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This paper presents an effective control approach for structural vibration of onshore wind turbines in the
edgewise direction. Huge multi mega-watt wind turbines are currently developed to harvest large amounts of
energy from the wind. Such designs require the construction of huge slender blades and towers which conse-
quently lead to undesirable structural deformations that hinder the power production and reduce life span of the
wind turbine. Many researchers have worked on structural control of wind turbines. However, these efforts
neither have resulted in an effective reliable mitigation for deformation of structural elements, nor they have
achieved an economical solution in terms of actuators exploitation. The work presented in this paper, however,
introduces a particle swarm optimisation-based semi-active controller which exploits magnetorheological
dampers to mitigate edgewise blade displacements. Dampers are modelled using neural networks for they are
capable of predicting future forces and eliminating control lag. The developed controller is tested at several
configurations of actuators placement on a benchmark 5-MW wind turbine. The proposed approach, indeed,
showed a significant reduction of over 80% in the peak responses and about 77% of peak-to-peak response of

blades against uncontrolled and passive systems which leads to promoting longevity of wind turbines.

1. Introduction

The global concern about climate change has fostered the potential
of reducing carbon dioxide emissions. More specifically, the interna-
tional paradigm shift of producing renewable energy is derived by
reducing the energy related carbon emissions which constitute 66% of
the total greenhouse gases emissions [1]. In this context, within the past
few decades several research works have suggested optimization of
production of renewable energy. Distinctively, wind energy is consid-
ered as one of the most environment-friendly energy sources. This su-
periority is due to the fact of being a clean source of energy,
compatibility with other land use activities, consuming less water and
relatively low gas emissions [1]. The International Energy Agency (IEA)
has reported that energy extracted from wind turbines has reached over
1800TWh in 2021 [2]. Moreover, it recorded the highest growth
amongst all renewable energy forms. Wind turbine electricity is also
expected to reach 7900TWh by the year 2030 that is in collaboration
with the plan of zero carbon emissions by the year 2050 [2].

The increasing demand for wind energy over the past few years has
motivated the installation of multi megawatt turbines with large di-

mensions of tower and blades [3]. Generating up to 6.3 —MW of power,
the cypress 6.0 —164 wind turbine has a blade length of 80m and hub
height of 167m [4]. However, such slender and large turbines are sus-
ceptible to large dynamic responses and vibrations when subjected to
environmental disturbances. Moreover, installation of offshore wind
turbines in oceans has gained wide acceptance due to space availability
and higher wind intensities [5]. Onshore wind turbines, on the other
hand, are subjected to severely high wind intensities if located in highly
active wind zones. Such dynamic loading of on/offshore wind turbines
leads to undesirable deformations and consequently reduces the lifetime
of the structure (wind turbine blades’ fatigue) and hinders power pro-
duction (unsteady energy output).

Structural control provides solution to excessive structural defor-
mation and damage. Noticeable developments have been made in this
area over the past decades, especially in control of civil engineering
structures [6-9]. Structural control operates in three modes, namely
passive, active, and semi-active. Passive control mode is used such that
the control force of an actuator cannot be adjusted in response to an
external influence and thus it has limited control force capacity. Active
control is achieved when the control force is directly actuated through
the actuators. On the other hand, semi-active operates by changing
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Nomenclature

a Angle of attack.

Qco.i Rayleigh damping mass proportional factor for the o
element in the i plane.

a Axial induction factor.

a Tangential induction factor.

a. Glauert correction factor.

Apr Non-rotating frame system matrix.

¥ j™ blade azimuth angle.

B Blade pitch angle.

Peoii Rayleigh damping stiffness proportional factor for the o
structural element in the i plane.

By, Non-rotating frame input matrix.

C, Aerodynamic damping matrix.

C; Structural damping matrix.

Cr Total tower damping matrix.

Cr Coefficient of lift.

Cp Coefficient of drag.

Cyr Non-rotating frame wind turbine damping matrix.

c Aerofoil chord length.

Co Nonlinear velocity roll-off MR damper damping.

c MR damper damping term.

E Modulus of elasticity of blades.

Fp Vector of MR damper forces.

Fin Next step NN predict MR damper force.

fe Blade centrifugal force.

fed MR damper desired control force.

faj Generalized MR damper force for jfh blade.

fei Generalized gravitational force for j** blade.

Gyr Non-rotating frame controller gain.

g Gravitational acceleration.

r MR dampers influence all planes matrix.

r. MR dampers influence in-plane matrix.
Respective tower plane of study.

I Blade moment of inertia.

i Respective blade plane of study.

j Blade under study.

K. Blade elastic stiffness matrix.

K¢ Blade centrifugal stiffness matrix.

Kr Total tower stiffness matrix.

K, Blade gravitational stiffness matrix.

K, Non-rotating frame wind turbine stiffness matrix.

ko MR damper accumulator stiffness.

ki MR damper stiffness term.

L Lagrangian.

Ly Length of blade.

Lq Influence length of MR dampers across the blade.

Ly Length of tower.

I Aerofoil local lift force.

Ip Aerofoil local drag force.

Iy Aerofoil normal or thrust force.

Iy Aerofoil tangential force.

L Generalized aerodynamic loads of j blade in i plane.

M, Non-rotating frame wind turbine mass matrix.
Mr Total tower mass matrix.

Mpac Nacelle mass.

M, Overall blade mass.

N Total number of DOFs.

n Total number of modes for all blade planes.

0 Dynamic response controller weighting matrix.
Qext Total external loads acting on wind turbine.

Q Rated rotor speed.

w1 First natural frequency in the i plane.

W3 Second natural frequency in the it plane.

Qq Generalized aerodynamic loads vector.

Qg Generalized gravitational loads vector.

¢ Flow angle.

&; Mode shape of the i plane.

q Generalized coordinates vector.

G Generalized DOF of j blade in i" plane.

an Generalized DOF of tower in i plane.

R Desired controller force weighting matrix.

Pair Air density.

s Wind turbulence.

T Total kinetic energy of wind turbine.

t Solution time domain.

14 Aerofoil pre-twist angle

u First order filter.

T Total kinetic energy of wind turbine.

t Solution time domain.

[ Aerofoil pre-twist angle

u First order filter.

uji Displacement along j™ blade in i plane.

Up Distributed mass of blade.

Ur Distributed mass of tower.

%4 Total potential energy of wind turbine.

Voj Total mean wind speed on j& blade.

Vo Mean wind speed.

AV, Change in wind speed due to vertical shear.

Vel Aerofoil relative wind speed.

Viea Previous time step MR damper commanded voltage to NN.
\% Current time step MR damper commanded voltage to NN.
v MR damper commanded voltage.

