va mpooapuolovral oTig LeTOBaANOUEVES EVEEXOUEVWG OLUVONKECG AeLToupyiag TNG
avepoyevvntplag. Etol to AIFCS mapapével BEATIWVETAL KOL TIOPAPEVEL CUVEXWGE OITOSOTLKO, AKOUA
KalL OTav oL avavtn ouvenkeg Stadopomnolovvtal.

‘Eva erunAéov mAeovektn tou AIFCS eivat OtL pmopei va evaAAAooEL TN AeLToupyia Tou
Hetafy IFC kat IFCS avaAdywg pe to mota amnod Tig SUo pebBodoug eAéyxou cupmepldEpeTal
KAAUTEPQ OTLG eKAOTOTE oUVONKEC. Mapadelypatog xapn, oe cuvOnkeg uPnAng évtaong TUPPNG,
omnou n avadpaon uneptepel Evavtl tng npoBAedng, to AIFCS Ba umopouoe va Asttoupyel oav IFC.
Amo6 tnv AAAn pepLE, Otav ta emnineda VPPN nédtouv f oe kataotdoels ldling, émou yevika to IFC
bev pumopel va avtamnokplBei kaAd, va evepyoroleitat n Aoyikn tng mpoPAedng kot to AIFCS va
SdouleveL oav IFCS.
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