Vi Total velocity of j blade.

V4 Total velocity of tower.

X Current time step MR piston displacement to NN.
X Current time step MR piston velocity to NN.

X1 Previous time step MR piston displacement to NN.
X Previous time step MR piston velocity to NN.

x Distance along the blade measured form the root.
Xq MR damper piston displacement.

Xq MR damper piston velocity.

z Distance along the tower measured form the ground.
&, Damping ratio of o structural element.

g, ¥, Ng, Py Aq MR damper non-linear yielding element parameters.

parameters of the control device (i.e., by altering electric current) and
thus adjusting the resisting force for the device used. Semi-active control
has the advantage of providing high force capacity of the active control
and at the same time using very low power requirement and thus this
approach is used in this paper. Any combination between these three
modes is referred to as hybrid control mode. Implementation of an

appropriate algorithm will result in improved results and mitigation in
the dynamic response of a structure.

Structural control has been recently introduced to mitigate wind
turbine structure deformation and dynamic responses whether onshore
or offshore [3,8,10-12]. One of the early benchmarks in the field of
structural control on wind turbines is that reported in [13], where the
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authors have successfully exploited the use of Active Mass Dampers
(ATMDs) in wind turbines to control the in-plane blade vibration re-
sponses. They have used an Euler Lagrange numerical model for the
wind turbine derived from the kinetic and potential energies of the
system and have used Tuned Mass Dampers (TMDs) in passive and active
modes, where the active mode is realised with linear quadratic regulator
(LQR).

Staino and Basu (2013) have developed a numerical model of wind
turbine system using the Lagrangian-Euler approach considering the
time variant structural properties and accounting for the variable rotor
speed caused by system faults [14,15].They have proposed the appli-
cation of an active tendon system mounted onto a truss/frame structure
placed inside each blade. They implemented a LQR to determine the
optimal active control forces generated in the tendons to control the
large edgewise displacements induced in the blades due to variations in
rotor speed. Their simulation results show a noticeable decrease in the
tip displacements for onshore wind turbines. Zhang et al. (2016) have
used a Tuned Liquid passive Damper (TLD) to control the side-to-side
vibration of onshore wind turbines [16]. They were motivated by the
negative effect that arises as a result of the combination of the lateral
tower vibration with the drivetrain torsional moments, where the latter
results in instability in the generator torque and thus fluctuations in the
produced power. As TLDs are highly non-linear devices and their control
force is affected by many parameters, the authors have chosen to apply
Real-Time Hybrid Testing (RTHT) algorithm as a modelling technique
for their system. Sarkar and Chakraborty (2018) have also developed a
semi-active control algorithm for controlling the vibration response of
an onshore wind turbine tower using MR-TLCD [17] and have tested the
controller with various wind speeds. Caterino (2015) tested a semi-
active control scheme with MR dampers for reducing the dynamic
structural responses of onshore wind turbines in terms of tower base
bending stresses and top displacement experimentally on a 1/20 scaled
wind turbine model [18]. The semi-active control strategy was achieved
by placing MR dampers at the tower base. Caterino (2015) defined the
concept of a variable restraint to resist the tower loads such that it is
made of a cylindrical hinge, two springs and two MR dampers. The test
results have shown a reduction in bending stresses demand of 64% in
some cases but at the cost of increasing the top displacement by 29%.

Moreover, Chen et al. (2015) have used MR dampers inside wind
turbine blades for vibration reduction [19]. They have implemented a
fuzzy logic Memdani model with the stroke of the damper piston and its
velocity as inputs and have deduced that as the number of controllers is
increased and placed closer to the tip, suppression of dynamic distur-
bances is more effective. Recent explorations have revealed efforts in
structural control of wind turbines; however, the achieved results need
to be more reliable in terms of dynamic disturbance suppression and at
the same time using minimum power consumption.

Particle Swarm Optimization (PSO) is integrated with control sys-
tems for their good adaptation of different controllers and accuracy.
Kumar and Jerome (2014) used PSO to control an inverted pendulum
underactuated system. They reported the use of PSO for search of LQR
weighting matrix R in which good control results were achieved [8].
Moreover, Kumar et. al (2018) applied an adaptive PSO to enhance
controller performance in time-domain of near resonance for civil
structures when subjected to strong earthquakes using MR dampers
[20]. It is needless as well to stress on the importance of Neural Net-
works (NNs) and their use in structural control systems. Wang and Liao
(2005) developed two different types of NN for modelling and control of
MR dampers by generating command voltage in a semi-active control
mode [21].

In this paper, a novel optimized controller using particle PSO semi-
active control is proposed for control of excessive displacements of
wind turbine blades in the edgewise directions. Semi-active control is
achieved using MR dampers placed inside each blade considering
different locations and/or numbers. Numerical models of actuators are
developed using NNs for their robustness and high predictive accuracy
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in predicting non-linear systems behaviour. Several scenarios of imple-
menting MR dampers with various configurations and controllers are
investigated and tested, which demonstrate the efficacy of the proposed
approach. Fig. 1 shows a scheme for the proposed control process.

2. Wind turbine and external loads models

In this section a multi-modal numerical model of a horizontal axis
wind turbine is developed based on the Euler-Lagrangian energy
formulation. Dynamic equation of motion is derived for a three-bladed
horizontal axis wind turbine with a tower fixed to the ground such
that dynamic coupling between the blades and tower is achieved. As
shown in Fig. 2, the three blades are modelled as Euler-Bernoulli elastic
beams with distributed mass y;(x), overall mass M, and elastic stiffness
EI(x) along its length. Blades are considered as cantilever beams fixed at
the hub and the rotor fixed with the tower. The tower is considered as a
generalized single degree of freedom (DOF) system with due consider-
ation the tower modal mass My (as depicted in Fig. 2) and masses of the
nacelle and hub as M;4.. The developed model is capable of solving for
dynamic responses of blades in the edgewise and flapwise directions.
Similarly, the tower responses can be expressed in the side-to-side and
fore-aft senses. Moreover, the model can capture the coupled responses
between in-plane and out-of-plane that occur due to the pre-twisted
blades.

The tower stiffness and damping terms in the developed numerical
model in the side-to-side and fore-aft modes are denoted as Ky and Cr,
respectively where Cr is the summation of the structural and aero-
dynamic damping. The developed model accounts for variation in rotor
speed. The rotor is set to rotate at the rated speed Q (rad/sec) and the
azimuth angle W;(t) (rad) of blade j is expressed in terms of time t as

‘Pj(t):Qt+23j(j—l),j:1,2,3 (@D)]

Structural elements with distributed mass and elasticity are often
modelled as generalized single or multi DOF systems, where their dy-
namic response is expressed as a function of a generalized or a bench-
mark coordinate [22]. In this work, the generalized coordinate is chosen
to be the tip displacements of the blades in the edgewise and flapwise
directions as well as the tower-top/nacelle motion in the side-to-side and
fore-aft directions. Moreover, for simplicity, only the fundamental blade
modes in the edgewise and flapwise directions are considered. Likewise,
the first mode for side-to-side and fore-aft deflections are considered for
the tower. The total number of DOF for the horizontal axis wind turbine
numerical model is N = 3n + 2 = 8, where n is the total number of
mode shapes considered for one blade. The generalized coordinates can
be expressed as

T

q(1) = {'ﬂ?l.m(t) Grou(t) Gain(1) o, (1) ==+ Gji(1) Gan (1) } (&)

E€RNx1

where N is the total number of DOF for the horizontal axis wind turbine,
i represents the plane of interest for the blade (in or out) and h represents
the plane of interest for the tower (ss or fa). As shown in Fig. 2, blade
displacement at any given x position from the blade root is expressed as
modal superposition of the generalized DOF for the blade as formulated
as

wii(x,1) = ¢; (X)ﬁ,;i(l) &)

The Euler-Lagrange equation for forced vibration dynamic systems is
expressed in terms of partial derivatives of the Lagrangian L with respect
to the generalized coordinate and its time derivative as

d (oL oL
(%) - () var v
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Horizontal Axis Wind Turbine
Numerical Model

Dynamic Response
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Fig. 1. Proposed semi-active control scheme.
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Fig. 2. Numerical model and generalized DOF definition for wind turbine.
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where Q. represents the aerodynamic and gravitational loads acting on
the wind turbine blades and tower, respectively and € R¥*! while Fj, is a
vector of MR damper forces and I' is influence matrix indicating posi-
tions of actuators. The Lagrangian L is the difference in kinetic T and
potential V energies of the system as

L=T-V 5)

2.1. Wind turbine model

2.1.1. Kinetic energy

The total kinetic energy of the system arises from the velocity of the
three blades in the edgewise and flapwise directions as well as the ve-
locity of the tower in the side-to-side and fore-aft directions. As such, the
total kinetic energy of the system can be formulated as

- {Z [ mmoia] [ [ memrteoias| + 0t

=

+Mnac)VT(LTat)2:| (6)

where v; is the total velocity in edgewise and flapwise directions of an
incremental part along the blade j located at distance x from the hub at
time t. Similarly, vy is the total velocity in the side-to-side and fore-aft
directions of an incremental segment along the tower located at dis-
tance z from the ground at time t.

The velocity of the blade is affected mainly by its rotation, its
deflection and the effect of the tower and nacelle motion on it as illus-
trated in Fig. 3. Thus,

out

0)+ > hix).G,

i=in

+ -54.xs(t)5in(l/(/(f)) + Gupu(t) )

245 Galt

i=ss

vi(x, 1) = Qx — Q (¢, (x ) + Gas (1)cos (y;(1) )

in (X (

2.1.2. Potential energy

Potential energy of the system arises from elastic stiffness of the
blades in bending K., geometrical or centrifugal stiffening K of the
blades that arises from tensile forces induced due to rotation, gravita-
tional stiffening K, arising from gravity forces acting on the blades due
to rotation of the rotor and tower/nacelle potential energy. Finally, the
bending stiffness associated with the tower Kr. The total potential en-

2,
*f(g
LN

64‘.\'5(0
WG]

o ass (0) sin(5(6) = Q (Pin (1) (D))

)
64,55(0 COS(I[JJ- (t)) +Qx + ¢m (x)q:},iu(t)

/

/ // °
‘ (I4.ss(t)
>

Fig. 3. Velocity components acting on a wind turbine blade incremental length.

Engineering Structures 299 (2024) 117131

ergy for the horizontal axis wind turbine system is thus given as

i |:<i K.i+ K.

i=in

Z Krin(Gan( (€)]

/z 55

+ Kg,j‘i) (21'/,(1‘))2 > + Ke,innmqj.m( q; um

The tensile forces acting on the blade due to the effect of centrifugal and
gravitational stiffening are given as [23]

Ly,
70) =2 [ eleds ©

fu®) = — geos((1)) / ' y(0)do 10)

where ¢ is the distance from the point x along the blade. Using equations
(9) and (10) the stiffness terms can be obtained as

/ £

Fac= [ |/ ’ wleeds |4 Far Ay

Kuss) = —goos( (1) [ @) Y

= —geos(y;(1)) / [ / v m(g)da} (¢ (x) ) dx a2)
and K. is
Koalx) = /0 " B (42 Ve a3)

where, ¢; (x)’ and 4)i(x)” are the first and second order derivatives with
respect to x, respectively. The elastic stiffness can also be found through
the relation between the mass and the square of the spectral matrix. By
substituting Egs. (11), (12) and (13) into Eq. (8) the potential energy of
the wind turbine can be obtained.

2.2. BEM and generalized external loads

2.2.1. Blade element momentum theory

In this work, aerodynamic loads acting on the blades and tower are
modelled using the Blade Element Momentum (BEM) theory. The
mentioned algorithm combines the standard momentum theory and
strip or element theory to model wind loads acting on wind turbines
instead of employing the tedious and difficult CFD algorithms [29].
Moreover, BEM is based on some parameters such as, but not limited to,
the rotor speed Q, mean wind speed V,, turbulence intensity s and
geometrical aerofoil sections.

To account for the variation of wind loads with the wind turbine’s
height, vertical wind shear effect is added to the mean wind velocity as a
cosine wave of amplitude dependant on the azimuthal angle expressed
as
Voi(x, 1) :V,,JrLibcos(‘I’/-(t) )AVO (14)
As shown in Fig. 4, each blade is discretized into a number of elements
each located at a distance x from the root, with a chord of c(x) and a
width of dx. Assuming no aerodynamic interaction between blade ele-
ments, the axial and induction factors a and @ can be found and hence
the tangential (forces acting in the edgewise direction) and normal
(forces acting in the flapwise direction) force components can be found
accordingly. Once all blade elements forces are computed, the general-
ized total blade force through the corresponding generalized DOF can be
computed using numerical integration along the blade’s span (Eq. (20)).
Since blades are rotating, they experience the coming wind speed.
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Fig. 4. Blade modelling using BEM.

According to Fig. 5, one can deduce V, as

Ve, 1) = Q2 (1 + @) + (V,(1 - a) + 5(1))° 1s)

where V(x,t) is the relative velocity that an aerofoil section at a dis-
tance x along the blade’s length and time t experiences between its
rotating speed and s the turbulent wind speed. In addition, the wind flow
angle ¢ and angle of attack a on the blade are given by

V(1 —a) +s(2)
¢(X, t) = tan (W) (16)
alx, 1) = P(x, 1) = p(1) — 6(x)

The local lift and drag forces for the blade element can be expressed as
[29]
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1
Puir Vo (3, )c(0)C. (@) a7

lL(x7 [) = E

1

Ip(x,1) = EpairVVt‘IZ (x,1)c(x)Cp(a)

where C; and Cp are the lift and drag coefficients, respectively for a
specific aerofoil section and are dependent on the local angle of attack.
As elaborated in Fig. 5, Iy and Iy are defined as the normal or thrust and
tangential force given as where correspondingly

Ir(x,t) = I.(x, )sin(@) — Ip(x, )cos(D) 18)
In(x, 1) = I (x, t)cos(@) + Ip(x, 1)sin(D)

which, match the flapwise and edgewise forces. It is worth mentioning
that Iy is the force that finally drives the blades to rotate. Two modifi-
cations on the calculation of axial induction factor a have been intro-
duced to the BEM algorithm. The first one is Prandtl’s tip loss factor
which is added to correct the concept of infinite number of blades
assumed by the momentum theory whilst the second factor is Glauert
method which accounts for higher values of a than a specified value a..
More details on solving for aerodynamic loads using BEM can be found
in [29].

2.2.2. Generalized external loads
External generalized applied loads Q. in Eq. (4) is expressed in
terms of combined aerodynamic and gravitational loads such that

Qexr = Qa + Qg (19)

where, Q, is the applied wind load on the blades and nacelle in the in-
plane and out-of-plane directions and Q is the gravitational load due
to the weight of the blades. It is to be noted that Qg, as a load, is different
from the stiffening effect due to gravity in section 2.1.2. Aerodynamic
and gravitational loads are applied as modal loads acting along the
generalized corresponding DOF which is eventually the blade tip as

Lp

Qi) = [ () (20)
0

where [;; is the respective aerodynamic load on blade j in the edgewise

(tangential) or the flapwise (normal) directions calculated using the
blade element momentum (BEM) theory algorithm while the loads that

Rotation direction

.

Iy

Downwind

Fig. 5. Velocity Triangle and Forces acting on a Typical Aerofoil using BEM.



P. Fakhry et al.

act on the nacelle are given by

3 Ly

Quan(t) = > / Lan (x, £)cos (w;(1) ) dx (21)
j=1 70
3 Ly,

Qusalt) = 3 [ bl 1 @2)
=t 70

where Qquq.s(t) and Qu4s(t) are the nacelle/tower top aerodynamic
loads acting in the side-to-side and fore-aft directions, respectively. The
MR damper forces are applied on blades as modal loads such that

Sari
Fp = {fd.z,i } (23)
fd.3,i eR3x1

Lpy

faj = ,(x)dxF (1) 24

Ly—Lq

where, ?j,i is the commanded force of the MR damper in direction i as
installed in blade j predicted from NN and L, is the distance covering the
dampers position as shown in Fig. 8. The gravitational load is given by

0,1 = / " 1y ()b (0)sin (1)) 25)

where Qg is the generalized gravity load acting on the blade j. It is worth
mentioning that no gravity loads act on the nacelle in any direction as it
is transmitted to the ground via the tower as well as no gravity loads act
in the blade’s out-of-plane direction.

2.3. Dynamic equation of motion and state space model

As the wind turbine’s kinetic (T) and potential (V) energies have
been evaluated in Eq. (6) and Eq. (8), respectively, the Lagrangian in Eq.
(5) can now be evaluated. Moreover, by partial differentiation of the
Lagrangian the Euler-Lagrange equation in Eq. (4) is obtained. Re-
arranging terms, the dynamic equation of motion can be written as

M(1)g (1) + C(1)-q(1) + K(1)q(1) = Qex (1) + T Fp (1) (26)

Indeed, all system matrices are 8 x 8 which accounts for only two DOF
for each blade and two for the tower. The proposed numerical model has
the advantage and novelty of considering the interaction between the in-
plane and out-of-plane mode which is dictated by the blade’s pre-twist
and will be sacrificed if the wind turbine is only modelled with one
DOF for the blade and one for the tower. The developed system is thus a
time variant system with 2N states and a state equation as

() = A(0)x(t) + B(1) Qe (1) + E()Fp (1) 27)
Such that
08><8 IS><8 08><3
A = o & B(1) = _
¥ [_M@ K -M() 'C() } ® [_M@ }
(28)
[1 0 0]
0 0 O
01 0
_ Ogx3 10 0 O .
E(t) = |:_M(t)—]r } ERMI =10 0 1 , for edgewise control
0 0 O
0 0 O
10 0 0] s
(29)

The overall stiffness matrix of the blade accounts for the elastic,
gravitational and centrifugal effects, and blade damping as given in
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details in Appendix A. The overall damping of the blade and tower is the
linear summation of structural and aerodynamic damping such that

C(t) =C,(t) +C,+C(1) (30)

where Cs(t), C, and C(t) are the structural, aerodynamic and effect of
rotor speed damping matrices, respectively. According to [17,24,25]
aerodynamic damping for blades is given as

1 _dc (" s
5 - . ) 1
Chai 2/)(“,9 da/o xe(x)g;(x) dx (3D

where c(x) is the chord length at distance x along the blade’s length. The
rate of change of lift coefficient with angle of attack, %, is constant and
equal to 2n before the blade goes into stall. It is worth mentioning that
aerodynamic damping in the edgewise direction is very low (close to
zero) compared to the flapwise direction. As for the tower, aerodynamic
damping is the sum of those of the three blades given as

3
Craix =Y, Coaji (32)
j=1

Moreover, in this paper Rayleigh’s classical damping method is adopted
to formulate structural damping for the blades and tower [22,26]. Mass
and stiffness proportional factors for structural damping were derived,
respectively according to [27] as

_ 2w, 0,8, (ﬂ)l.i - wz.i)

. _2¢, (@1 — w2,)
coi = ((1)17,'2 — 0)2\,‘2)

) ﬂro,i - (wl7’_2 _ w2‘i2)

(33)

Such that o is the structural element considered (blade or tower) where
&, and & are the damping ratios taken for all modes equal to 0.47% for
blade and 1% for tower, respectively [28]. All equations regarding
system matrices are explained in Appendix A. It is deduced from Eq. (28)
and Eq. (29) that the developed system is not a reduced order system and
simulations take place such that all DOFs are active. However, another
reduced order system is used for obtaining the controller gain as dis-
cussed in section 4.

3. MR damper modelling techniques and configuration
3.1. Modified Bouc-Wen model

MR dampers as structural control devices have gained much atten-
tion over the past decades. These semi-active control devices had been
used extensively in the structural control area on high-rise buildings and
for mitigation of dynamic responses in bridges and wind turbines
[30-35]. Moreover, MR dampers have been integrated in the structural
control of wind turbines to mitigate dynamic responses of different
structural elements [18,19,36,37]. Among the advantages of MR
dampers are that they can be formulated into a high range of force
output. In this paper, and according to the induced wind loads on the
wind turbine’s blades, a 5000N maximum force damper is utilized.
According to literature, many types of mechanical models can be
formulated to predict the force produced by MR dampers with specific
voltage or current as input. A prevalent numerical model that can pre-
dict the MR damper force is the one developed by [38]. It is a modifi-
cation of the well-established Bouc-Wen mechanical model (also known
as the Spencer model). However, the modified version is more accurate
since it accounts for the effects of low velocities and the accumulator
stiffness present in the damper. This model has been applied extensively
in structural control works employing MR dampers. Fig. 6 shows a
schematic representation of the modified Bouc-Wen mechanical model,
where the force F is the linear combination of the spring stiffness k; force
and the dashpot c; force as

F=c1y+ki(xg—xp) (34)
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Fig. 6. Modified Bouc-Wen mechanical model.

where y, velocity of the dashpot c; is governed by the Bouc-Wen hys-
teresis loop as

1
y = [CET) |:adZ + coa + ko(xa — y)} ©%

and the evolutionary variable 2 is governed by

—y|alz"t - B, (Xd - y')

where x4 is the displacement of the damper piston, y is the displacement
of the dashpot c; as interpreted in Fig. 6. 7, ng, f4, Aq are the parameters
regarding the Bouc-Wen hysteresis loop where they can control the non-
linear behaviour of the yielding element [39]. The modified Bouc-Wen
model also accounts for the change of the hysteresis non-linear loop in
response to the applied voltage where yield stresses and viscous
damping terms have been modified as

i=—y|X b4

oy (x - y) (36)

(1) = a, +ayu (37)
co(u) = coq + copltt
ci(u) = cra+epu

where u is the output of a first order filter that accounts for the dynamics
introduced to the system for the MR fluid to reach rheological equilib-
rium [38] and is governed by

X,

Output Layer
Linear

Input Layer
6 inputs

Hidden Layer 1 Hidden Layer 2
18 Neurons 18 Neurons
Tansigmoid Tansigmoid
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i= —nlu—v) (38)

where v is the voltage applied to the current driver to the damper and 1/
n is the time constant of this first order filter. A constrained optimization
algorithm was implemented to obtain the 14 parameters controlling the
MR damper force response through Egs. (34)-(38) [38,39]. It worth
mentioning that the current study introduced the voltage-based MR
dampers controller, however, the same methodology is still valid when
applying different controlling states (such as current driver).

3.2. MR damper Neural network model

To further increase the robustness of an MR damper mechanical
model, NNs may be used. In the works by [21,40-42] NNs have been
utilized, either as direct model or model accounting for inverse dy-
namics, to predict the actuated force or the input voltage to the current
driver, if used as a voltage controller. In this paper a Feedforward Neural
Network (FNN) is developed to overcome the MR damper non linearities
and tedious solution of differential equations. The proposed network
comprises of two hidden layers each with 18 neurons each with a tan-
sigmoid transfer function for the MR damper identification and an
output layer employing linear transfer function.

As depicted in Fig. 7, the proposed FNN is designed with inputs X;, X;
and V; representing the piston displacement, velocity, and input voltage,
respectively such that [ is the respective time instant of prediction.
Moreover, inputs at the previous time step such as piston displacement,
velocity, and input voltage, denoted by X;_;, X,_; and V,_; respectively,
are also fed as input to the FNN. It is worth mentioning that the MR
damper force is not decided to be used as an input to the FNN to elim-
inate the need for further placing force transducers in the blade’s
aerofoil vicinity. Training data found in [21] was used in training the
proposed FNN as shown in Fig. 7 where back-propagation of error was
employed to adjust the weights of the network. This FNN outputs a
predicted future MR damper force F.; and thus synchronizes with the
estimated controller force. It is worth noting that the developed FNN
saved significant computation time especially with the presence of an
optimization algorithm as in this work.

3.3. MR dampers configuration
In this paper, MR dampers are configured inside each blade’s aerofoil

U MR Modified F
Bouc-Wen Model
\.—/

of error

.v' .’
*  Neural Network
7(!.-1_. Moc!’ef
5\ V4 J

s

F

Fig. 7. MR damper FNN model.
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Fig. 8. MR dampers localization within an aerofoil illustration.

section at the blade tip as shown in Fig. 8. Moreover, each group of
dampers is connected via a rigid frame between two plane sections,
connected with the blade’s inner walls, along a specific length L;. MR
dampers produce force when driven by the differential displacement and
velocity between these two plane sections. It should be noted that a
suitable design of the length L; should be adopted so that the difference
in displacements between the two planes does not exceed the given
stroke of the damper and at the same time is enough to allow the exci-
tation of dampers to produce an adequate control force. The number of
actuation devices to be used inside each blade is also a crucial parameter
however, several trials have been used in this work. It has been shown
that the proposed MR dampers’ configuration design has significantly
succeeded in mitigating horizontal axis wind turbine vibrations in the
edgewise direction. It is worth mentioning that the proposed actuator
configuration is versatile in terms of accommodating the dampers inside
the blade and at the tip. Furthermore, there is no need to have another
structure (i.e., truss or frame) extending from the blade tip to the hub to
mount actuators on as this will add extra weight to the system. Another
advantage of the proposed system is that the proposed configuration
does not hinder blade pitching about its axis and still the dampers
operate at any pitch angle to supress edgewise vibrations. Two different
cases of configurations are adopted in this work as elaborated in section
5.3.

4. Optimized MR dampers proposed controller
4.1. LQR semi-active controller in MBC

As the mitigation of dynamic responses for turbine blades is crucial, a
suitable controller should be designed to obtain the best possible
reduction in responses while maintaining lowest power consumption.
Optimal controllers based on LQR have been applied extensively in
many structural control applications including onshore and offshore
wind turbines and in civil engineering structures [3,6,9-11,43]. Optimal
controllers tend to minimize structural responses while exerting mini-
mum actuation forces. The latter is achieved by minimizing the
quadratic cost function in Eq. (39) as

i
J = % / {XTQX +f.i"Rf.q }dt (39)

where Q and R are the cost function weighting matrices for system
response and control force, respectively such that the former when
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increased the controller decreases system responses on the cost of high
control force. On the other hand, large values of R result in smaller
damper forces with less reduction in dynamic responses.

Asreported in [15], the designed regulator accounts only for the first
mode shape of the blade. This is due to the fact that the majority of
vibration is captured by the first mode only hence the feedback and state
vector are going to be composed of three edgewise blades and side-to-
side tower displacements in addition to their corresponding velocities.
So, in total eight feedback DOF as

T
x(1) = {x 1,inX2,in X3, inXt,55X1,inX2,inX3,in 1,55 } (40)

As horizontal axis wind turbines are rotating, this results in time variant
system properties. For optimal controller synthesis, which is based on
LTI system matrices, transformation to non-rotating domain has been
carried out in [15] through a Multi Blade Coordinate (MBC) trans-
formation, also known as Coleman transformation. The state equation in
MBC is expressed as

).Cm(l) = An,xn,(t) + Bnr (FeFd + Qexl‘in) (41)

Such that A, and Bnr (where the subscript nr stand for non-rotating) are
the plant and control matrices in the non-rotating frame, respectively
and expressed as

_ 04x4 I4x4
A = {—M*‘WKW —M*‘mcmLkm “2)
and
04)(3 . . .
B, = _ - , where in-plane influence matrix
" {M LD LDy | pos P
1 00
010
L= 0 0 1 (43)
0 00

and the D matrix responsible for transformation of time-varying co-
ordinates q(t) to MBC g, (t) non-rotating DOF is given as

1 cos(y,) sin(y;) 0
_ |1 cos(y,) sin(y,) 0 ;
D=1 costwy) sin(y) of AP
0 0 0 1] o
1 cos(y,) sin(y,)
= |1 cos(y,) sin(y,) (44
1 cos(ys)  sin(ys) ] o

The optimal control law can be formulated in the non-rotating frame as
unr(l) = - Gnrxnr (l) (45)
where G, is the feedback control gain computed as

G, = RnrianrTPanr = DuTRDu (46)

where P is the solution of the algebraic Ricatti equation given by

PA, +A,"P—-PB,'R, 'B,P+C,"Q,C, =0, 0,=D"0D, (47)

MATALSB, Iqr function was used to solve for the algebraic Ricatti equa-
tion. Such that C,, is the output matrix for output state equation and it
should be an identity matrix for full state feedback purpose. The x,,(t) in
Eq. (45) is the state vector expressed in the non-rotating frame and is
transformed from x(t) as

_p -1 _ | D 04y
X (t) =D, 'x(r), where D, = {D D | (48)

From Coleman transformation we have
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0 —sin(y,) cos(y,) 0

N — _ |0 —sin(y,) cos(y,) O

D=0DDi= 10 inty,) cos(y) 0 “9)
0 0 0 0

cRix4

Finally, the computed non-rotating frame control forces in Eq. (45) are
transformed to time domain for application on the wind turbine nu-
merical model via the MR dampers as

fi
f (50)
5

fua(t) = Dy, (1) =

4.2. Semi-active control optimization and damper voltage control

Assigning values for weighting matrices is usually done manually by
trial-and-error which does not achieve fully optimal control
[13,14,17,31,34]. In this work however, a PSO algorithm is used in
conjunction with the LQR mentioned in section 4.1. to determine
optimal values for weighting matrices to achieve the most possible re-
ductions in blade’s dynamic responses with minimum MR dampers
forces exerted [32]. Moreover, the objective for using the PSO search
algorithm is to minimize the average of the Mean Square Error (MSE) of
the three blades’ displacements. As for the MR dampers’ voltage control,
the FRBV method developed in [32] is adopted in this work since it is
proven to over perform the conventional clipped voltage control.

5. Numerical example
5.1. Model description

In order to demonstrate the efficiency of the proposed optimized LQR
semi-active PSO controller, numerical simulations using MATLAB were
carried out. In this context, the benchmark 5-MW baseline horizontal
axis wind turbine developed by Jonkman et al. is utilized for numerical
simulation and testing [28]. However, the reduced model mentioned in
section 4.1 is used for the controller synthesis. The numerical model
developed for simulation accounts for the fundamental edgewise and
flapwise modes for blades along with the fundamental side-to-side and
fore-aft directions of the tower resulting in an 8-DOF system. Table 1
summarizes the specifications and dimensions for the used benchmark
wind turbine. Note that all simulations are carried at the rated rotor
speed Q = 12.1rpm. It should be noted that the pitch angle was selected
equal to 0° since a pitch angle controller is not of scope of this paper and
can be implemented in another study. In order to compute the appro-
priate shape functions (in-plane and out-of-plane) for the blade in hand
needed for generalized solutions, BModes tool is used [44]. Edgewise
and flapwise fundamental mode shapes are extracted as a function of the
decremental span in a 6th order polynomial as depicted in Fig. 9 and
expressed as

6 5 4 3

X X X X

(1) =—06952( =) +2376( =) —35772( =) +2. =
B (x) =—0.695 (Lb) + 376<Lb> 3.577 (Lb) + 5337(Lb)

2
X
+0.3627<fb>
(51)
X 6 X 5 X 4 X 3
= -22 — 47131 — | —3.2452| — 1.7254( —
Do (%) 555([4;) + 3 (Lb> 3.245 (Lh) + 5 (Lb>
2
X
0.0622( —
* <L,,)

5.2. Wind conditions

For testing to mimic real world application, appropriate modelling of
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Table 1

5-MW benchmark wind turbine specifications.
General
Max. Rated Power 5 MW
Rotor Orientation Upwind
Number of Blades 3
Rotor Diameter 126 m
Hub Height 90 m

Cut-In, Rated, Cut-Out Wind Speeds
Cut-In, Rated Rotor Speeds

3 m/sec, 11.4 m/sec, 25 m/sec
6.9 rpm, 12.1 rpm

Rotor
Hub Diameter 3m
Hub Mass 56780 kg
Nacelle Mass 240,000 kg
Blade (LM 61.5 P2)
Total Span 61.5m
Overall Mass 17,740 kg
1st Edgewise Freq. 1.08 Hz
1st Flapwise Freq. 0.7 Hz
Structural Damping Ratio (all modes) 0.47 %
Tower
Height above Ground 87.6m
Overall Mass 347,460 kg
1st Side-to-Side Freq. 0.31 Hz
1st Fore-Aft Freq. 0.31 Hz
Structural Damping Ratio (all modes) 1.0 %
1 T T T T T T T T T
09 r // J
/
¥4
0.8 r F 1
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Fig. 9. Fundamental in-plane and out-of-plane blade modes shapes.

wind loads is crucial. In this context a steady mean wind speed at the
hub height V, = 12m/sec is assigned. As noted in Eq. (14), wind shear
effects are considered as a cosine wave with AV, = 2m/sec. Moreover, a
1-D fully coherent turbulence following Kaimal spectrum is added to the
harmonic wind speed resulting in a turbulent wind. Parameters for
synthesizing the frequency spectrum in [45] are used. Time domain
values were generated using IFFT of the produced frequency spectrum.
Fig. 10 shows the overall turbulent wind at the tip implemented in
simulations. It is worth mentioning that wind conditions were based on
10 min as recommended by the IEC 61400-1, however, 200 s were
considered for plotting since it was found to be reliable representation
for the investigated system to capture both the transient and steady state
responses.

5.3. Controller design and Actuators’ configuration
PSO was implemented to design a smart controller capable of con-

trolling edgewise and flapwise blade displacements effectively. To verify
the controller efficiency two MR dampers’ locations and several
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Fig. 10. Turbulent wind speed profile used.

numbers were implemented. Two cases namely Case A and Case B are
defined.

In Case A, dampers are placed to control edgewise vibrations such
that only one group of dampers is located at the blade tip (Fig. 11(a)).
However, Case B accounts for employing two groups of MR dampers
each consisting of five dampers as shown in Fig. 11(b). Five control
modes were considered for Case A namely no dampers are installed,
semi-active PSO, maximum voltage applied (passive on), half max.
voltage applied and zero current applied (passive off) each having a
different number of dampers: two, five, seven and nine dampers. For
Case B, only semi-active control mode with five dampers in each group
was tested to show the performance of the proposed PSO controller with
adding additional MR dampers. Table 2 presents all the considered
control scenarios.

For all Case A simulations, L, is taken to be equal to 10m so that MR
dampers are connected between the blade tip and at 51.5m from the hub.
This 10m distance was determined through trial and error to optimize
the MR damper force within the given damper stroke. It is worth
mentioning that the 10m is explicit for the 5kN damper used. If designers
should change the type of damper used, L; may change accordingly to
accommodate the stroke-suitable MR force relationship. However, Lg is
doubled when considering Case B.

The PSO semi-active controller is optimized using the average of the
MSE of tip displacements for the three blades as the fitness function
value. For controller PSO-5A, as an example, swarm size is set to 6
particles, number of iterations is determined after the optimizer reaches
the minimum goal value with maximum number of stall iterations 50
limited to 100. Fig. 12 shows the optimizer progress in reducing the cost
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Table 2
All tested controllers.

MR dampers configuration Mode Tested Controller
Case A No control Uncontrolled
Semi-active PSO-2A
PSO-5A
PSO-7A
PSO-9A
Max. voltage PON-2A
passive on PON-5A
PON-7A
PON-9A
Half max. voltage PON/2-2A
passive on PON/2-5A
PON/2-7A
PON/2-9A
Passive off POFF-2A
POFF-5A
POFF-7A
POFF-9A
Case B Semi-active PSO-5A5B
function.

5.4. Results and discussion

The 5-MW benchmark wind turbine was tested against configura-
tions Case A and Case B. As noted in Figs. 13-16, blade tip displacement
plots between the PSO semi-active controller, uncontrolled, and its
corresponding passive control systems, that the proposed control algo-
rithm has mitigated the dynamic response significantly. Time domain
results are plotted for blade 1 as an example however, the other two
blades witnessed a similar behaviour. Reductions in blade edgewise
peak displacement exceeded 80% when using PSO-5A controller while
only 73% using a passive controller with almost double the number of
dampers (POFF-9A). As stated in Table 3, reductions in peak displace-
ments using the semi-active PSO controller ranged from 62% with PSO-
2A up to 81% with PSO-5A versus only from 26% using PON-2A and
—5.00% using PON-9A (evident in Fig. 16(a)). As seen in Table 3
negative values for reductions in peak or peak-to-peak displacements
means that responses were increased and that employing passive on
control mode is not as effective as the proposed one. The latter is because

(b)

Fig. 11. Installation of five dampers within the blade’s vicinity for (a) Case A (b) Case B.
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dampers can no longer provide flexibility and are acting as rigid ele-
ments thus, cannot act as energy sinks for excessive vibrations. On the
other hand, better results were achieved using the half of max. voltage
passive on and passive off control systems.

The same results were achieved also regarding reductions in the
peak-to-peak displacement which is a crucial measure of the fatigue
applied on the blade such that reductions ranged from 67% using PSO-
2A up to 77% when using PSO-5A or PSO-7A. These results show that
the proposed controller has a significant direct effect on promoting the
longevity of blades and even better than passive on and off modes. All
other results such as SD and RMS for the blade displacement are shown
in Table 3 which prove the vast efficiency of the proposed system over
the passive controllers.

The proposed algorithm makes full use of the actuator in hand thus
the maximum force actuated in any case is the number of dampers
employed multiplied by its force capacity (5kN). Although increasing
the number of actuators helped in achieving more reduction in the peak
displacement (increasing from two to five dampers), this is not a general
trend.

As shown in Fig. 16(a), increasing the number of actuators to nine,
within the same Ly, had the effect of increasing the displacement when

T
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—PS0-2A H

200

Time (sec)

Fig. 13. Blade 1 displacement response for PSO-2A and passive controllers.
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Fig. 14. Blade 1 displacement response for PSO-5A and passive controllers.
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Fig. 16. (a) Blade 1 displacement response for PSO-9A and passive controllers. (b) Zoomed window showing spiked response.

this large number of dampers were actuated. The PSO controller opti-
mized the actuators’ behaviour to accommodate such a large number
without overshooting. However, displacement spikes appeared in some
instances (Fig. 16(b)). This latter behaviour explains why increasing the
number of actuators is not necessarily the best option to displacement
suppression as the controller will have to turn them to passive actuators
to avoid overshooting.

Fig. 17(a) and 17(b) show bar charts for the percentage reductions in
the peak and peak-to-peak displacements, respectively for the three
blades applying all PSO controlled scenarios. As noted, the proposed
controller shows robustness in reducing peak displacements and
increasing blade’s life span by reducing peak-to-peak displacements
effectively. Moreover, it is seen that PSO-5A which constitutes five
dampers always demonstrates the maximum reduction. Thus, it is rec-
ommended by authors to incorporate this case for controlling edgewise
vibrations of wind turbine blades. As shown also in Fig. 17(a) and 17(b),
bar chart diagrams illustrating how PSO-5A performed against its
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passive counterparts. Notice that it has the highest percentage in
reducing the peak and peak-to-peak displacements while consuming less
energy. In conclusion, PSO-5A has been chosen the best controller.
Another bar chart demonstration is shown in Fig. 18 where it demon-
strates the performance of all the 5A controllers in the peak and peak-to-
peak reductions. The PSO-5A controller again shows significant re-
ductions of displacements in comparison to other control strategies
employing the same number of dampers.

PSO-5A5B (Fig. 11(b)) is also tested to see the performance of the
proposed controller versus different allocation of dampers. To choose
the best controller between PSO-5A and PSO-5A5B, they were compared
with each other. Fig. 19(a) shows the time domain displacement plots of
PSO-5A and PSO-5A5B. Although PSO-5A5B is thought to decrease
displacement further, because it uses double the number of actuators, it
only slightly did. This is because the presence of the action and reaction
forces produced along the same common plane where dampers are
connected and thus, only a slight increase of force the additional five
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Table 3
Simulation results achieved for Blade 1.
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Case Peak Displacement Peak -to-Peak Displacement SD (m) RMS Displacement Dampers Efficiency p,
(m) (m) (m) (%/kN)
Uncontrolled  1.31 1.84 0.40 0.49
Smart PSO Controller PSO-2A 0.50 (62.0 %) 0.61 (67.0 %) 0.15 (61.0 0.20 6.20
%)
PSO-5A 0.25 (81.0 %) 0.42 (77.0 %) 0.06 (83.6 0.08 3.24
%)
PSO-7A 0.27 (79.0 %) 0.42 (77.0 %) 0.08 (77.9 0.09 2.25
%)
PSO-9A 0.33 (75.0 %) 0.47 (74.0 %) 0.08 (78.3 0.10 1.67
%)
PSO-5A5B 0.38 (71.0 %) 0.66 (64.0 %) 0.08 (78.0 0.10 1.42
%)
Passive On Control PON-2A 0.97 (26.0 %) 1.30 (29.0 %) 0.33 (18.2 0.43
%)
PON-5A 1.18 (10.0 %) 1.63 (11.0 %) 0.41 (-3.90 0.51
%)
PON-7A 1.38 (-5.0 %) 1.90 (-3.00 %) 0.42 (-4.43 0.51
%)
PON-9A 1.38 (-5.0 %) 1.88 (-2.00 %) 0.42 (-5.02 0.52
%)
Passive On (half max. PON/2-2A 0.62 (53.0 %) 0.62 (66.0 %) 0.14 (64.0 0.31
voltage) %)
PON/2-5A 1.11 (15.0 %) 1.51 (18.0 %) 0.41 (-2.90 0.51
0/0)
PON/2-7A 1.26 (4.00 %) 1.71 (7.00 %) 0.42 (-3.97 0.51
%)
PON/2-9A 1.39 (-6.00 %) 1.86 (-1.00 %) 0.42 (-4.70 0.52
O/D)
Passive off Control POFF-2A 0.51 (61.0 %) 0.66 (64.0 %) 0.19 (51.3 0.28
%)
POFF-5A 0.40 (69.0 %) 0.56 (70.0 %) 0.15 (60.5 0.22
%)
POFF-7A 0.38 (71.0 %) 0.53 (71.0 %) 0.16 (60.2 0.20
%)
POFF-9A 0.35 (73.0 %) 0.49 (73.0 %) 0.14 (64.7 0.18

%)

o
o N

o

Peak Displacement (m)
o

o
~

o
)

o

First Blade

Second Blade

(a)

Third Blade

dampers added. Furthermore, spiked displacement continues to be
witnessed for this case as well as PSO-7A and PSO-9A (Fig. 19(b)) due to
the use of high numbers of actuators which shows that PSO-5A is again
better than PSO-5A5B with only half the number of actuators.

To measure how effective dampers are operating through the pro-
posed control strategy, an efficiency term is introduced, y . This term
measures how much percentage reduction in peak response can a 1kN
force achieve. Fig. 20 shows the performance of Case A configurations. It
is concluded again that controller PSO-5A is the best in terms of
achieving the highest percentage of reduction in peak response whilst
the best also in efficiency. Though PSO-2A has higher efficiency, it
cannot be chosen as it does not suppress displacements as effectively. It

14

n
o

N

- o

Peak-to-Peak Displacement (m)
o
o

First Blade

Second Blade
(b)

Fig. 17. Bar chart for percentage reductions for all PSO controllers in (a) peak displacement response. (b) peak-to-peak response.

Third Blade

is worth mentioning that the maximum exerted force in PSO-5A was
only 2.5ton which is only 14% of the total blade weight. In addition, this
value is equal to only half of that achieved by [15] with much higher
peak displacement reduction.

6. Conclusion and future work

In this work, a novel approach of utilizing MR dampers to enhance
wind turbine performance has been proposed and implemented. More
specifically, a PSO semi-active controller has been designed to mitigate
undesirable edgewise blade dynamic responses. Actuators have been
modelled using NNs to increase robustness and prevent response lag
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Fig. 18. Bar chart for percentage reductions for PSO-5A in (a) peak displacement response. (b) peak-to-peak response.
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Fig. 19. Blade 1 displacement response for (a) PSO-5A and PSO-5A5B controllers. (b) Zoomed window showing spiked responses.
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encountered with conventional methods. A 5-MW benchmark wind
turbine has been used for testing and simulation of the proposed
controller and comparison against passive ON/OFF controllers. Two
different scenarios for control devices configuration have been pro-
posed. Case A configuration entails that only one group of MR dampers
be placed at the blade tip.

On the other hand, Case B configuration consists of two groups of

15

dampers placed along the blade’s span. The proposed configuration is
practical as it does not require a super mounting structure extending
along the whole span of the wind turbine blade which might exceed 80m
in some cases. Though clipped voltage control is common among MR
voltage controllers, FRBV method is implemented in this work which
delivers a more flexible control concept.

Significant results have been obtained exceeding a reduction of 80%
in the peak displacement response of the blade. A comparative assess-
ment of four different controllers for Case A have also been carried out
among which, PSO-5A have proven to have the best performance in
reducing edgewise vibration and thus is recommended by the authors.

In addition to peak performance, the proposed controller promotes
longevity of wind turbine blades as it has a superior effect on reducing
peak-to-peak responses by mitigating over 77% of the uncontrolled
response. Efforts are currently being put into further research on opti-
mizing the placement for MR dampers within the blade’s vicinity.
Moreover, work considers stabilizing disturbances that happen in the
generated power due to structural dynamic motions.
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Appendix A. . Horizontal axis wind turbine time variant system matrices
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